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1 Introduction

Elemental (im-)miscibility determines phase
formation of multinary nanoparticles co-sputtered
in ionic liquids

Michael Meischein, 2 Alba Garzén—Manjc’m,ﬂDb Thomas Hammerschmidt, © ¢
Bin Xiao,? Siyuan Zhang, ©©° Lamya Abdellaoui, ©° Christina Scheu®
and Alfred Ludwig @ *2

Non-equilibrium synthesis methods allow the alloying of bulk-immiscible elements into multinary
nanoparticles, which broadens the design space for new materials. Whereas sputtering onto solid
substrates can combine immiscible elements into thin film solid solutions, this is not clear for sputtering
of nanoparticles in ionic liquids. Thus, the suitability of sputtering in ionic liquids for producing
nanoparticles of immiscible elements is investigated by co-sputtering the systems Au—Cu (miscible), Au—
Ru and Cu-Ru (both immiscible), and Au—-Cu—Ru on the surface of the ionic liquid 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [Bmim][(Tf),N]. The sputtered nanoparticles were
analyzed to obtain (i) knowledge concerning the general formation process of nanoparticles when
sputtering onto ionic liquid surfaces and (ii) information, if alloy nanoparticles of immiscible elements can
be synthesized as well as (iii) evidence if the Hume-Rothery rules for solid solubility are valid for
sputtered nanoparticles. Nanoparticle characteristics were found to depend on elemental miscibility: (1)
nanoparticles from immiscible elemental combinations showed bigger mean diameters ranging from (3.3
+ 1.4) nm to (5.0 £ 1.7) nm in contrast to mean diameters of nanoparticles from elemental combinations
with at least one miscible element pair ((1.7 &+ 0.7) nm to (1.8 + 0.6) nm). (2) Nanoparticles from
immiscible combinations showed compositions with one element strongly dominating the ratio and very
narrow differences between the highest and lowest fraction of the dominating element (Cug4Rug to
CuyooRUg; AuggRu4 to AuggRu;) in contrast to the other compositions (AugsCuze to AugiCuig;
AugzCuizRus/Au;5CussRus to Aug,CugiRu,). Accompanying atomistic simulations using density-functional
theory for clusters of different size and ordering confirm that the miscibility of Au-Cu and the
immiscibility of Au—Ru and Cu—-Ru govern the thermodynamic stability of the nanoparticles. Based on
the matching experimental and theoretical results for the NP/IL-systems concerning NP stability,
a formation model of multinary NPs in ILs was developed.

they can provide excellent functional properties, e.g. as high
entropy catalysts."**® The search space for multinary NPs is

Metal nanoparticles (NPs) are useful for applications, e.g. in
medicine,*™ optics,® electronics,® sensors,”® energy>*® and
catalysis.">** Particularly important for the properties of the NPs
are their composition and the corresponding elemental distri-
bution within the NPs, their crystal structure and their
morphology.” Multinary nanoparticles are of high interest, as
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already large and open questions are related to combinations of
elements which are not miscible in the bulk. In nanoscale solid
solutions, synthesized by non-equilibrium methods, such
combinations of bulk-immiscible elements can provide func-
tionalities which would be otherwise not accessible.'*'” E.g.,
new and effective electrocatalysts can be identified by screening
a large range of homogeneously alloyed NPs of different
compositions but identical crystal structure and nearly identical
nanostructure, also partially composed of immiscible
elements.®

Synthesis of NPs is achievable by a large variety of processes
which can be categorized in thermodynamic equilibrium
processes and non-equilibrium processes. Equilibrium
synthesis routes like thermal decomposition, seed-mediated
growth, co-reduction or galvanic replacements lead for
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immiscible systems with positive heats of mixing to multi-phase
structures, e.g. core-shell NPs.'® Non-equilibrium processes (e.g.
carbothermal shock synthesis*®) can kinetically trap thermody-
namically non-miscible elements in a “forced solid solution”.
E.g. if the necessary energy for sufficient atom mobility is only
provided for a short time, an ordering of the immiscible
elements according to the thermodynamic equilibrium is not
possible, as shown by Yang et al.*®

Sputtering onto solid substrates at low temperatures is
a non-equilibrium process and can be used for synthesizing
forced solid solutions. A targeted multinary composition can be
synthesized by adjusting the sputter rates of the individual
(elemental) targets in a co-sputter process.'®'® Even elements
which are thermodynamically not miscible can be combined in
the form of multinary forced solid solutions.'®* Moreover, sput-
tering onto the surface of ionic liquids (ILs) is a versatile
method for synthesizing multinary NPs. However, it is not clear
if the non-equilibrium co-sputter process also yields multinary
NPs composed of immiscible elements when sputtering on IL.
While the co-sputter process controls the amount and ratios of
elements arriving at the liquid substrate, composition, crystal
structure, size and morphology of the NPs is influenced by the
used ILs.>*?®

ILs are salts which are liquid at temperatures <100 °C,
composed of cations and anions with molecular structures
enabling the liquid state at ambient conditions. From theoret-
ically 10'® different ILs?** optimal task-specific ILs can be
selected for an application. ILs have outstanding possibilities as
solvent as well as synthesis and reaction media for NPs. An
important characteristic of ILs is their negligible vapor pres-
sure®”*® which enables their application as clean and pure
substrates for ultrahigh vacuum processes.” These special
chemical and physical characteristics make ILs interesting for
applications in industry**** as reaction and scavenging media
and for catalysis in general.*** Additionally, their consideration
as green solvents* demonstrates their potential for decreasing
the environmental stress caused by those industrial applica-
tions if the conventional solvents are replaced by ILs.
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In this paper, we want to clarify the possibilities of sputtering
onto ILs for the formation of multinary solid solution NPs
comprising (im-)miscible elements. Co-sputter deposition from
elemental targets were conducted simultaneously onto IL and
solid substrate reference samples. The exemplary system Au-
Cu-Ru and its subsystems were investigated as the bulk phase
diagrams of the binary subsystems show relevant differences:
Au-Cu shows complete solid solubility for temperatures
>410 °C.* At lower temperatures, the formation of the inter-
metallic phases Au;Cu, AuCu (tetragonal or orthorhombic) and
AuCu; can occur.” The system Cu-Ru shows no solubility below
1059 °C. The Au-Ru system shows very limited solubility (<5
at% Ru in Au) at temperatures between 900 °C and 950 °C,*®
otherwise the system is immiscible. No ternary phases of the
system Au-Cu-Ru are known.

These differences can be rationalized by looking on the
characteristics of the used elements, listed in Table 1. According
to the Hume-Rothery rules*>* two different elements likely
form a solid solution when the crystal structures match, the
atomic radii of the involved elements do not differ by more than
15%, the difference in electronegativity is small to avoid the
formation of compounds and the valence of both elements is
similar. For the investigated Au—Cu-Ru system, the differences
in atomic radii are <15%, the differences in electronegativity are
<0.7 and each element has a common valence with the other
two elements. However, the crystal structure of Ru (hcp) differs
from Au and Cu (both fcc), i.e. one demand of the Hume-
Rothery rules is violated.

