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ABSTRACT: Magnetron sputtering is a versatile method for investigating
model system catalysts thanks to its simplicity, reproducibility, and chemical-free
synthesis process. It has recently emerged as a promising technique for | Ni/Ga (5/3) target |

synthesizing 6-NisGa; thin films. Physically deposited thin films have significant AR Annea",jg at high
potential to clarify certain aspects of catalysts by eliminating parameters such as S temperature
particle size dependence, metal—support interactions, and the presence of J ’,‘bM"

surface ligands. In this work, we demonstrate the potential of magnetron 6/

sputtering for the synthesis and analysis of thin film catalysts, using NisGa; as a N © 4 Change sputtering
model system. Initially, deposition conditions were optimized by varying the " parameters
deposition pressure, followed by an investigation of the temperature effects, V_W_\ Mm
aiming to map a structure zone dependence on temperature and pressure as in E=% | ‘

the Thornton model. The evolution of film crystallinity was monitored using a

combination of grazing incidence X-ray diffraction (GI-XRD) and high-

resolution scanning electron microscopy (HR-SEM). Additionally, ultrathin films were synthesized and annealed in H, at high
temperatures to demonstrate the possibility of producing size-controlled nanoparticles by adjusting the annealing conditions. This
work demonstrates the full potential of magnetron sputtering as a technique for synthesizing model system catalysts in various forms,
opening new avenues for the research and development of additional catalytic systems.

B INTRODUCTION techniques or characterization methodologies, ultimately
culminating in the scaling-up of the catalytic system.

The Ni/Ga system, initially explored by Studt et al. in 2014,"
demonstrated promising potential for the hydrogenation of
CO, and attracted substantial of attention in the catalysis
community (Figure S1). Specifically, the NisGa; &-phase
showed prornisin§ results with high activity and selectivity
toward methanol."~* The limited number of papers published
to date have delved into various aspects of the catalyst, offering
valuable insights for the understanding of this system.
Unfortunately, none of these papers have conducted an
extensive examination of the material synthesis process, but
mainly focused on trying to get the best catalytic performance.
Given the multitude of thermodynamically stable crystal
phases within the Ni/Ga system (Figure S2), achieving the
desired NisGa; J-phase can prove exceptionally challenging.
Therefore, there is an increasing need for an in-depth study

Catalysis research faces a variety of experimental and
theoretical challenges due to the complex nature of catalytic
systems and their subtle behavior during reactions. Exploring
novel materials for catalysis involves navigating through a
multitude of adjustable parameters to probe various aspects of
the system. Frequently, newly developed catalysts are swiftly
synthesized through industrially relevant methods, utilizing
complex chemical procedures that promise high synthesis
yields and subsequent high catalyst loading. However, these
methods, while mimicking potential scale-up scenarios, often
lack precise control over the synthesized material, posing
significant challenges in the interpretation of the results.
Especially in the context of emerging technologies,
conducting systematic investigations proves highly advanta-
geous, wherein incremental alterations to only a select few
parameters facilitate a deeper comprehension of the system’s
fundamentals. Initially, studies may prioritize aspects such as
synthesis protocols, catalytic performance, or operando
techniques. Through methodical optimization of these
individual components and a refined understanding of the
catalyst’s behavior, attention can then pivot toward elucidating
synergistic relationships among them. This progression may
entail the incorporation of more sophisticated synthesis
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dedicated to benchmarking the various synthesis methods and
showing the expected crystallinity features of the material. In a
recent study, magnetron sputtering was showed to be an
effective method for obtaining pure crystal phases of the
desired material. The catalyst was synthesized at lower
temperatures compared to literature, evidencing a pure &-
phase,” on the contrary to what is usually obtained with other
synthesis methods.” Magnetron sputtering proved to be an
interesting alternative to chemical methods, resulting in the
synthesis of well-defined 6-NigGa; at considerably lower
temperatures. Nevertheless, given the different focus of that
study, the technique was not deeply investigated, leaving big
room for synthesis improvement.

This paper presents a comprehensive exploration of the
magnetron sputtering synthesis process for NisGa;. Initially,
thin films were synthesized, building upon prior work,’
followed by an optimization aimed at enhancing material
crystallinity through adjustments to various parameters within
the magnetron chamber. Building on the insights gained from
thin film synthesis, the study delved deeper into magnetron
sputtering as a technique for catalyst synthesis. This led to the
successful synthesis of Ni;Ga; nanoparticles. Figure S3a shows
a summary schematics of the concept behind the study and the
characterization techniques that were utilized in this study.

