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ABSTRACT: Spontaneous growth of complexes consisted of a number of individual
nanoparticles in a controlled manner, particularly in demanding environments of gas-phase
synthesis, is a fascinating opportunity for numerous potential applications. Here, we report
the formation of such core−satellite gold nanoparticle structures grown by magnetron
sputtering inert gas condensation. Combining high-resolution scanning transmission
electron microscopy and computational simulations, we reveal the adhesive and screening
role of H2O molecules in formation of stable complexes consisted of one nanoparticle
surrounded by smaller satellites. A single layer of H2O molecules, condensed between large
and small gold nanoparticles, stabilizes positioning of nanoparticles with respect to one another during milliseconds of the synthesis
time. The lack of isolated small gold nanoparticles on the substrate is explained by Brownian motion that is significantly broader for
small-size particles. It is inferred that H2O as an admixture in the inert gas condensation opens up possibilities of controlling the final
configuration of the different noble metal nanoparticles.

■ INTRODUCTION

Nanoparticles (NPs) are primary functional building blocks in
various fields of nanoscience and nanotechnology, such as gas
sensing,1,2 plasmonics,3 and surface catalysis.4,5 Manufacturing
NP complexes expands the functionality of nanoscale materials
further. In chemical synthesis methods, for example, NP
superlattice can be fabricated by controlling preset surface
adhesives in liquid phase,6−8 which is also known as self-
assembly. The self-assembly typically relies on the processes
driving the system to thermodynamic equilibrium, reaching
eventually the stable free-energy minimum of the system.9−12

However, some metastable configurations can be assembled
transiently during the kinetic growth process but are not seen
in the final output due to the much shorter lifetime compared
with the observational time scale.
Amongst the gas-phase methods available to date, magnet-

ron sputtering inert gas condensation is one of the most
flexible and versatile methods13−27 due to its independence of
chemical precursors and surfactants. In particular, the duration
of the synthesis process in this unique method does not last
longer than a fraction of a millisecond. Therefore, some meta-
stable configurations with the lifetime of micro- or millisecond
can be obtained and deposited on a substrate. Despite
extensive experience over the past decade of controllable
kinetic formation path of individual NPs,21−23,28−30 complex
multi-NPs structures are extremely difficult to architecture
within a gas-phase single-step synthesis. The final deposited
positions of NPs cannot be determined kinetically by preset
growth conditions since the NPs are fabricated via gas-phase
condensation in a so-called aggregation zone.19,27,31 The grown

NPs are transferred aerodynamically to the deposition zone,
where the final configuration of NPs and positioning on a
substrate is randomized by the carrier gas flow.
Conventionally, the condensation process in the magnetron

sputtering inert gas condensation chamber involves the high
(≤10−3 mbar) and ultrahigh (≤10−7 mbar) vacuum condition.
Pure argon and helium are injected into the condensation
chamber to induce the sputtering of the target material and as
carrier gas. The reactive molecular gases are usually avoided in
order to achieve homogeneous nucleation and high chemical
purity of the NPs. In some experiments, molecular gases are
added, but mainly with respect to reactive chemical sputtering
of the early transition metals.32−37 The effort was aimed to
affect the properties of individual NPs, such as composition
and size distribution. To date, very few experimental or
theoretical studies have been reported on effects of molecular
gases on assembly of complexes of NPs with specific
interparticle positioning. This is expected since the ligand-
free surfaces of NPs tend to agglomerate the vicinal NPs due to
formation of strong interatomic bonds, particularly, in the case
of metallic NPs. However, in this work, we show that adding a
small amount of weakly bound “ligands″ helps to slow down
the coalescence of NPs, kinetically trapping the system in

Received: August 11, 2020
Revised: October 7, 2020
Published: October 21, 2020

Articlepubs.acs.org/JPCC

© 2020 American Chemical Society
24441

https://dx.doi.org/10.1021/acs.jpcc.0c07346
J. Phys. Chem. C 2020, 124, 24441−24450

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
H

E
L

SI
N

K
I 

on
 J

an
ua

ry
 7

, 2
02

1 
at

 0
9:

25
:5

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junlei+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alvaro+Mayoral"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lidia+Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikael+P.+Johansson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Flyura+Djurabekova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yves+Huttel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yves+Huttel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.0c07346&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/124/44?ref=pdf
https://pubs.acs.org/toc/jpccck/124/44?ref=pdf
https://pubs.acs.org/toc/jpccck/124/44?ref=pdf
https://pubs.acs.org/toc/jpccck/124/44?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07346?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


metastable configurations for tens of microseconds, affecting
the results of final deposition.
This study is the first to present a single-step millisecond

synthesis of Au core−satellite complexes in the presence of
H2O molecules. The similar liquid-phase synthesized core−
satellite assemblies has been demonstrated for the promising
applications such as chiral molecules detection,38 microRNA
detection,39 and plasmonics.40 We combine high-resolution
spherical aberration corrected scanning transmission electron
microscopy (Cs-corrected HR-STEM) and different state-of-
the-art theoretical models ranging from classical molecular
dynamics (MD) simulations to first-principles quantum
mechanical calculations to elucidate the key mechanisms of
how such complexes are formed.
Our MD simulations show that the H2O molecules adsorb at

the surface of Au NPs at room temperature. A single layer of
water can bridge small NP and large ones, forming stable
core−satellite complexes flying together. Dispersion interac-
tions between water and Au NPs hold the system together
even if NPs fly to the deposition zone rotating around
themselves during the milliseconds of synthesis time. The HR-
STEM analysis of the interparticle distance is in a remarkable
agreement with the MD simulations. We also demonstrate that
the aerodynamics of different size NPs in the aggregation zone
is a key factor determining the size distribution of the
deposited NPs. Moreover, an angular momentum of rotating
particles explains a core−satellite composition of the
complexes.

■ METHODS
Experimental Methods. All nanoparticles were grown

using a 2 inches diameter full face erosion (FFE) magnetron
(Nano4Energy SL) fitted into a standard gas aggregation
source (GAS) (Oxford Applied Research Ltd.). The FFE
magnetron that is made of rotating magnets generates a much
more uniform erosion of the sputtering target and extends its
lifetime,25 while it also eliminates the well-known fluctuations
of the NP generation caused by the racetrack formation in
standard magnetrons.41,42 Hence, a stable generation of NPs
could be achieved for long periods of time. The magnetron was
positioned at its longest aggregation distance (i.e., magnetron
head at 100 mm from exit slit of aggregation zone) and a stable
flux of argon (80 sccm) gas was injected through a mass flow
controller at the back side of the aggregation zone. An
additional pipeline (note that all pipelines are stainless steel
pipes properly cleaned and baked-out) connected at the back
side of the aggregation zone was equipped with an ultraprecise
mass flow controller (step of 10−3 sccm) fitted with pure
bottles of O2, N2, and a glass reservoir of Milli-Q H2O whose
water vapor generated at ambient temperature was injected
into the aggregation zone. Also, small doses of air were injected
through the mass flow controller into the aggregation zone. In
the case of air, O2, and N2, doses of 0.1 and 0.2 sccm were
injected, while in the case of H2O, 0.015 sccm was injected.
The base pressures measured in the GAS while injecting the
gases were 5 × 10−7, 4 × 10−6, and 8 × 10−6 mbar for 0.015,
0.1, and 0.2 sccm, respectively, and the total pressure measured
in the GAS after injecting all gases (air or O2 or N2 or H2O and
Ar) was 4 × 10−3 mbar. Therefore the proportion of injected
gases (air, O2 or N2 or H2O) was 1.25 × 10−4, 1 × 10−3, and 2
× 10−3 for 0.015, 0.1, and 0.2 sccm respectively.
The FFE magnetron was operated at a power of 90 W and a

current of 0.21 A, and the NPs were collected in a ultrahigh

vacuum chamber (base pressure in the high 10−10 mbar)
connected to the GAS. Ultrathin carbon coated copper TEM
grids located at a distance of 400 mm from the exit slit of the
GAS were used as substrates were the NPs were soft-landed.43

Electron microscopy observations were performed using a
JEOL GrandARM operated in STEM mode at 300 kV. Due to
the atomic number (Z) sensitivity, the data was recorded using
a high-angle annular dark field (HAADF) detector, which
allowed the clear visualization of the strong scattering Au NPs
respect to the carbon support, which appeared almost invisible.
By selecting this detector, the surface atoms of the NPs can be
unambiguously imaged and diffraction phenomena are also
minimized. The column was equipped with a double corrector
from JEOL assuring a spatial resolution of 0.7 Å. The
microscope was also equipped with a double JEOL EDS
system, a Gatan Quantum energy filter, and a K2 camera.