All binary subsystems have been prepared in the nanoscale
as solid solution NPs, although the immiscible Au-Ru and Cu-
Ru systems should decompose according to thermodynamics.
Those solid solution NPs were applied in catalysis where they
could outperform the single elements in specific reactions. E.g.
binary Au-Cu NPs are more effective in CO oxidation*® and
propene epoxidation**** than pure Au and Cu NPs, whereas Cu-
Ru NPs excel single Cu and Ru NPs as hydrogenation catalyst*®
and pure Ru NPs for CO oxidation.*” An electrode of a methanol
oxidation fuel cell modified with Au-Ru NPs showed superior
efficiency when compared to an electrode modified with Ru

Table 1 Elemental data of Au, Cu and Ru, taken from Mizutani** and Hume-Rothery et al.#? if not noted differently by the addition of literature

sources at the specific column heading

Weighted Molar heat
Lattice p surface of
Crystal  Atomic Electronegativity arameters/reduced Difference of lattice energy***® vaporization®’
Element structure radius®” (pm) (Pauling scale)®® Valence®”  cell*>*° (A) parameters (%) gm™3 (k] mol ™)
Au fee 134 2.54 1+, 3+ a = 2.950 To Cufora=»b=rc:152, 0.75 334.4
b =2.950 to Ru for
¢ =2.950 a = b: 7.9, to Ru for c: 31.6
Cu fce 117 1.90 1+, 2+ a=2.561 To Au fora = b = ¢: 13.2, 1.42 300.7
b =2.561 to Ru for
¢ =2.561 a = b: 6.3, to Ru for c: 40.6
Ru hep 125 2.20 2+, 3+, 4+, a=2.733 To Au for a = b: 7.4, to Au  2.88 595.5
6+, 8+ b =2.733 for ¢: 46.2,
c=4.314 to Cu for a = b: 6.7, to Cu
for c: 68.4
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NPs.*® Selective control of fcc and hep crystal structures in Au-
Ru solid-solution alloy NPs (AuRug, fcc and hcp) was achieved
by a polyol reduction process.* Thus, the better activity of the
binary NPs from the Au-Cu-Ru system confirm the hypothesis
of a better performance of NPs with increasing compositional
complexity," but the stability of the bulk-immiscible systems
Au-Ru and Cu-Ru contradicts the principles of miscibility
according to the Hume-Rothery rules.

However, in the nanoscale other principles and effects can
dominate the material characteristics compared to bulk mate-
rials:**"* the stability of nanoscale material systems can depend
on different aspects of the selected synthesis process or the
(multinary) system itself. The formation of stable NPs is deter-
mined by their thermodynamic state, and is influenced by their
size, shape and crystal structure and for multinary NPs also by
their composition.*® For sputtering multinary thin films, even
metastable alloys of immiscible elements can be realized and
their stability against decomposition can be studied e.g. by the
combinatorial processing platform approach.”® Given these
considerations, the composition and structure of the co-
sputtered NPs stabilized in ILs will reveal if sputtering per-
formed as a non-equilibrium process onto ILs is applicable for
obtaining multinary NP of immiscible elements.

The synthesized Au-Cu-Ru materials (films and NPs) were
investigated by energy-dispersive X-ray spectroscopy (EDS) and
X-ray diffraction (XRD) analysis of the thin films which formed
on wafer pieces added to the depositions on the ILs as well as
inductively coupled plasma mass spectrometry (ICP-MS) of the
obtained NP/IL-suspensions and transmission electron
microscopy (TEM) and EDS analysis of the NPs. The theoretical
probability of the formation of multinary NPs comprising the
elements from the Au-Cu-Ru system was evaluated in terms of
the thermodynamic stability as obtained by atomistic simula-
tions with density functional theory (DFT). Besides the infor-
mation concerning elemental miscibility influence on NP
stability and the effect of the synthesis process (equilibrium vs.
non-equilibrium), the comparison between (elemental) NP, thin
film and IL composition will reveal further information con-
cerning the NP formation process when sputtering onto ILs.*®
The influence regarding elemental (im-)miscibility and the type
of formation process (equilibrium vs. non-equilibrium) has not
been investigated for sputtering NPs into ILs. Thus, the infor-
mation derived from our investigations is important for design
and synthesis of next-generation nanoscale materials when
using the versatile and powerful technique of sputtering
onto ILs.
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2 Experimental methods

2.1 Synthesis of binary and ternary thin films and NP/IL-
suspensions by co-sputtering

The IL 1-butyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide [Bmim][(Tf),N] (Iolitec, Heilbronn,
Germany) was used for all sputter depositions. The IL purity was
>99% (halides content <100 ppm, water content 51 ppm). No
further processing of the IL was performed prior to sputter
depositions. IL was stored and handled under Ar atmosphere in
a glovebox (oxygen and water content both <0.5 ppm). A
commercial co-sputter system (AJA POLARIS-5, AJA INTERNA-
TIONAL, Inc., North Scituate, MA, USA) with 1.5-inch diameter
magnetron sputter cathodes and multiple sputter source DC
power supplies (DC-XS 1500 and DC-XS 750 from AJA INTER-
NATIONAL, Inc., North Scituate, MA, USA) was used. A sche-
matic of the used sputter system while co-sputtering from
elemental targets onto an IL array can be found in Fig. 2 of
a previous publication of the authors.*® Additionally, Fig. 7 of
this manuscript also displays the arrangement of sputter targets
and sample. Elemental targets (Au, Sindlhauser Materials,
Kempten, Germany; Cu and Ru both EvoChem, Offenbach am
Main, Germany), all with purity 99.99% and dimensions
38.1 mm diameter x 4.775 mm thickness were applied. For
sputtering, Ar (Praxair, Disseldorf, Germany) with purity
99.9999% was used.

For sputter deposition, the IL was placed in a custom-made
cavity plate with adaptable lids for covering unfilled cavities (see
Meyer et al.”’) to expose the IL surface to the flux of sputtered
atoms. Prior to the deposition, plate and lid were cleaned in an
ultrasonic bath for 30 min in technical acetone (purity =99.5%)
and isopropanol (purity =99.7%) respectively and dried in an
oven at 80 °C for 1 h. Each exposed cavity was filled with
a volume of 35 pL IL inside the glovebox for each deposition. A
piece of patterned Si/SiO, wafer (photolitographically struc-
tured with a photoresist lift-off cross pattern for thin film
thickness determination) was placed on the lid next to the
cavities for each deposition onto ILs to measure the composi-
tion and thickness of the films. Thin film compositions were
analyzed by EDS (Oxford Instrument X-act) in a scanning elec-
tron microscope (SEM, JEOL JSM-5800 LV). The crystal structure
of the thin films was investigated by XRD using a Bruker D8
Discover diffractometer with an InS microfocus source (50 W,
Cu K, radiation at A = 0.15406 nm) and a VANTEC-500 2D
detector. To cover the 26 range of interest, three frames were
captured in the offset couple 26/6 scan type. The start angles for