B EXPERIMENTAL SECTION

Thin Films Preparation. The thin films were deposited on
rectangular Si/SiO, chips (5 mm X 15 mm) consisting of a Si
single crystal with a 50 nm thermally grown SiO, layer. The
substrates were cleaned with ethanol and dried with a CO,
blower to remove surface contaminants. Immediately after,
they were placed in a magnetron sputtering system with a base
pressure in the low 1077 mTorr range. The samples were
initially plasma-cleaned at 30 W RF power in 3 mTorr of Ar for
2 min. Subsequently, 0.3—50 nm layers of 6-Ni;Ga; were
deposited using DC sputtering of a bimetallic target (Ni/Ga =
62.5/37.5 At%, 99.9+% purity, purchased from Kurt J. Lesker
Company) at 20 W. The samples were rotated throughout the
deposition to ensure uniform coverage. The thickness was
confirmed with cross-section SEM images (Figure S4). More
information regarding the deposition can be found in our
previous studies”* and in the Supporting Information.

X-ray Diffraction. Grazing-incidence X-ray diffraction (GI-
XRD) experiments were conducted using a Panalytical
Empyrean X-ray Diffractometer equipped with a Cu X-ray
source operating at 45 kV and 40 mA. The incident optics
included a 1/32 divergence slit, a parallel beam mirror
optimized for Cu X-rays, a 0.04 rad Soller slit, and a 4 mm
mask. Reflected optics comprised a parallel plate collimator, a
0.04 rad Soller slit, and a Panalytical PIXcel3D detector in an
open configuration. The measurements were performed at an
incident angle of 0.550 w.

X-ray Photoelectron Spectroscopy. After depositing the
films in the magnetron sputtering chamber, the high vacuum
conditions were broken, and the samples were transferred to a
Theta Probe X-ray Photoelectron Spectrometer from Thermo
Scientific. The surface composition was analyzed by XPS using
a monochromatic Al K-a X-ray source (1486.68 eV). The XPS
spot size was set to 400 um, the pass energy to 50 eV, and the
step size to 0.1 eV. For each core level, 50 scans were averaged.
Data analysis and peak fitting were conducted using Avantage
software. The survey spectrum for all deposition pressures and

details of the Ni and Ga peak fittings are provided in the
Supporting Information.

Scanning Electron Microscopy. The surface of the films
was examined using scanning electron microscopy (SEM) with
a Thermo Scientific Helios 5 Hydra UX PFIB microscope or a
Helios NanoLab 600. Both the microscopes operated at an
acceleration voltage of 5 kV and a beam current of 0.20 nA.
The imaging was performed at a working distance of 4 mm
using a Secondary Electron Through the Lens Detector (TLD)
in immersion mode. These conditions were chosen to capture
high-resolution images detailing the morphology and compo-
sition of the films/NPs surface.

Atomic Force Microscopy. Tapping-mode AFM measure-
ments were carried out using a Bruker Dimension Icon AFM
using a Tap150AIl-G silicon tip with resonant frequency 150
kHz and a force constant of 5 N/m. The mean particle heights
(Zmean) were extracted from the images using grain analysis
in Gwyddion, with grains marked using Otsu’s method.

B RESULTS AND DISCUSSION

During magnetron sputtering, atoms are ejected from a
metallic target with energies between 5 to 10 eV. When
these atoms reach the substrate, their final energy varies based
on the chamber’s deposition conditions. This variation in
energy affects the microstructure and crystallinity of the final
film, significantly influencing its properties and suitability for
various applications. Starting in 1973, Thornton 2published a
series of papers on the principles of sputtering”>~~" providing
an extensive guideline on the relationship between deposition
temperature and pressure during film growth, yielding to the
schematics shown in Figure S3b. The Thornton model
describes how deposition parameters, particularly pressure
and substrate temperature, influence the microstructural
development of sputtered films. This model identifies four
distinct zones. In Zone 1, at lower temperatures and pressures,
the film growth is primarily controlled by shadowing effects
rather than by atomic diffusion, resulting in a structure
composed of small-diameter fibers with porous grain
boundaries, as neither bulk nor surface diffusion significantly
affects the growth. As deposition conditions shift into the
Transition Zone (Zone T), surface diffusion begins to
influence the film microstructure, particularly near the
substrate where fine crystalline, V-shaped grains form. The
structure becomes increasingly columnar toward the film’s
outer surface. While grain boundary migration remains limited,
surface diffusion increases, leading to more densely packed
columns. In Zone 2, a further increase in substrate temperature
allows surface diffusion to become the primary growth
mechanism, producing a more homogeneous grain structure
across the film thickness. Grain boundary migration is now
more active, resulting in larger, denser columns with enhanced
crystallinity throughout the film. Finally, in Zone 3, at the
highest temperatures, bulk diffusion dominates the growth
process, producing films with equiaxed, three-dimensional
grains and a fully dense structure characterized by substantial
grain growth in all directions.