Computational Method. Classical Molecular Dynamics.
We have performed MD simulations aiming at three goals: (i)
to understand the effect of water in the early nucleation stage,
(ii) to elucidate the formation mechanism of the core−satellite
structures experimentally observed, and (iii) to demonstrate
the aerodynamics of NPs in the condensation chamber. We
performed three different sets of simulations, which we refer in
the remaining of the article as Sim1, Sim2, and Sim3.
In the set Sim1, we simulate the early stage of the nucleation

of the Au NPs. Here we use the MD simulations, which are set
to represent four different scenarios of Au nanocluster growth:
(i) in a pure Ar atmosphere: 500 Au and 5000 Ar atoms; (ii)
the Ar atmosphere with added 1 at % of water molecules
(H2O): 500 Au and 4950 Ar atoms, and 50 H2O molecules;
(iii) the Ar atmosphere with added 10 at % of H2O: 500 Au
and 4500 Ar atoms, and 500 H2O molecules. The ratio of the
Au atoms to Ar atoms was calculated according to the
analytical equation in ref 44:
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where the Au sputtering yield, YAu
Ar = 1.33 at 380 eV from ref

45, Id is the dc current, ϕAr is the gas flow rate, Pat denotes the
atmospheric pressure, TAr is the temperature of the gas phase,
and kB is the Boltzmann constant. The ratio of the Au atoms to
Ar atoms is about 0.1 estimated from the experiments. In the
model, both Ar and Au atoms are neutral and O−H bonds are
inactive; therefore, only physical adsorption of water to gold is
considered. We add much higher concentration water
molecules than in experiment to enable faster dynamics of
water condensation within the short MD time span. The
isolated atoms and molecules are generated randomly in the
simulation box of the size 20 nm × 20 nm × 20 nm, as shown
in Figure 1a.
The number of Ar and Au atoms in the simulations of pure

Ar atmosphere are 5000 and 500, respectively. To analyze the
effect of the water admixture, 50 or 500 Ar atoms are replaced
by H2O molecules. Ten independent simulations for each ratio
of Ar were carried out for more than 10 ns with an adaptive
time step to ensure that the maximum distance for an atom to
move within one MD step does not exceed 0.01 Å/step (see
Supporting Information Figure S4).
In the set Sim2, we simulate the dynamics of interaction of

two pairs of the already formed nanoparticles: the first pair
consists of two spherical Au NPs of 426 and 55 atoms (Au426
and Au55, respectively), and the second includes two
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icosahedral NPs of 3871 and 147 atoms (Au3871 and Au147,
respectively). The first pair is created inside of a 8 × 8 × 8 nm3

and the second inside of a 20 × 20 × 20 nm3 simulation cells
with the periodic boundary condition applied in both cases.
The initial distance between the closest points on the surfaces
of the two corresponding NPs is 11.5 Å. The water molecules
in both cases are added around the smallest NP within 10 Å
from the surface and separated from one another by the
distance of ≥2.0 Å. The number of molecules around the Au55
NP is approximately 30−40 and approximately 110−120 in the
case of the Au147 NP (see Supporting Information Movie S1).
The similar systems can be constructed such as core−double-
satellite and core−core system, which will be discussed in
detail in the Results and Discussion section.

We emulate the Brownian motion of the NPs within the
inert gas condensation chamber in the simulation set Sim3. In
the two-dimensional simulations, we are able to reach well
beyond the time and length scales of a classical MD. The
chamber is simulated as a 500 nm × 100 nm rectangle and is
schematically shown in Figure 1c. A nozzle with the aperture of
20 nm in diameter is installed at 60° from the walls of the
chamber at the distance of 50 nm from its end. The x and y
axes are aligned with the longest and shortest sides of the box,
respectively. Comparing with the corresponding experimental
setup,25 this simulation box can be considered as the very end
of the condensation chamber. The forces and velocities in the z
direction of all the atoms are set to zero. Initially, 700 Ar atoms
are generated randomly within 0 and 105 Å along the x axis. A
reflective wall at the x = 0 Å is used to ensure the flow of the
gas atoms in one direction only. A single Au cluster of 2/4/8
nm in diameter is initially placed at edge of the Ar gas: (x, y) =
(105 Å, 0 Å). About 7500 more Ar atoms are added in the
same initial region after every 2000 MD steps to ensure the
pressure gradient in the box. The initial velocities of the Ar
atoms in random directions follow the Maxwell−Boltzmann
distribution at 300 K, while the atoms of the Au NP are given
the velocity of 20 m/s in the x direction. With this simulation
setup, we perform 10 independent simulations for each size of
a NP for 15 ns with a time step of 1 fs.
We employ the classical MD code LAMMPS46 for the MD