Table 2 Sputter deposition parameters for depositions onto ILs and reference wafer pieces

Start pressure Ignition Ignition  Pre-clean Deposition ~ Deposition Deposition Targeted
Deposition (Pa) pressure (Pa) power (W) duration (s) pressure (Pa) power (W) duration (min) composition (at%)
Cu-Ru 112 x 107 1.33 20 120 0.5 30 (Cu), 35 (Ru) 50 50 : 50
Au-Ru 1.03 x 107 1.33 20 120 0.5 9 (Au), 30 (Ru) 70 50 : 50
Au-Cu 116 x 107 1.33 20 120 0.5 15 (Au), 30 (Cu) 45 50 : 50
Au-Cu-Ru  1.16 x 107*  1.33 20 120 0.5 9 (Au), 17 (Cu), 30 (Ru) 52 33:33:33

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the three frames were 6 = 12°/2¢ = 30° with stop angles § = 42°/
20 = 90° and increment § = 15°/26 = 30° and an integration
time of 60 s for each frame (sample to detector distance of 174.6
mm, collimator diameter of 1 mm). Literature data (except for
Au-Ru) for comparison were obtained from the ICSD database.
The data sets were used for simulating XRD diffraction patterns
for Cu K, radiation (A = 0.15406 nm) using the VESTA software
for visualizing crystallographic data (see K. Momma and F.
Izumi®®).

Prior to all depositions, the IL in the cavity plate was evac-
uated for at least 72 h for removing remaining oxygen and water
from the transport out of the glovebox into the sputter chamber,
resulting in an exposure of the IL towards air of about 10 s.
Subsequent to plasma ignition (parameters in Table 2), the
targets were pre-cleaned with closed shutters for 120 s, a rota-
tion of the cavity plate of 30 rotations per minute (for obtaining
a homogenous composition over the whole area) and a succes-
sive reduction of the Ar pressure to the deposition pressure. Pre-
cleaning of the targets was performed for removing possible
oxide or organic contamination layers®” followed by adjusting
the deposition power (see Table 2) and opening the shutters in
front of the targets for the specific deposition times. A tilt of the
cathodes resulted in an angle of 12° between the target normal
and the normal of the cavity plate. For all depositions, a film
thickness of 500 nm and the composition denoted in Table 2 for
the sputtered thin film on the wafer piece was adjusted. After
each deposition, the cavity plate was transferred immediately
into the glovebox for collection, storage and processing of the
sputtered NP/IL-suspensions.

2.2 TEM sample preparation

The sputtered NP/IL-suspensions were prepared for TEM
investigations by dropping 2.5 pL of each IL on the carbon-
coated side of holey carbon-coated Au grids (200 mesh, Plano
GmbH, Wetzlar, Germany). The ILs were left at this side for
2.5 h to enable adhesion of the NPs on the carbon film. Washing
the grids dropwise with dried acetonitrile for 1 h under inert
conditions (see Meyer et al.*’) was conducted to prevent grid
contamination originating from the IL being exposed to the
electron beam during TEM investigations. The washed grids
were stored in the glovebox until the specific TEM investigation.
At least 198 NPs per NP/IL-suspension were counted for evalu-
ating the NP diameters. Conventional TEM and high-resolution
TEM (HRTEM) studies were performed with a Tecnai F20S/TEM
instrument (Thermo Fischer Scientific, Eindhoven, Nether-
lands) operated at 200 kV. High angle annular dark field
(HAADF) STEM imaging and STEM-EDS spectrum imaging were
performed on an aberration-corrected TEM (Titan Themis)
equipped with a Bruker Super X detector (Thermo Fischer
Scientific, Eindhoven, Netherlands), operated at 300 and 120
kv. E.g., a previous study of the authors revealed that it takes
around 40 minutes of constant beam exposure at 300 kV to
modify the sputtered NPs.** Thus, an alteration of the NPs
during the EDS investigations of 20 min per image is not ex-
pected. Prior to the EDS and HAADF investigations the TEM
grids were cleaned with a “Femto”-series plasma cleaner

3858 | Nanoscale Adv,, 2022, 4, 3855-3869
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(Diener electronic GmbH & Co. KG, Ebhausen, Germany) in
a plasma composed of 75% Ar and 25% O, for 30 s at 50 W
immediately before inserting them in the instrument to remove
hydrocarbon contaminants. The HAADF detector covered
arange from 73 to 200 mrad for 300 kV and from 95 to 200 mrad
for 120 kv. EDS measurements were performed with currents of
~150 pA and using an electron probe with a beam size of
~0.1 nm and a convergence semiangle of 23.8 mrad. Multivar-
iate statistical analysis was performed on the STEM-EDS data to
reduce the noise and facilitate the detection of Ru.*

2.3 ICP-MS measurements

For the ICP-MS measurements, an amount 50 pL of each IL was
separated in suitable Teflon containers. The separated samples
were diluted each with 4 mL of 69% concentrated phosphoric
acid of the “ROTIPURAN® Supra” line. The obtained mixtures
were chemically digested in a Multiwave Pro microwave diges-
tion device with 8-slot container holder 8NXF100 (from Anton
Paar GmbH, Graz, Austria). The digestion occurred at maximum
temperature 240 °C and maximum pressure 6 MPa to guarantee
a complete transfer of the investigated material into solvable
nitrides which could be measured in the ICP-MS. Subsequent to
the digestion, the resulting solutions were further diluted with
ultrapure water (conductivity 0.055 uS cm ™) to a total volume of
10 mL per sample. From this stem-solutions, 1:100- and
1 : 1000-dissolutions were produced and experienced an acidi-
fication with 2% phosphoric acid prior to the measurements in
an iCAP RQ ICP-MS device (from Thermo Fisher Scientific Inc.,
Waltham, Massachusetts, USA). The ICP-MS measurements
were performed in the KED-mode to decrease disturbances
from molecule ions.

2.4 DFT calculations

DFT calculations of bulk systems and nanoparticles were
carried out with the VASP software®* by a high-throughput
framework® using the projector-augmented-wave method®
and the Perdew-Burke-Ernzerhof exchange-correlation func-
tional.®® All calculations were non-spinpolarized and used
a cutoff of 400 eV. The DFT calculations of bulk systems include
Monkhorst-Pack k-point meshes®” with a distance of 0.02 A,
With these settings, very good agreement with previous DFT
calculations® regarding, e.g., the equilibrium lattice constant
was achieved. The (im-)miscibility of the binary subsystems of
Au-Cu-Ru was investigated with typical ordered structures
based on bee (PdTi, AlOs, VZn, B2, B11, C11y,), fce (AlgNi, D0,,,
DO0,;, L1o, L1,, L6,) and hcep (B8, B8,, B35, By, By, B;) lattices.
The possibility of solid-solution phases was taken into account
with special-quasi-random structures (SQS).*® Using the ATAT
package,” five 2 x 2 x 2 fcc unit cells with 32 atoms were
generated for the compositions AB, AB;, A;B and A¢BC and the
numerical average of the corresponding DFT results for the five
SQS structures was taken.