Inspired by this model, we deposited a series of NisGa; thin
films by systematically varying the pressure and temperature.
Our aim was to produce larger, well-defined crystals of the
desired phase without the need for postdeposition treatment.
To minimize the number of variable parameters, we
maintained a constant deposition power of 20 W, following
our previous study.” The low deposition power of 20 W was
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Figure 1. Pressure influence on the crystallinity of magnetron sputtered NisGasthin films at room temperature. (a) XRD curves (ICSD Coll. Code
103861) of thin films deposited at pressures ranging from 2 mTorr to 20 mTorr and (b) their corresponding SEM images. The targeted film
thickness was SO nm. The scale bar is the same in all SEM micrographs. (c) Zoom-in in the (221)/(002) peak region. The peaks were normalized
to the (221) intensity. (d) Evolution of grain size and preferential peak growth of (002) vs (221). The crystallite size was estimated by using the

Scherrer equation on the (221) peak (see Section S2.2).

selected to carefully control the deposition rate and promote
the stability of the 6-NisGa; phase. Higher power settings
typically used for Ni metal deposition (100—300 W) would
lead to faster deposition rates, potentially losing the control
over the deposition. Using 20 W ensures a lower energy
transfer to the substrate, minimizing stress and reducing
unintended heating during deposition. Figure la shows how
the crystallinity of films changes when deposited at pressures
ranging from 2 to 20 mTorr. The general trend observes an
increase in crystal grain size with pressures (potentially going
from Zone T to Zone 1, as shown in Figure S3b). At S mTorr,
the (002) peak emerges around 49 degrees, becoming more
prominent at pressures above 10 mTorr along with other
orientations at higher diffraction angles. While the (221) peak
confirms the sample crystallinity even at low pressures
deposition, the presence and intensity of the (002) peak
provide additional insight into the film’s preferred orientation
and structural ordering.

To confirm the trend observed in the XRD results, SEM
images were taken for each film. Figure 1b confirms that the
grains increase in size with pressure, especially when going
from 5 to 10 mTorr, after which a growth plateau is reached.
These findings demonstrate that magnetron sputtering can
effectively synthesize the desired J-phase of NisGa; without
the need of any substrate heating nor postdeposition annealing.
This result is particularly noteworthy when compared to
chemical methods reported in the literature (Table 1), which
require harsher conditions for the synthesis of the d-phase.

Table 1. Literature Overview on Ni;Ga; Synthesis
Conditions*”“

Method Synthesis condition Reference  Year®
IWI >600 °C in H, 1-3,6-15 2014
cp >600 °C in H, 13,9720 2017
Co-condensation- 500 °C calcination + NaBH, % 7' 2! 2017
evaporation in ethanol
Metal melting melting at 1500 °C 9 2019
Urea hydrolysis 700 °C in H, 11 2020
Inverse micelle 470 °C calcination + 700 °C 22 2022
encapsulation in H,
Co-grafting 600 °C in H, 4 2024
Ball milling 500 °C calcination 23 2024
+ 600/700 °C in H,
Magnetron Sputtering 385 °C in H, S 2024
Magnetron Room temperature This 2024
Sputtering work

“Summary of all the manuscripts published on NisGa; for CO, to
methanol and their synthesis conditions to form the desired 5-phase.
brwr = Incipient Wetness Impregnation, CP = Co-Precipitation.
“Only the year of the first publication for each method is reported.