simulations in all three sets, while the results are visualized by
OVITO.47 The embedded atom method (EAM) is used to
simulate Au−Au interaction,48,49 while the interactions within
the water molecules are simulated by the rigid TIP4P/200550

model. The long-distance Coulomb interactions are solved by
means of the pppm/tip4p solver.51 For the interaction between
water molecules and Au clusters, we used both the modified

Figure 1. Summary of the initial setup of the three types of
simulations. Ar atoms are in blue, Au in yellow, O in red, and H in
gray: (a) nucleation simulations Sim1, (b) coalescence simulations
Sim2, and (c) gas-flow simulations Sim3.

Figure 2. (a, c, e) Cs-corrected STEM-HAADF image and (b, d, f) the corresponding size-distribution analysis for Au NPs grown using (a, b) pure
argon, (c, d) a mixture of air and pure argon, and (e, f) a mixture of H2O and pure argon.
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Spohr model50 and a simplified 12-6 Lennard-Jones potential
between the oxygen and gold atoms. The interaction between
water molecules and gold NPs has been studied with molecular
dynamics in liquid52,53 and solid54 phase previously. The
results obtained from the two interactions were quite
comparable. The Ar−Au and Ar−O interaction in the set
Sim1 were described by the repulsive Ziegler−Biersack−
Littmark (ZBL)55 potential to avoid surface adhesive of Ar
atom.
Dispersion-Corrected Density Functional Theory Calcu-

lations. To investigate the strength of water adhesion to Au
NPs, we further conduct first-principles calculations using the
Vienna ab initio simulation package (VASP)56,57 at the density
functional theory level, employing the projected augmented
wave (PAW) method58 and the Perdew−Burke−Ernzerhof
(PBE) functional.59 To account for van der Waals interactions,
we use Grimme’s long-range dispersion correction (DFT-
D3).60

In the DFT calculations, we expand the valence electronic
states in the plane wave basis sets with an energy cutoff of 700
eV. We restrict the reciprocal space integration to the Γ-point
only because of the large cluster system and no periodic
boundary conditions. We choose 10−5 and 10−4 eV as the
energy convergence criteria for optimization of the electronic
and ionic structures, respectively. The Hellmann−Feynman
forces are followed during the calculations.
The importance of non-covalent interactions between the

water layer and the Au NPs is analyzed61 using the
promolecular approach as implemented in the NCIplot
programme62 and visualized using VMD.63,64 For a quantita-
tive estimate of the magnitude of dispersion interactions, we
studied the Au426/Au55 satellite pair, with a thin water layer of
35 water molecules in between, at the Geometries, vibrational
Frequencies and Non-covalent eXtended Tight Binding
(GFN1-xTB) level of theory.65 The dispersion contribution
was extracted at the DFT-D3 level of theory.60 Three initial
snapshot structures were taken from the MD trajectory.
Keeping the Au NPs frozen, the geometry of the water

molecules was optimized. Subsequently, average interaction
energies were computed relative to a minimum structure of the
(H2O)35 cluster, obtained by simulated annealing at the same
level of quantum chemical theory.