The DFT calculations of the NPs used I'-centered k-point
meshes and relaxation of the atomic positions. The NP struc-
tures were generated by spherical cutouts from periodic repe-
titions of fcc unit cells. These shapes correspond to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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experimentally observed spherical and crystalline NPs pre-
sented in the following. The resulting NP structures contain 16,
28, 44, 68, 80, 104 and 140 atoms with radii that depend on the
content of Au, Cu and Ru atoms. The relative initial radii are 1.0,
1.1,1.3,1.5,1.7, 1.8 and 2.0 in terms of the fcc lattice constant of
the particular chemical composition. For the 140-atom AuCu
NP with L1, ordering, e.g., we obtain a radius of 1.4 nm,
comparable to the experimentally observed NPs. The unit cells
of the DFT calculations for the NP are chosen to include
a separation of approximately 1 nm to the periodic images of
the NP which leads to simulation cells of 1.6 nm x 1.6 nm X
1.6 nm for NP with 16 and 28 atoms, 2 nm X 2 nm X 2 nm for
NP with 44, 48 and 80 atoms, and 2.4 nm x 2.4 nm X 2.4 nm for
NP with 104 and 140 atoms.

3 Results

Experimental results of the thin film and NP analysis were
compared with results from DFT simulations. The theoretical
consideration of the NP stability helps to understand and also
validates the observed NP compositions and the NP formation.

3.1 Analysis of the thin films

The co-sputtered thin films on solid substrates were used to
control if the desired equiatomic compositions were reached.
The film compositions are listed in Table 3 and show a satis-
fying accuracy to the aimed compositions in Table 2 since the
biggest difference from equiatomic compositions was 2.8 at%
for the binary and 2.2 at% for the ternary systems. The film
compositions serve as reference for comparison with the
compositions of the NP/IL-suspensions.

The capability of sputtering to force bulk-immiscible
elements into thin film solid solutions (i.e. deposition on
solid substrates) is investigated by the XRD analysis of the thin
films which were simultaneously obtained with the co-
depositions onto ILs. The results are illustrated in Fig. 1.
According to the XRD patterns, all four thin films show fcc solid
solutions in agreement with literature. The bump of the peak
for the (111) lattice plane in Fig. 1(a) can be attributed to a low
signal-to-noise ratio since a long exposure time for this system
had to be used for obtaining reasonable counts.

3.2 Analysis of nanoparticles stabilized in ILs

Co-sputtering onto an IL surface results in an accumulation of
the sputtered atoms in the IL accompanied with the formation

Table 3 Compositions of co-sputtered thin films. The values repre-
sent the average composition of ten EDS measurement points
arranged on a straight line

Composition (at%)

System Au Cu Ru
Au-Cu 47.2 52.8 —
Au-Ru 48.5 — 51.5
Cu-Ru — 53.4 46.6
Au-Cu-Ru 35.1 33.8 31.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of the co-sputtered thin films. Dashed lines
indicate literature data for the systems with the corresponding lattice
planes annotated in round brackets. For the Cuss 4Ru4g ¢ thin filmin (a),
the reference data were obtained from fcc Cu—Ru with equiatomic
composition (space group Fm3m).” For the Au,z 2Cuss g thin film in (b),
the reference data were obtained from powder diffraction experi-
ments with equiatomic fcc AuCu powder (space group Fm3m).”®> The
reference data for the AusgsRusq 5 thin film in (c) were obtained from
Aug7sRus, s (ref. 74) analyzed with a conventional XRD system (Cu K,
radiation). For the Auzs 1Cuzs gRuzq 1 thin film in (d), the same reference
as for the Au—Cu thin film was used.

of NPs. In a previous study on co-sputtering Au and Cu in IL,”*
thin films on wafer pieces (added to the depositions) were used
to determine the sputter flux which reaches the IL surface (thin
film composition Aus3Cu,,). However, the NPs showed
compositions ranging from Au,sCu,s to Aug,Cu3), i.e. a clear
compositional difference of thin film and NPs was observed.
These differences contradicted the primary idea of this previous
study that the NP composition must accord with the composi-
tion of the vapor sputtered onto the solid substrates and onto
the IL. To unravel the origin of the deviant NP composition with
respect to the sputtered thin films, an analysis of the IL
composition in terms of metal contents is necessary. To this
purpose, ICP-MS measurements of the co-sputtered ILs were
conducted, which could be compared with the NP composi-
tions. The ICP-MS results are listed in Table 4. The composi-
tions of the co-sputtered NP/IL-suspensions are in good

Table 4 Compositions of the co-sputtered NP/IL-suspensions as
analyzed by ICP-MS. The compositions of the co-sputtered thin films
were: AUz 2CUsz g, AUsagsRUs1 s, CUsz sRUse.6 and Auzs1Cuss gRUz1 g

Co-sputtered systems

Au-Cu Au-Ru Cu-Ru Au-Cu-Ru
Elemental Au 49.1 46.8 — 36.8
composition (at%) Cu  50.9 — 52.6 33.0
Ru — 53.2 47.4 30.2
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agreement with the thin film compositions (Table 3). Thus, the
sputtered atoms do penetrate in the IL volume and are not re-
flected at the IL surface or do not show a different diffusion
behavior for the individual elements from the sputter vapor
phase into the ILs, as assumed in the previous study.

TEM investigations were performed to correlate the NP
composition, the composition of the sputtered IL and the NP
size and shape. The obtained TEM data and previous investi-
gations of the authors show that co-sputtering from elemental
targets on IL can lead to the formation of multinary NPs.'®*>7
However, composition, size and size distributions differ for the
binary and ternary NP systems, see Fig. 2 and 4.

For Cu-Ru and Au-Ru, which are immiscible in bulk, the NP
size distributions are much broader than for Au-Cu and Au-Cu-
Ru NPs and their mean size (Cu-Ru: (5.0 £ 1.7) nm, Au-Ru: (3.3
+ 1.4) nm) is nearly twice the mean size of the miscible binary
Au-Cu NPs and of the NPs from the ternary IL (Au-Cu: (1.8 £+
0.6) nm, Au-Cu-Ru: (1.7 = 0.7) nm).

For all four co-sputtered systems the NPs appear crystalline
and spherical (see Fig. 3). Lattice fringes aligned in different
directions indicate the existence of areas of different crystallo-
graphic orientations within individual NPs. FFT analysis

[ 7ICuRy
Size: (5.0 £ 1.7) nm|

0 b
12345678091
Diameter [nm]

8:5

Size: (1.8 £ 0.6) nm|

Frequency [%]
B888

458678 91
Diameter [nm]

Size: (3.3 + 1.4) nm

]
123458678 91
Diameter [nm]

Size: (1.7 £ 0.7) nm|

123458678 91
Diameter [nm]

Fig. 2 TEM images of co-sputtered NP for the systems Cu—Ru in (a)
and (b), Au—Cu in (d) and (e), Au—Ru in (g) and (h) and Au-Cu-Ru in (j)
and (k). NP crystallinity was confirmed by FFT of the corresponding
HRTEM images depicted in the insets. The corresponding size distri-
butions with mean diameter for each binary and the ternary co-
sputtered NPs are depicted next to the corresponding TEM images in
(c) for Cu—Ru, in (f) for Au—Cu, in (i) for Au—=Ru and in (1) for Au-Cu—-Ru.
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revealed that for the immiscible combinations Cu-Ru and Au-
Ru only d-spacing values for Cu and Au respectively were found.
For the combinations Au-Cu and Au-Cu-Ru, the d-spacing
values matched with values for Au;Cu;, AugCu,; and Au,,Cuy
nanoalloys™ as well as for pure Au and Cu.