When comparing these results to the previous study,” it is clear
that adjusting just one deposition parameter can significantly
influence the films. This underscores the importance of
optimizing the synthesis parameters by fully exploiting the
potential of magnetron sputtering.
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Figure 2. Temperature influence on the crystallinity of magnetron sputtered Ni;Gathin films. (b) XRD curves of thin films deposited at 2 mTorr
and 15 mTorr. On the right, their corresponding SEM images of the thin films annealed at 600 and 800 °C. The targeted film thickness was 50 nm.

The scale bar is the same in all SEM micrographs.

The observed increase in the crystal grains size with pressure
is more pronounced than predicted by the model in Figure
S3b, suggesting that the deposition pressure has a more
significant influence on the process. One way to conceptualize
this is by imagining the magnetron chamber as the
condensation chamber of a cluster source, where argon acts
as a third collision body, allowing nanoparticles to form in-
flight before reaching the substrate. In this context, the Ar
atoms play a critical role in ensuring the conservation of both
energy and momentum, thereby stabilizing the emerging
dimers.”” ™" These can subsequently act as a nucleation site,
facilitating further cluster growth, meaning that a greater
amount of argon (higher pressure) leads to more collisions
and, consequently, larger nanoparticles as observed in these
experiments. Another possibility is that the NisGa; system
deviates slightly from Thornton’s model, which was developed
from a different metal (AL, Cu vs NisGa,), film thicknesses
(>25 um vs 50 nm), and deposition rates (>1000 A/min vs 20
A/min).

Other than synthesizing the films at considerable lower
temperature, this method seems to favor the preferential
growth of some crystal orientations: Figure lc,d shows the
growth of the (002) peak when normalized to the intensity of
the (221) orientation peak. Also in this case, the evolution
seems to stop at deposition pressures >15 mTorr, with a slight
decrease in intensity for the (002) orientation of the film
deposited at 20 mTorr. This preferential growth becomes even
more pronounced when comparing these XRD results to those
of a film postannealed at 385 °C in H, (Figure SS), which is
known to be active for methanol synthesis.” It is evident that

49762

high-pressure depositions favor the (002) orientation, whereas
the (221) and (402) orientations are more prevalent in
postdeposition annealed films. Figures S6—S9 are different
plots of the same XRD data to highlight the differences
between samples. Such preferential growth of specific crystal
orientations could be advantageous for catalytic applications, as
catalytic activity can be correlated with different orientations.
Thin films are also intriguing due to evident surface lattice
strain compared to the simulated/expected 6-NisGa; diffrac-
tion pattern.”” By varying the substrate, strain and stress effects
could potentially be altered, introducing another parameter to
consider when synthesizing catalysts and testing them for CO,
hydrogenation. Synthesizing NisGa; films of the desired phase
at room temperature, rather than at temperatures exceeding
600 °C (as required for chemical methods) or 385 °C (as
shown in previous magnetron sputtering studies,” could be
highly beneficial. This approach reduces energy consumption
and production costs, making the synthesis process more
sustainable and economically viable in view of a potential
industrialization. Additionally, it allows for in situ character-
izations immediately after deposition without the need of
having a temperature control system in Ultra High Vacuum
(UHV) analysis chambers. Lower temperature synthesis also
makes this method more versatile for reactors that are
temperature-sensitive and cannot withstand high temperatures
due to design constraints.” Since NisGa, is used as a catalyst,
it is important to check for the films’ composition. Figures S10
and S11 show the survey spectrum and the fitted XPS Ni 2p/
Ga 2p peaks to demonstrate the purity of the films and the
expected Ni/Ga ratio on the surface of 5/3. Future studies
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could therefore focus on synthesizing and directly testing these
films without air exposure for CO, hydrogenation to methanol.
The interplay between deposition conditions and the resulting
microstructure could be systematically explored to identify the
optimal conditions for catalytic activity. These results could
provide insights into the NisGa; active sites essential for
methanol synthesis, potentially revealing the roles of surface
facets, defects, and strain in catalytic performance.
Temperature is another essential parameter that can be
modified during deposition. To investigate its effect on film
growth, we varied the substrate temperature during the
magnetron sputtering deposition process. The substrate was
heated to specific temperatures during deposition to explore its
influence on the crystallinity and microstructure of NisGa;,
films. The substrate temperature can facilitate atomic surface
and bulk diffusion, potentially leading to increased grain size
and the formation of different thermodynamically stable crystal
phases. In this case, it becomes important not only to consider
the Thornton model but also to examine the phase diagram for
the Ni/Ga system.’* As seen in Figure S2, the 5-phase appears
unstable above 700 °C, leading instead to a two-phase region
of a’ and y. Thin films of the same thickness (50 nm) were
synthesized at different temperatures. Deposition pressures of
2 and 15 mTorr were chosen as the two extremes from the