■ RESULTS AND DISCUSSION

Experiments. In Figure 2a, we show a representative
medium magnification Cs-corrected STEM-HAADF image of
the Au NPs grown in pure Ar atmosphere. The corresponding
size distribution fitted with a log-normal distribution43,66 with a
mean particle size around 7.2 ± 0.84 nm diameter is shown in
Figure 2b. Higher magnification images of these NPs (see
Figure S1 in the Supporting Information) reveal well-dispersed
NPs of either decahedral or icosahedral morphology, with no
sign of post-growth agglomeration or migration on the
substrate. Figure 2c shows similar images of Au NPs, but
grown in the mixture of 0.1 sccm of air and 80 sccm of pure
argon. The presence of small NPs with the positioning in the
close vicinity to a larger one is clearly observed in the latter
image. The size distribution of these NPs (see Figure 2d)
reveals a bimodal behavior with two distinct peaks
corresponding to the mean diameters of 2.9 ± 1.02 and 7.7
± 0.96 nm. (Additional STEM images with different
magnifications can be found in Supporting Information Figure
S2.)
Since the air admixture consists of different molecular gas

components, it is not clear which of them may affect formation
of the observed core−satellite complexes. Hence, we analyze
separately the effect of the main air components, such as
nitrogen, oxygen, and water vapor. We perform additional
experiments for Au NPs growth in the Ar atmosphere injecting
small quantities of the individual air component gases in the
aggregation zone. While the admixture of pure nitrogen or
pure oxygen did not promote formation of satellite structures,
the results obtained with the traces of water vapor were
strikingly similar to those obtained with the air admixture as
presented in Figure 2e. In Figure 2f, we observe that the size

Figure 3. Cs-corrected STEM-HAADF images of exemplary core−satellite system in the case of Au NPs grown (a−c) with air and (e−g) with H2O
vapor. (d, h) Analysis of the interparticle distance between the big and small NPs. The statistics is preformed over 800 and 700 NPs, respectively.
The percentage depicted in each figure is related to the proportion of big NPs in each configuration.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07346
J. Phys. Chem. C 2020, 124, 24441−24450

24444

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07346/suppl_file/jp0c07346_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07346/suppl_file/jp0c07346_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07346/suppl_file/jp0c07346_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07346?ref=pdf


distribution of the deposited NPs grown with the water vapor
admixture exhibits also a bimodal behavior with two clear
maxima at 2.60 ± 0.80 and 6.7 ± 1.50 nm corresponding to the
mean diameters of the small and large NPs, respectively. In the
analysis of over 700 NPs, we found again that about 99% of the
small NPs are bound in core−satellite complexes. (Additional
STEM images with different magnifications can be found in
Supporting Information Figure S3.)
To quantify the presence of small NPs and their location

with respect to the large ones, we analyzed the STEM images
of over 800 NPs. The analysis revealed that about 99% of all
the small NPs in the studied images were found as satellites
around the big ones. We barely saw any isolated NPs with the
diameter of ≤3 nm. In Figure 3a−c, we show different typical
core−satellite complexes of a large NP (core) surrounded by
the small ones (satellites), which were found in the images.
The frequency of the appearance of each complex is specified
on the corresponding image as percent with respect to the all
studied NPs. The structure of both types of NPs was always
found to adopt icosahedral or decahedral morphology, which
are two common misfits of Au NPs in gas-phase
condensation.67−70 The majority of the core−satellite com-
plexes includes either one and two satellite NPs. Formation of
a trisatellite complex is relatively rare (2%). The distribution of
the interparticle distances measured for all core−satellite
complexes is centered at 0.76 ± 0.4 nm regardless of the size
and the number of the satellites, as shown in Figure 3d. This
observation contradicts to the hypothesis of the balance of
Coulomb and centrifugal forces that keeps the NPs in close
vicinity as recently proposed in ref 71. For this hypothesis to
hold, the mass-to-charge ratio must affect the interparticle
distance, which, as we show later, is not the case for the Au
NPs.
The similarity of the results, which we obtain by injection of

air and pure water vapor and the significant difference of these
results from those obtained by injection of pure nitrogen and
pure oxygen, suggest that the formation of core−satellite
complexes is explained by the presence of water. The similarity
between the air and water vapor injection results can further be
seen in comparison of Figure 3a−d and Figure 3e−h. The
average interparticle distance in the experiments with water
vapor is 0.88 ± 0.39 nm, which is within the error bars of the
same quantity estimated for the core−satellite complexes in
experiments with air admixture.
In short conclusion, our experimental results evidence that

the Au NPs core−satellites form only in the presence of H2O
molecules. To shed light on mechanisms governing this
process, we further focus now on theoretical analysis of the
effect of water vapor admixture on the process of growth of Au
NPs.
Computational Simulations on the Formation Mech-