Fig. 4 shows the compositions of the co-sputtered NPs from
each binary system. The denoted compositions represent the
signals of a round mask covering the complete NP without
background. The amount of variation of the set values was
calculated using a low standard deviation (1, which is close to
the expected value). Concerning the elemental miscibility, clear
differences are visible. For the bulk-immiscible combinations
Cu-Ru in Fig. 4(a) and (b) and Au-Ru in Fig. 4(e) and (f),
compositions of CugsRug to CujgoRu, for the Cu-Ru IL and
AuggRuy to AuggRu, for the Au-Ru IL were identified. Ru atoms
appear to be only present at the surfaces of the NPs without
building a closed shell. For the combinations of bulk-miscible
elements, Au-Cu in Fig. 4(c) and (d) and Au-Cu-Ru in
Fig. 4(g) and (h), compositions of Aug,Cusze to Aug;Cu,g for the
Au-Cu IL and of AugzCuy3Ru,/Au,5Cu,,Ru; to Aug,Cuy,Ru, for
the Au-Cu-Ru IL were measured. All denoted NP compositions

Fig. 3 HRTEM images of co-sputtered NPs. (a)—(c) examples of Cu—
Ru NPs; (d)-(f) examples of Au—Cu NPs; (g)-(i) examples of Au—Ru
NPs; (j)—(1) examples of Au—Cu—Ru NPs. Crystallinity of the NPs is
visible as lattice fringes in the HRTEM images and was confirmed by
FFT (insets). The NPs show different orientations of the crystal struc-
tures as representation of the different miscibility of the constituent
elements.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 HAADF-STEM images of co-sputtered NPs are shown in (a) for
Cu-Ru, in (c) for Au—Cu, in (e) for Au—Ru and in (g) for Au—Cu—Ru. The
elemental distributions of the NPs obtained from the STEM-EDS
quantification are depicted in (b) for Cu—-Ru, in (d) for Au—Cu, in (f) for
Au—Ru and in (h) for Au—Cu—Ru.

represent the compositions with the highest and lowest amount
of one element found among all analyzed NPs for the respective
IL. For the Au-Cu-Ru IL, the compositions above represent the
NPs with the highest and lowest amount of Ru which were
detected. Thus, the real 1¢ value lies between these values. Ru
appears again to be present only at the surfaces of the NPs
obtained from Au-Cu-Ru IL, whereas for the Au-Cu IL binary
Au-Cu NPs were identified.

3.3 Thermodynamic stability from DFT calculations

The structural stability of Au-Cu-Ru and its binary subsystems
in different bulk crystal structures was determined by means of
the heat of formation AH of a binary phase AB

_ EAB - NAEA - NBEB
NAB

AH 6))]
with respect to the bulk ground states of element A and B using
the corresponding total energies E and numbers of atoms N.
The resulting values of AH of ordered and disordered phases are
compiled in Fig. 5 for Au-Cu, Au-Ru and Cu-Ru. Negative
values of AH indicate alloys that are stable with respect to the
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Fig. 5 Structural stability of binary bulk systems Au—Cu (red), Au—Ru
(blue) and Cu—Ru (green) obtained by DFT calculations with respect to
the elemental ground states fcc-Au, fcc-Cu and hcp-Ru. The fcc-
based, bcc-based and hcp-based ordered structures are indicated as
circles, left and right triangles, respectively. Open square symbols
represent the average of 5 fcc-based SQS structures with disordered
atom arrangement.

decomposition to the elements. In the DFT results, the misci-
bility of the Au—-Cu system manifests in negative values of AH
indicating stable L1,-Au;Cu, L1,-AuCu and L1,-AuCu; phases,
in agreement with the experimental phase diagram. The Au-Ru
and Cu-Ru systems show positive AH values across the whole
composition range confirming the known immiscibility of these
systems. The lowest energy structures in these systems, L1,, L1,
and DO0,,, are used to setup the Au-Ru and Cu-Ru NPs (see
Experimental methods). The results for binary solid solutions
are obtained as average of DFT calculations of five SQS struc-
tures. For Au-Cu, the considered disordered structures are less
preferable than the ordered structures. For Au-Ru and Cu-Ru,
the disordered structures are partially energetically more pref-
erable than the ordered counterparts but the positive values of
AH rule them thermodynamically unstable, too. Additional
calculations based on the thermodynamically stable Au-Cu
phases were performed with ternary compositions of 2 : 1 : 1 for
L1y, 24:7:1 and 23:8:1 for L1, as well as 6:1:1 for SQS
structures. These calculations indicate a small solubility of Ru
in Au-Cu but no stable ternary phase with significant Ru
content.

The DFT calculations of the NPs use simulation cells of 16 to
140 atoms with Au, Cu, Ru as well as Au-Cu, Au-Ru, and Cu-Ru
compositions. The chemical species in the binary NPs are
arranged in L1y,-AB, L1,-A3B, L1,-AB3, D0,,-A;B and D0,,-AB;
orderings that are identified as the energetically most favorable
ordered arrangements in the binary systems (Fig. 5). Our
procedure of constructing the NP by spherical cutouts, moti-
vated by the experimental findings in Fig. 3 and 4, leads to very
similar initial shapes of the NP of different size (see Fig. 6(a)).
For such an isomorphic scaling, the formation energy AEyp of
the NPs with respect to the bulk ground-state Eyy. (Fig. 5) of the
same chemical composition can be approximated by a volu-
metric, a surface and an edge contribution:
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Fig. 6 DFT calculations were performed for NPs comprising 16 to 140
atoms with different orderings of Au/Cu/Ru. The structures illustrated
in (a) are L1p-ordered, relaxed Au—Cu NPs with simulation cells indi-
cated as grey frames. The variations of the formation energy with the
number of atoms follow a scaling law with volume, surface and edge
contributions (according to eqn (3)), as depicted in (b) for unary fcc and
in (c) for binary L1y-ordered NPs. The relative formation energies of the
different binary NPs with respect to elemental NPs (points: individual
DFT calculations, lines: scaling law) in (d) show that only NPs of the
miscible Au—Cu system are thermodynamically stable while NPs of the
immiscible Au—Ru and Cu-Ru systems are not stable for NPs with
more than few 10 atoms.