previous investigation. In Figure 2a,b, it is shown that when the
substrate temperature is increased to 400 °C, XRD analysis
reveals sharper and more intense diffraction peaks, indicating
enhanced structural ordering and crystallite growth within the
0-NisGa; phase, especially for the thin films deposited at 2
mTorr. The grain size further increases at 600 °C, seemingly
without significant influence from the pressure (Figure S8).
This suggests that at this elevated temperature the thermal
budget is sufficient to drive the crystallization process
effectively regardless of the argon pressure, being predom-
inantly controlled by bulk atomic diffusion rather than
deposition pressure. At 800 °C, the deposited films appear
to change to the more thermodynamically stable o’ phase
(with a crystal structure closer to that of NiyGa, ), as expected
from the phase diagram in Figure S2. Notably, the y phase is
absent in the XRD measurement, suggesting either the o’
phase is possible at a Ni/Ga ratio of 5/3, contrary to the phase
diagrams reported in the literature,’* or that the excess Ga is
present either in the bulk or on the surface as an amorphous
phase, hence undetectable by XRD. An alternative possibility
could be the sublimation of gallium within the sputter chamber
during deposition. However, given that the sublimation
temperature of gallium is higher at this pressure, this scenario
is unlikely and was therefore ruled out. Interestingly, for
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deposition at such high temperatures, pressure seems to
become relevant again (Figure S8), with films deposited at 15
mTorr exhibiting much larger crystal sizes compared to those
deposited at 2 mTorr. The difference in crystallinity is further
evident when examining the shape and size of the crystals in
both cases. Figure 2 shows that although the crystal phases at
different temperatures are the same at both deposition
pressures (2 and 15 mTorr), the crystal shape/film
morphology is significantly different, with much larger grains
forming at 15 mTorr, consistent with the previous findings on
the deposition pressure influence at room temperature.

The results for the films deposited at 2 mTorr align closely
with the Thornton model zones, exhibiting a gradual increase
in crystal size with rising temperature. In contrast, for the 15
mTorr deposition, the influence of temperature is less
pronounced, as the films already have relatively bigger crystal
grains at room temperature. However, in this higher pressure
case, temperature significantly impacts the shape of the
crystals. Transitioning from 400 to 600 °C markedly affects
the crystal grains’ shape (Figure S12), suggesting that bulk
diffusion becomes a key factor in film deposition. Therefore,
deposition at 2 mTorr and temperatures above 600 °C likely
falls into Zone T/Zone 2 of the model, characterized by
surface diffusion, whereas deposition at 15 mTorr and
temperatures above 600 °C likely falls into Zone 3, where
growth is dominated by bulk diffusion. Figures S13—S20
present additional SEM images at various magnifications for all
samples, emphasizing their differences and enabling direct
comparison.

To further investigate the effect and potential of temper-
ature, postgrowth annealing was also conducted to promote
nanoparticles formation on selected samples. This annealing
step, conducted in a hydrogen atmosphere, involved heating at
600 °C for 30 min after film growth. Nanoparticles are
typically synthesized through chemical methods, which are
popular due to their simplicity and low equipment cost.
However, these methods require the effective removal of
chemical precursors that can obscure the intrinsic catalytic
activity and stability of the nanoparticles. This removal must be
done without altering the nanoparticles’ size, shape, or
chemical state. Various strategies are employed for this
purpose, including controlled thermal treatments under
oxidizing and/or reducing atmospheres, UV light exposure,
specific solvent washing treatments, and plasma treat-
ments.”> " An alternative method involves using a cluster
source for synthesizing well-defined and size-selected nano-
particles.***” This technique offers significant advantages,
especially in terms of size selection, composition, and
cleanliness, as it avoids wet-chemistry.”® However, it is costly
and has low deposition rates (ranging between ng to ug/h).
Nanoparticle formation on surfaces has been also studied
through various techniques, including atomic layer deposition
(ALD) and molecular beam epitaxy (MBE)***" which offer
precise control over nanoparticle size, distribution, and
composition. Previous research has briefly shown that thin
films of NisGa; can be annealed at high temperatures to form
nanoparticles.”*” Given that those films annealed at 600 °C at
various pressures exhibited comparable crystallinity of the
desired 5-phase (Figure 2), applying the same treatment to
ultrathin films deposited via magnetron sputtering is
promising, following a similar approach of other thin film
deposition techniques. The concept is to promote film
dewetting and nanoparticle formation, a process driven by