anism. The growth of NPs by gas-phase synthesis is governed
by surface sputtering, nucleation kinetics, coalescence,
aerodynamics as well as deposition processes. Molecular gas
admixture may play an essential role at any of these stages. By
using different computational techniques, we focus on three
key steps of the growth process, which are driven by different
mechanisms, in order to understand the pinpoint the role of
water on growth dynamics.
First, we analyze the effect of H2O molecules on the

nucleation process of Au NPs. The results of these simulations,
however, did not reveal any significant effect of the presence of
water molecules in the condensation atmosphere on the early

stage nucleation rate. Some snapshots of these simulations as
well as the evolution dynamics of the atomic percent of Au
mono-, di-, tri-, and tetramers can be found in Figures S4 and
S5 of the Supporting Information. Since the temperature of the
initial nuclei is much above 800 K, these results are well in line
with the experimental observations, which showed that water
does not to bind to Au nuclei above 800 K.72 However, at the
temperature below 500 K, the water molecules were shown to
condense on the surface of Au NPs. In our simulations, we also
observe that, after the temperature is reduced, a water layer
condenses around the NP. This layer may serve as a buffer
preventing the two Au NPs from coalescence or separating
from each other. Therefore, it is plausible to assume that the
core−satellite complexes may be formed due to water
condensation on NPs during the last stage of particle
agglomeration, when the temperature of the Au NPs is
sufficiently low to allow the physisorption of water molecules.
The dynamics of pairwise interaction between a big and a

small Au NPs were simulated at lower temperatures. We
obtained the statistically significant results by carrying out 15
and 10 independent simulations at 288 and 400 K,
respectively. In the simulations performed at 288 K, the
water molecules initially condense as a single layer around the
small NP during the first 50 ps. However, the vicinity of the
large NP attracts the water molecules, which gather at the side
of the small NP, which is closer to the large one. Eventually,
the water layer stabilizes between the two NPs forming a buffer
layer that prevents them from completing the coalescence. The
snapshot shown in Figure 4a illustrates the process of

formation of a water buffer layer between two icosahedral
NPs, Au3871 and Au147. The whole process of formation of a
water buffer layer in these simulations can be found in
Supporting Information Movie S1. The average interparticle
distance in these simulations is found to be 0.7 ± 0.02 nm,
which can be directly compared with the STEM images as
shown in Figure 4b. The core−satellite complex survived as a
whole in 12 out of 15 independent cases. Similar results were
observed in the simulations with the smaller spherical Au426
and Au55 NPs.
In the simulations performed at 400 K, only a fraction of

water molecules remains adsorbed at the small NP. However,

Figure 4. (a) Cross-sectional images from Simulations type Sim2 at
288 K. (b) Typical experimental image of a core−satellite NP system.
The interparticle distance of 0.7 ± 0.02 nm is in very good agreement
with those found experimentally. (c) Non-covalent interactions
between the water layer and the gold NPs in a snapshot of the
Au426/(H2O)35/Au55 system.
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at the elevated temperature, the water layer becomes unstable,
and the screening of interactions between the two Au NPs is
less efficient. Consequently, the NPs merged into a single one
after 1 ns in all simulated cases.
Moreover, we analyze the effect of the size of the constituent

NPs in two additional structures: (i) core−double-satellites
include Au3871, two Au147 NPs, and 195 H2O molecules in
between; (ii) core−core complex includes two Au3871 NPs and
174 H2O molecules in between. The core−double-satellite
complex survived until the end of the simulations in one out of
five independent runs, while the core−core complex survived
in two out of five runs. In all runs, where the NPs within
complexes remained connected, the simulation was run for 1
ns at 288 K.
Applying dispersion corrected density functional theory

calculations (PBE-D3), we verify the stability of a core−
satellite complex held together by a water layer. We relax the
final frame of one of the Au426/(H2O)35/Au55 MD simulations
toward a local minimum using the conjugate gradient
method.73 For a reference, we consider a similar system
Au426/Au55, but without water. Figure 5a,d shows the
snapshots of the relaxed structures with and without a water
layer, respectively. In Figure 5b,e, we monitor the evolution of
the forces in the corresponding complexes, while Figure 5c,f
shows the displacements of the centers of mass of the
complexes shown in Figure 5a,d, respectively, along the z axis
during the relaxation.
Comparison of the forces acting on the NPs within the two