AEnp = Exp — NnpEbuik
23 113
= eyol VNP T Esurf VNPT~ Tt Eedge VNP (2)

where Eyp is the total energy of a NP with Nyp atoms and volume
Ve = NnpVatom based on the atomic volume Viiom. EXpressing
this relation in terms of atoms Nyp in the NP,

—13 —2/3
AENP/INNP = €vol T esurt VNP T EodgeNNP (3)

gives a simple scaling relation for parameterizing the DFT
results of the NP as a function of NP size. The validity of this
relation is weakened if the atomic relaxation of the NPs in the
DFT calculations distorts the underlying assumption of
isomorphic scaling and is hence an indicator of structural
changes of the NPs. The fits of the DFT data to the scaling law
(eqn (3)) presented in the following use the DFT data for the NPs
plus additional points for very large Nyp where AEyp can be
assumed to tend to zero. Fig. 6 shows the DFT results and the
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fits for the unary NPs (in (b)) and for the binary L1,-AB NPs (in
(¢))- The unary clusters follow very closely the scaling law which
validates the applicability of the approach. The DFT results for
L1,-AuCu closely follow an isomorphic scaling while L1,-AuRu
and L1,-CuRu show sizeable scatter. In the DFT calculations for
L1, and DO0,, ordering (not shown), the match between DFT
results and isomorphic scaling is similar with very good
agreement for Au-Cu and sizeable scatter for Au-Ru and Cu-Ru.

The relative stability of the binary NPs, ie. the heat of
formation with respect to the unary NPs, is determined in
analogy to the bulk structures by eqn (1). Fig. 6(d) shows the size-
dependent relative stability of the Au-Cu, Au-Ru and Cu-Ru NPs
with L1y-AB, L1,-A;B, L1,-AB;, DO0,,-A;B and DO0,,-AB;
ordering. The Au-Cu NPs are thermodynamically stable for all
considered NP sizes and all Au : Cu ratios with a preference for
L1,-AB that is also most stable in the Au-Cu bulk phases. Au-Ru
and Cu-Ru NPs are thermodynamically unstable expect for the
smallest considered Au-Ru NPs. The formation energy of Ru-
containing NPs increases with increasing NP size, as expected
from the unstable bulk phases observed in Fig. 5. A simple linear
interpolation of the formation energy between stable Au-Cu NPs
and unstable Au-Ru/Cu-Ru NPs indicates a small solubility of Ru
in Au-Cu NPs but no ternary NPs with sizeable Ru content. This
is in agreement with the experimentally observed Ru-poor
compositions and shows that the bulk miscibility of Au-Cu
and the bulk immiscibility of Au-Ru and Cu-Ru is also governing
the thermodynamic stability of the NPs. A more detailed
understanding of small Ru contents in Au-Cu NPs requires
further atomistic simulations in future work.

4 Discussion

The co-sputtered thin films served as control samples to verify
the capability of solid solution formation of (im-)miscible
systems by non-equilibrium sputtering onto solid substrates.
Comparing the composition and structure of those thin films
with co-sputtered NPs/ILs could answer whether sputtering
onto ILs corresponds also to non-equilibrium processes feasible
of alloying immiscible elements in solid solution NPs.

4.1 Analysis of the co-deposited thin films

The DFT calculations confirm the immiscibility of Ru with Au
and Cu as expected by the Hume-Rothery rules due to the
different crystal lattices (Ru: hep vs. Au/Cu: fec). The known Au-
Cu bulk phases (AuzCu, AuCu and AuCugj) form the convex hull
with negative values of the heat of formation (see Fig. 5). The
Au-Ru and Cu-Ru systems, in contrast, show no stable inter-
metallic phase across the range of chemical composition. The
solubility of Ru in Au-Cu is very low and therefore Au-Cu-Ru
bulk alloys with sizeable Ru content are not expected to be
thermodynamically stable.

However, the EDS results in Table 3 and the XRD patterns in
Fig. 1 contradict these general principles. The thin films show
a nearly equiatomic composition and the XRD patterns confirm
the existence of solid solutions in all thin films. For Au-Cu, this
is not surprising due to the complete solid solubility of Au and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Cu and since AuCu is an intermetallic phase with space group
P4/mmm and Imma.”® The compositional deviation of 3 at%
between the co-sputtered Au-Cu thin film (Au,,Cus;3) and AuCu
results in the slight shift of the XRD peaks from the literature
values according to Vegard's law and thus indicates that the co-
sputtered thin film is a solid solution.

For Cu-Ru and Au-Ru thin films, the observed fcc structure
is surprising, since the formation of the Cu-Ru and Au-Ru solid
solutions showing also fcc structure contradicts the DFT results.
However, similar observations were made for equiatomic
CuRu” and AuRu NPs™ as well as for AuRu; (ref. 49) NPs,
showing also fcc structure. The linear change of the lattice
constants with the NP compositions according to Vegard's law
and the homogeneous distribution of the elements in the binary
NPs according to STEM-EDS maps indicate the existence of
a solid solution for Cu-Ru and Au-Ru. Since also pure Ru NPs
with fcc structure were synthesized,”” there is no doubt that in
the thin films solid solutions with fcc structure of the bulk
immiscible elements Au-Ru and Cu-Ru exist. For the Au-Cu-
Ru thin film, the match between the XRD peaks and the AuCu
reference data (fcc structure) also supports the assumption that
Ru is incorporated into the fcc solid solution. This confirms the
ability of incorporating bulk-immiscible elements into thin film
solid solutions by sputtering on solid substrates without heat-
ing, which is a non-equilibrium process. The sputtered atoms
arrive at the substrate which is close to room temperature as it is
not actively heated. Thus, the condensed atoms do not have
sufficient energy to diffuse over the surface and are buried
below the further arriving sputtered atoms. Since the deposition
rates were chosen to obtain an equiatomic composition,
a homogeneous binary (and ternary) atom mixture on the
surface is achieved. The sputtered atoms are quenched into
a forced solid solution and no decomposition into the respec-
tive unary phases occurs since no energy is provided for devel-
oping an energetic most stable, demixed ordering, typical for
a non-equilibrium process.

4.2 Analysis of the co-sputtered nanoparticles

The results of the co-sputtered thin films suggest that immiscible
elements could be combined into solid-solution NPs by co-
sputtering on ILs. According to the ICP-MS results (Table 4), the
composition of the ILs in terms of the co-sputtered elements is in
good agreement with the thin films (see Table 3), so that the
conditions for solid solution formation should be given according
to the compositions of the thin films showing such solid solutions.