surface energy considerations, where thin layers tend to
reorganize into isolated islands to minimize surface free
energy.*”*"***> This process depends on factors such as film
thickness, deposition temperature, and substrate character-
istics. The goal of this study is to leverage Ni/Ga dewetting to
control the particle size of NiGa films, allowing for targeted
morphological adjustments by tuning these parameters.

Figure 3 illustrates how annealing films of varying
thicknesses under different temperature conditions influences
the final particle size distribution, loading, and shape (see
Figure S22 for the methodology). The 3 A equivalent film
shows the narrowest size distribution, with a final loading of
about 19% projected area (Figure S23). In contrast, the 1 nm
equivalent film has a slightly broader particle size distribution
but a smaller average particle size, resulting in a higher particle
density with approximately 34% loading (Figure S24). These
two cases were analyzed also with Atomic Force Microscopy,
which agrees with the relative difference in loading (projected
coverage) and particle size distribution (Figures $25—S27).
The 3 nm equivalent film thickness indicates a clear upper limit
for achieving a uniform size selection. Since annealing this
relatively thick film at 600 °C did not result in the full
dewetting of the film (Figure S21), a temperature of 750 °C
was used instead. Despite the higher annealing temperature to
promote dewetting, the particles did not form uniformly,
lacking homogeneity in surface distribution, size, and shape.
The results can be compared with those shown by Sedano
Varo et al,” where films were annealed at 750 °C, again
showing differences in the final particle size distribution (and
likely crystal phase). Higher annealing temperatures affect both
the average particle size and shape compared to annealing at
600 °C.

Synthesizing nanoparticles with this methodology offers
several practical advantages. First, it becomes possible to in situ
dewet the film into nanoparticles concurrent to the activation
the catalyst. By adjusting the annealing time, different average
particle sizes can be obtained and characterized from identical
initial conditions. Making nanoparticles by exposing them to
high temperatures causes them to reach their most stable point
(if enough time is given), ensuring their stability under CO,
hydrogenation reaction conditions, which typically occur
around 250 °C, significantly lower than the annealing
temperature of 600 °C.

To summarize, this study successfully demonstrates the
synthesis of 6-NisGa; thin films at room temperature using
magnetron sputtering, showing a temperature gap of
approximately 350 °C compared to the previous study on
the same catalyst via magnetron sputtering, and about 550 °C
compared to other chemical synthesis methods. By systemati-
cally varying deposition pressure and temperature, the films
exhibited significant improvements in crystal grain size. Higher
deposition pressures, up to 20 mTorr, resulted in larger crystal
grains, both at room temperature and up to 800 °C. The
findings are consistent with the Thornton model, illustrating
how deposition parameters such as pressure and temperature
influence the final film morphology. This correlation provides
deeper insights into the film growth process under different
conditions. Moreover, ultrathin films were synthesized and
annealed in H, at high temperatures, demonstrating the
feasibility of producing size-controlled nanoparticles starting
from films deposited through magnetron sputtering. Adjust-
ments in the initial film thickness led to variations in particle
size distribution, indicating that the fine-tuning of this
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parameter can achieve the desired nanoparticle characteristics.
The method can therefore be very versatile when considering
all the other parameters that can be investigated, such as
substrate material, substrate roughness, annealing temperature
and time, and gas flow/composition.

In conclusion, magnetron sputtering proved to be a versatile
and reproducible technique for the synthesis of thin films and
nanoparticles. This makes it an effective method for studying
catalyst properties in a controlled manner. This study
underscores the effectiveness of magnetron sputtering for
synthesizing high-quality 6-Ni;Ga;. It also exemplifies how to
fully exploit the potential of magnetron sputtering as a
technique to synthesize model system catalysts in various
forms, paving the way for further research and development of
other catalytic systems.
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