relaxed complexes with and without the interparticle water
layer (Figure 5b,e, respectively) reveals the effect of the water
layer on the interaction between the two metal NPs. In Figure
5b, the water layer screens attraction of the small satellite NP
to the large core NP since the forces in Figure 5b eventually
converged to zero. While the forces acting on two NPs without
a water layer only increase with the number of iterations, as it

is shown in Figure 5e. This result is also consistent with the
analysis of the displacements of the centers of mass of Au426
and Au55 during the relaxation runs as shown in Figure 5c,f. In
the presence of the water layer, the calculation iterations lead
to a further separation of the particles by an insignificant
distance of ∼0.016 Å. In the system without a water layer, the
distance between the two NPs is rapidly decreasing and by the
end of the calculations, it amounts to 0.13 Å, see Figure 5f. In
these calculations, the forces increase from 0.21 to 0.25 eV/Å,
indicating the formation of a metallic bond between the two
gold clusters. Strong forces will inevitably bring two clusters
together, resulting in coalescence event, which we observe in
our MD simulations.
Dispersion interactions are crucial for formation of a water

layer and, thereby, for the whole screening mechanism. Figure
4c shows the results of the analysis of noncovalent interactions
in the Au426/(H2O)35/Au55 system. Dispersion interactions are
shown as green areas between the water and the Au NPs. For a
small (H2O)35 cluster to adsorb on the surface of a Au NP, a
large fraction of hydrogen bonds needs to be broken. Without
dispersion interaction, the wetting process can become
prohibitively endothermic. However, our quantum chemical
level calculations using the Geometries, vibrational Frequen-
cies and Noncovalent interactions eXtended Tight Binding
(GFN-xTB) method indicate the attractive interaction energy
between the water layer and the two Au NPs of ∼1.2 eV as
compared to the system of a free standing (H2O)35 cluster and
two Au NPs at the same separation. We estimate the dispersion
interactions between the water molecules and the Au NPs to
be ∼5.1 eV. Hence, these calculations confirm that the
physisorption of a small water cluster of (H2O)35 is an
energetically favorable process.

Aerodynamics and Angular Momentum. Both our MD
simulations and DFT calculations corroborate experimental
observation and confirm that the role of H2O molecules is

Figure 5. DFT-D3 calculation: (a) the complex of two NPs, Au426 and Au55 separated by 35 H2O molecules; (d) the same complex without
presence of water. Panels (b) and (e) show the total net forces in the Z direction of each part, Au426, water layer, and Au55. Panels (c) and (f) show
the displacement of the center of mass of each part comparing to the initial positions.
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essential in the formation of core−satellite complexes. If so,
one may expect seeing small Au NPs well separated from the
big ones. However, only very few small NPs were found in
STEM images, which are shown in Figure 2a,c,e, and
persistently in the vicinity of the large ones. To understand
the reason for such selective separation, we perform yet the
third type of simulations, where we study the drift trajectories
of the NPs with different sizes in the flow of the carrier gas of
the condensation chamber. We track the trajectories (green
lines in Figure 6) of 10 independent NPs of 2, 4, and 8 nm in

diameter that are placed at the beginning of the chamber
vertically aligned with the center of the nozzle, which leads the
NPs to the deposition substrate. In each simulation, the NP is
given an initial drift velocity 20 m/s toward the center of the
nozzle. Without collisions with the atoms of the Ar
atmosphere, all NPs will pass through the nozzle at a straight
line. We create the carrier gas flow by maintaining the Ar gas
pressure at the beginning of the condensation chamber and
removing the Ar atoms, which reached the region behind the
nozzle.
The simulations show that the small NPs experience

stronger collisions with the carrier gas atoms, diverging
significantly from the straight line. As a result, we found that
none of the 10 2 nm NPs managed to pass the nozzle, while 4
out of then 10 8 nm NPs passed the nozzle almost without
diverging from the initial straight line. A similar effect has been
studied, for instance, in macroscopic aerodynamics simula-
tions.74 The results indicate that the increased number of small
NPs among those grown with the water admixture is explained
by the formation of the core−satellite complexes inside of the
condensation chamber, which are able to bring the small NPs
through the nozzle. It also explains the fact that few isolated
small NPs were seen in all experimental images.
Moreover, we note that a water buffer layer may also form