However, the STEM-EDS investigations of the co-sputtered
NPs in Fig. 4 reveal that no incorporation of Ru in the NPs ob-
tained from the Cu-Ru, the Au-Ru and the Au-Cu-Ru deposi-
tion occurred. On the other hand, binary Au-Cu NPs were
identified in the Au-Cu and the Au-Cu-Ru NP/IL-suspensions.
Ru atoms in the vicinity of the NPs appear to sit only at the
surface of the individual NPs without being incorporated into
the crystal structure or building a closed shell. These assump-
tions are underlined by the composition of individual NPs,
revealing mainly compositions of CugsRug to Cu;goRU, for the
Cu-Ru IL, of AuggRu, to AuggRu, for the Au-Ru IL, of Aug,Cuse
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to Aug;Cu,, for the Au—Cu IL and of AugzCu;3Ru,/Au,5Cu,,Ru;
to Aug,CuyiRu, for the Au-Cu-Ru IL, as determined by the
quantification of the STEM-EDS measurements. For the Au-Cu-
Ru IL, the NP composition represents the highest and the lowest
detected amount of Ru for individual NPs.

The mean NP diameters and the general size distributions of
the co-sputtered NPs also indicate a difference between the ILs
containing only bulk-immiscible elements and the ILs con-
taining bulk-miscible elements (see Fig. 2). The comparison of
the results shows that the NPs in the Au-Cu and the Au-Cu-Ru
IL (the ILs containing bulk-miscible elements) have nearly
identical mean diameters (Au-Cu: (1.8 £+ 0.6) nm, Au-Cu-Ru:
(1.7 £ 0.7) nm). Additionally, the size distributions for the Au-
Cu and the Au-Cu-Ru IL show a nearly identical width and only
a slight difference in the maximum NP diameter (3 nm for Au-
Cu IL and 4 nm for Au-Cu-Ru IL). For the Cu-Ru and Au-Ru
ILs, containing only bulk-immiscible elements, the NP mean
diameters of (5.0 = 1.7) nm for Cu-Ru IL and (3.3 + 1.4) nm for
Au-Ru IL are much bigger than the mean diameters for the ILs
containing miscible elements. This goes along with much
broader size distributions and higher maximum NP diameters
(9 nm for Cu-Ru IL, 6 nm for Au-Ru IL) for the ILs with only
bulk-immiscible elements with respect to the ILs containing
bulk-miscible elements. This could be explained by the
following assumption: The Cu-Ru and the Au-Ru IL contain
only pure Cu and Au NPs respectively, decorated with Ru atoms
at their surface but without a complete closed Ru outer shell.
The Au-Cu IL and the Au-Cu-Ru IL contain Au-Cu alloy NPs
with also a Ru decoration on the outer shell in the case of the
Au-Cu-Ru IL.

A further comparison of those results concerning mean
diameters and size distributions with the same NP character-
istics of pure Au, Cu and binary Au-Cu NPs also obtained from
(co-)sputtering for a former publication™ supports this
assumption. This publication also addresses the size differ-
ences between unary and binary NP/IL-systems. The size
distributions of the Au-Cu and the Au-Cu-Ru IL show
a comparable narrowness with respect to the size distribution of
the Au-Cu IL obtained previously.” The size distribution of the
Cu-Ru and the Au-Ru IL are also very comparable to the size
distribution of the NPs in pure Cu and Au IL from the previous
publication” in terms of their width. However, the NP mean
diameters of the Au-Ru and Cu-Ru IL are much bigger than the
NP mean diameters of pure Au and Cu IL and the size distri-
butions of the binary ILs are shifted more towards bigger NP
diameters. This may be attributed to a higher temperature of
the substrate plate holding the Cu-Ru IL and the Au-Ru IL
during the co-deposition since two sputter fluxes arrive at the
plate. In the previous publication, annealing of the sputtered
ILs also resulted in increasing NP diameters.”™

Thus, the results of the STEM-EDS measurements and the
comparison of the size distributions emphasize the formation
of pure Au NPs in the Au-Ru IL, of pure Cu NPs in the Cu-Ru IL
and of binary Au—Cu NPs in the Au—-Cu IL and the Au—Cu-Ru IL,
all of them decorated with Ru at the NP surfaces (with Ru
present in the IL). The arising question is, why the bulk-
immiscible elements could not be combined into alloy NPs by
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sputtering onto ILs while they could be transferred into solid
solutions with good crystallinity when sputtered onto solid
substrates. A key for answering this question is the formation
process of the NPs in ILs. It is still discussed where NP nucle-
ation occurs, either at the IL surface’®” or in the IL volume.®***
However, our recent investigation comprising reactive oxygen
deposition of Cu onto the surface of two different ILs with
different surface tensions and viscosities shows strong indica-
tions that the NP formation occurs within the IL volume after
the sputtered atoms penetrated into the IL without spending
time at the surface.”®

A schematic in Fig. 7 shows the assumed NP formation
process when sputtering onto ILs for the co-sputtered systems
Cu-Ru in (a), Au-Cu in (b), Au-Ru in (c), Au-Cu-Ru in (d) and
for the hypothesis of the NP formation occurring at the IL
surface in (e). The sputtered atoms penetrate directly into the IL
because of their high kinetic energy. Due to their small size,
individual sputtered atoms are too small to be influenced or
stabilized by the IL ions.*® Additionally, for DC sputtering, the
sputtered atoms remain neutral to a very high degree, so that
the electrostatic stabilization between IL ions and the stabilized
object is lacking.*® Atom enrichment in the near surface region
(i) of the IL results in collisions of the sputtered atoms and the
formation of first atom clusters. Collisions of atoms with the
primary atom clusters (ii) result in growth of theses clusters,
which grow into NPs. The NPs disperse further into the IL
volume (iii) when they become bigger and thus heavier and are
finally stabilized by the IL ions when they descent out of the
region with increased sputtered atom concentration. This
formation and growth process was deduced from our results of
reactive oxygen sputtering of Cu onto the surfaces of the ILs
[Bmim][(Tf),N] (used also here) and  1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide [Emim)]
[(Tf),N].*® It corresponds to an equilibrium process since the
sputtered atoms can move freely in the IL volume and do not
experience any external driving force which could quench them
into alloy NPs during NP formation.

If the NPs would form at the IL surface, the sputtered atoms
would stay a certain time at the surface before immersing into
the IL volume. During this time, the same processes like on
a solid substrate would arise: alloying of bulk-immiscible
elements into solid solution NPs would occur due to the sput-
tered atoms being buried by the further incoming atoms of all
sputtered elements before the NPs immerse into the IL volume
and become stabilized by the IL. Since the composition of the
sputter flux on the IL surface is identical to the flux arriving at
the added Si/SiO, solid substrate, the composition of the NPs
should be comparable to the thin film composition with Ru
being present and uniformly distributed in all NPs. Since the
measurement data contradict this scenario, the assumption of
the NP formation occurring at the IL surface under non-
equilibrium conditions is again disproved.

In the case of the NP formation in ILs being an equilibrium
process, the statements of the Hume-Rothery rules for esti-
mating the probability of alloy formation are important,* with
the modification that the part concerning a similar electro-
negativity should be replaced by a rule based on the molar heat
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Fig. 7 Schematics of NP formation mechanisms in ILs obtained from
co-sputter deposition processes of elements with different (im-)
miscibility. The rotation of the substrate results in a homogeneous
distribution of the elements over the whole IL surface. The formation
of alloy NPs depends on the co-sputtered elements: For Cu—Ru in (a)
and Au-Ru in (c), the different characteristics of the bulk-immiscible
elements result in pure Cu (a) and Au (c) NPs with Ru atoms present in
the IL and as impurities at the NP surfaces. For Au—Cu in (b) an alloy
can form, resulting in Au—Cu NPs. For the co-deposition of Au-Cu—Ru
in (d), the bulk-miscible Au and Cu atoms form Au—Cu NPs with the Ru
remaining in the IL and being present also at the NP surfaces. Image (e)
shows the NP formation with the assumption that it occurs at the IL
surface. The sputtered atoms grow at the IL surface into primary atom
clusters with homogeneous composition and grow further due to the
sputter flux before they immerse into the IL volume and become
stabilized by the IL ions. In the IL volume, further NP growth due to
collisions and coalescence of the primary atom clusters occurs. This
formation process is not the process we assume to occur on the basis
of the obtained experimental results.

of vaporization related to the cohesive energy of materials.”*%*
This modification results in a better applicability of the Hume-
Rothery rules for the alloy formation in the nanoscale.*” For the
Cu-Ru, Au-Cu, Au-Ru and Au-Cu-Ru systems, the relevant
elemental parameters are listed in Table 1. For all three

© 2022 The Author(s). Published by the Royal Society of Chemistry
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elements, the difference in the atomic radius is <15% and all
elements show a common valence (Au and Cu both 1+, Au and
Ru both 3+ and Cu and Ru both 2+), so that two Hume-Rothery
rules are fulfilled. However, Ru crystallizes in the hcp structure
whereas the fec structure occurs for Au and Cu. Furthermore,
the molar heat of vaporization of Ru is nearly twice the value for
Au and Cu, conflicting with the demand for a good accordance
of this parameter for both alloyed elements. This explains that
only Au and Cu can form an alloy according to the Hume-
Rothery rules and that Ru cannot be alloyed with Au or Cu in
an equilibrium process. These expectations from the Hume-
Rothery rules are confirmed in the presented DFT simulations
of the thermodynamic stability of different NPs. The bulk-
miscible combination Au-Cu shows isomorphic scaling of the
relative formation energy across the investigated range of NP
sizes and thermodynamically stable NPs for the considered
compositions AuzCu, AuCu and AuCuj. The bulk-immiscible
combinations Au-Ru and Cu-Ru, however, do not form ther-
modynamically stable NPs for sizes that are comparable to our
samples (at least 100 atoms). For these two systems, the
formation of pure Au, pure Cu and pure Ru NPs is thermody-
namically preferable. For all considered Au-Ru and Cu-Ru
compositions, the isomorphic scaling is less pronounced for
larger NPs, which may indicate considerable structural defor-
mations. The theoretical solubility of Ru in Au-Cu structures
does not indicate that Au-Cu-Ru alloys can be synthesized. The
amount of solvable Ru in Au-Cu is so low that this system
cannot be considered a ternary alloy. For all systems in all
compositions, it is shown that the (im-)miscibility of the bulk
systems also holds for the NPs.

This means that for the bulk-immiscible elements Cu-Ru
and Au-Ru only pure Cu NPs and Au NPs form, as depicted in
Fig. 7(a) and (c). Ru atoms are attached to a small degree on the
NP surfaces but not in the NP volume and thus mainly stay in
the IL, which means they are removed with the IL during TEM
grid preparation. For the bulk-miscible elements Au and Cu,
Au-Cu alloy NPs can form, as depicted in Fig. 7(b). Co-
sputtering of three elements results in the formation of Au-
Cu alloy NPs decorated with Ru atoms at the NP surfaces,
illustrated in Fig. 7(d). The excess of sputtered Ru atoms stays in
the IL and is removed during TEM grid preparation.

The specific NP compositions for the bulk-miscible and
bulk-immiscible element pairs show an interesting coinci-
dence. Besides the missing incorporation of Ru in the NPs ob-
tained from Cu-Ru and Au-Ru co-sputtering, the Au-Cu NPs in
the Au-Cu IL and the Au-Cu-Ru IL show compositions from
Aug,Cuze to AugeCuy,, which is in good agreement with the
most stable composition of AugsCuy, and Aug,Cu,; as deter-
mined by genetic algorithm calculations for Au-Cu bimetallic
clusters.”*># Since the most stable NP composition is formed
by Au-Cu NPs obtained from co-sputtering, the assumption of
a usual equilibrium process being responsible for the NP
formation when co-sputtering on ILs is further supported.

Au-Ru** and Cu-Ru*"">%7# NPs with a uniform distribution
of the elements in the NPs (no core-shell) reported in literature
have been synthesized with a reduction technique using reac-
tion conditions differing from ambient -conditions or

© 2022 The Author(s). Published by the Royal Society of Chemistry
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precursors with suitable structural accordance and modifica-
tions and similar reaction times to achieve a better miscibility of
both elements. Those techniques are closer to a non-
equilibrium process due to the non-ambient reaction condi-
tions and the selected precursors than with an equilibrium
process.

Thus, a non-equilibrium process is necessary to alloy the
bulk-immiscible elements in NPs stabilized in ILs, as demon-
strated by our measurements, the DFT results and the literature
and as supported by the above-presented model for the NP
formation when sputtering onto ILs. In contrast to that, sput-
tering on ILs for the NP synthesis has characteristics of an
equilibrium process due to the NP formation process in ILs.

5 Conclusion

Our experiments confirm that sputtering can quench bulk-
immiscible elements into solid solutions on an unheated
solid substrate and thus corresponds to a non-equilibrium
process. The bulk-immiscible element combinations Cu-Ru,
Au-Ru and Au-Cu-Ru were synthesized as solid solutions on
a solid substrate with compositions Cusz 4RU46.6, AUsgsRUsq 5
and Aujs,Cus;gRusz, 1, but did not form solid solution NPs
containing each of the bulk-immiscible elements in a relevant
amount (compositions for immiscible Cu-Ru: Cug,Rug to
Cuy9oRuy and for immiscible Au-Ru: AuggRu, to AugRu; in
contrast to the other compositions (Au-Cu: AugsCuze to
Aug;Cuy9, Au—Cu-Ru: AugzCu;3Ru,/Au,sCu,sRu; to Aug,Cuyq-
Ru,)) when sputtered on ILs. DFT calculations of the thermo-
dynamic stability for the binary and ternary bulk systems and
nanoparticles confirm those results which can be explained by
the unique NP formation process in ILs. The sputtered atoms
penetrate directly into the IL volume and move there freely in
the IL matrix. The NP formation is induced by coalescence of
the free “swimming” atoms according to a usual equilibrium
process without external driving force quenching the bulk-
immiscible elements into NPs. Thus, the Hume-Rothery rules
are valid with the modification of considering the molar heat of
vaporization as replacement for electronegativity. These modi-
fied rules show a better applicability for processes in the
nanoscale and explain also our findings of only bulk-miscible
binary or unary Au and Cu NPs in the ILs when sputtering the
Au-Cu-Ru system combinations onto ILs.
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