between two large NPs, landing side-by-side on a substrate.
However, it is very rare to see in the TEM images of the
current experiments a pair of closely positioned NPs of
identical size. Two explanations of this result are plausible:
First, it is known that the length of the mean free path of a
large NP is of the same magnitude as the dimension of the
aggregation zone; therefore, the probability of two large NPs of
similar size to meet in a very close vicinity to one another is
very low. Second, we note that the particles do not fly through
the entire aggregation zone without rotation. The multiple
random impacts with Ar atoms will not only change the

direction of the trajectory but also give rise to the angular
momentum in motion of a NP or a formed core−satellite
system. The centrifugal force due to such angular momentum
may be considered as an additional factor explaining a specific
large core−small satellite complex. As suggested in ref 71, the
angular momentum of the core−satellite system can be fairly
large. To analyze this effect, we run two simulations to probe
the maximal rotational speed for the core−satellite and core−
core complexes.
In these simulations, we follow the rotational dynamics of

the Au NP complexes, one of which has one core and two
satellite NPs and another two identical cores. The structures
were relaxed in the Sim2 simulations at 288 K. The angular
momenta are added to all atoms within the complexes as an
additional velocity v = ω × ri, where ω is the target angular
velocity and ri is the radius vector from the center of mass of
the system to the atom i. The thermal velocities of atoms are
not scaled because of the angular component, so the total
angular momentum remains conserved during the simulation.
The detailed evolution of the separation of the NPs of the
core−satellite and core−core complexes can be found in the
Supporting Information as Movie S2 and Movie S3,
respectively. Figure 7 shows the snapshots of the representative

states in the three simulations, which we performed with the
core−double-satellite (i) and core−core (ii) as described
above. These simulations show that the linear velocities of the
system with satellites can reach the values as high as 250 m/s
before the system will break apart because of the centrifugal
force. The complexes of two similar size cores break apart at
much lower linear velocity of ≈110 m/s as in our example.
Therefore, we conclude that the core−core system is
improbable first due to significant mean free path that would
prevent the formation of the structure, but even if such a
structure was formed, the stability of it is in question because
of a significant centrifugal force acting on both particles from
the center of mass of the system, which coincides with the
position of separating water layer.

Figure 6. Drift trajectories of two-dimensional NPs with (a) 2.0, (b)
4.0, and (c) 8.0 nm in diameter.

Figure 7. Snapshots of the rotational MD simulations: (a, b) Au3871
core with two Au147 satellites and about 100 H2O per a satellite; (c)
two Au3871 cores with 174 H2O molecules in between. The linear
velocities shown to the left were initially assigned to all atoms in
corresponding complex: cases (a), (b), and (c) are 190, 250, and 110
m/s, respectively. In case (a), the complex survived until the end of
the 1 ns of the simulated time, while in cases (b) and (c), the complex
felt apart at 268.23 at 32.10 ps, respectively.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07346
J. Phys. Chem. C 2020, 124, 24441−24450

24447

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07346/suppl_file/jp0c07346_si_004.mp4
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07346/suppl_file/jp0c07346_si_004.mp4
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07346?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07346?ref=pdf


■ CONCLUSIONS
In summary, we demonstrate a gas-phase-based synthesis
approach of Au core−satellite nanoparticle complexes by a
magnetron sputtering inert gas condensation approach with
water vapor admixture. Furthermore, we develop a detailed
multistep model to explain the kinetic formation mechanism of
these complex structures. The direct comparison of the
experimental STEM images and the results of our MD
simulations show a very good agreement between theory and
experiment. The results indicate that core−satellite complexes
form only during the low-temperature stage, when the water
molecules adsorb on Au NPs. Small NPs adhered with a water
layer to the large ones are carried by the latter to the
deposition substrate along the more stable trajectories. Higher
concentrations of H2O admixture in the later stage of the
concentration process and more efficient cooling are expected
to further promote the stability of the core−satellite structures.
The results strongly suggest that considering water as an
admixture in the inert gas condensation opens up possibilities
of controlling the final configuration of the different noble
metal NPs such as platinum, palladium, and silver.
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