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ABSTRACT: Ultrasmall metal nanoparticles (NPs) with a mean diameter below 2 Au(lll) _ (E
nm are being intensively studied due to their unique structural and chemical prenucleation fast reduction \\‘;;\
properties. At such small sizes, metal particles can appear as various polyhedra with clusters Ty
different atomic structures depending on whether electronic effects, surface energy, Au icosahedra
or the nucleation mechanism govern their crystallization. Therefore, the synthesis of HAuCl,.3H,0 + trialkylsilane
monodisperse nanoparticles of a very small size and well-defined structure requires a o

good understanding of the different steps of the crystallization process, which can be Oleylamine

achieved by conducting and coupling in situ studies at different length and time \ Au(l) slow reduction

scales. In this article, we describe the synthesis of ultrasmall gold NPs by reduction Lamellar Phase

of HAuCl, in solution of oleylamine (OY) in hexane using trialkylsilanes as reducing fcc Au NPs

agents. Thanks to time-resolved in situ small-angle X-ray scattering and X-ray

absorption spectroscopy kinetic studies, a competition between nucleation of Au NPs from a solution containing Au(IIl) clusters
and crystallization of a lamellar phase of composition OY-Au(I)-Cl was revealed. In situ X-ray diffraction and pair distribution
function (PDF) analysis showed that the first chemical pathway leads to icosahedral NPs while the reduction of OY-Au(I)-Cl leads
to fcc NPs. Increasing the reaction rate, achieved by adjusting the silane concentration, changing the nature of the silane
(triethylsilane instead of triisopropylsilane), and/or increasing the temperature of reaction, avoided the formation of the Au(I)
lamellar phase as the intermediate, leading to monodisperse Au NPs with an icosahedral structure. This fairly simple liquid-phase
synthesis method yields highly concentrated suspensions of icosahedral gold NPs, paving the way for their future use in practical
applications such as catalysis.

1. INTRODUCTION given NP size, the structure can be highly dependent on the
atmosphere to which the NPs are exposed.'”"’

The liquid-phase approaches have the advantage of
producing large quantities of NPs in a single batch but the
synthesized NPs are generally polydisperse. These methods
require the use of stabilizing agents to control the particle size
that can strongly affect the stability range of targeted atomic

Designing nanoparticles (NPs) with well-defined morphology
(size and shape) and structure is essential for the advancement
of a wide range of enabling technologies." Especially,
producing monodisperse metal nanoparticles with a low
symmetry crystalline structure is fundamentally”® and

technologicall}:simportant6 for their superl)gproperties finding structures.'"'" At large sizes, NP polymorphs under
use in optical,”” catalytic,” and electronics”" applications. Gas- thermodynamic control can be described by the Wulff
phase synthesis approaches allow producing size-selected construction including the effect of surface ligand in the
clusters with controlled atomic structures, such as icosahedra, calculation of the surface ener§y.15 Experimentally, using
decahedra, or bulk structure polyhedra.” These approaches are various ligands (amines, acids)'®™'® or polymers,'” noble-
very useful to follow the structure of clusters with different metal nanoparticles exhibiting icosahedral shape, consisting of
sizes giving unique information on the role of the different 20 trzi(?ngular facets and the 2-fold, 3-fold, and 5-fold symmetry
synthesis parameters (electronic, surface, or kinetic) involved axis,” were prepared by liquid-phase chemistry up to large
in the stabilization of the different nanostructures. It is well

established that, when produced in the gas phase, icosahedra Received: October 18, 2022

are energetically favored at small sizes. The critical size below Revised:  January 20, 2023

which this structure is favored in the case of gold is generally Published: February 6, 2023

found to be around 100 atoms even if structural isomers

comprising a “magic number” of atoms, such as Augg), Au,y,,
10,11 e
and Auy,; clusters, were also produced. In addition, for a
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sizes (10—90 nm).21 The atomic structure in these cases is
described as a multitwinned face-centered cubic (fcc)
structure.”” The XRD pattern of such large icosahedral NPs
is close to that of the fcc NPs while the XRD signature of
ultrasmall icosahedra differs significantly. At small sizes, the
symmetry and the interatomic distances are indeed different
from the bulk.”>*?

Achieving control over the size and structure of NPs requires
good understanding of the nucleation/growth mechanism,
which in turn, requires time-resolved in situ studies, such as
small- and wide-angle X-ray scattering and X-ray absorption
spectroscopy (XAS).”**' Generally, the size and size
distribution of gold nanoparticles are described by the classical
nucleation theory (CNT).** According to the CNT, once
atoms in solution exceed the solubility limit, they aggregate
and form stable nuclei after crossing the energetic barrier
imposed by the volume and surface energies. Then, they attach
to growing nanoparticles by an atom by atom addition process.
The size of the resulting nanoparticles is inversely proportional
to the supersaturation ratio, which is defined by the ratio of the
actual and equilibrium concentration (or in other words, the
solubility limit) of the precursors.”>® Nonetheless, using UV—
Vis,”’ X-ray scattering,28 atomic force microscopy,29 dynamic
light scattering,”® and transmission electron microscopy
(TEM),”" examples of metal nanoparticles grown in solution
via one or several non-crystalline intermediate states (such as
oligomers, pre-nucleation clusters (PNCs), liquid—liquid phase
separation, and amorphous) were revealed. The emergence of
non-crystalline structure states during the synthesis of
inorganic nanoparticles and their influence on the final
structure are well documented.”” For nanoparticles like
CaCO;,” YVO,’" and Fe;0,,” morphologies of non-
crystalline intermediate states are found to be reflected in
the final morphology of nanoparticles. In addition, the local
symmetry of amorphous CaCO3,*® especially the uncommon
metastable vaterite structure, is found to be preserved in the
final nanoparticles. In the case of metal nanoparticles, the
complexity of the nucleation stage can come from the presence
of surfactants introduced in the reaction. These molecules are
not only the stabilizing agents of the final particles but can also
be ligands of the metal precursors and/or be involved in the
structuring of the growth medium. Thus, they may play
different roles at different stages of the chemical reaction and
have strong effects on the kinetics of the NP formation.

In the synthesis of gold nanoparticles by reduction of a gold
precursor in organic solvent containing oleylamine (OY),
previous studies showed how the OY/Au molar ratio in the
precursor solution affects the shape of the gold particles.
Ultrasmall particles and ultrathin nanowires were obtained for
[OY]/[Au] of 2.5 and 10—20, respectively.23 In both cases, in
situ small-angle X-ray scattering (SAXS) studies revealed that
the precursor solution contained pre-nucleation clusters.””**
The structural studies combining in situ high-energy X-ray
diffraction (HE-XRD) and scanning transmission electron
microscopy showed in both cases that the particles do not
crystallize with a fcc structure as expected for bulk Au. Rather,
the ultrasmall particles exhibited an icosahedral structure while
the ultrathin nanowires crystallized with a structure close the
one of @-Mn.”” In this article, we report the synthesis of
ultrasmall Au NPs in the presence of OY and with
trialkylsilanes as the reducing agent. Two competitive reaction
pathways have been unraveled by in situ characterization
techniques (ranging from SAXS for length scales from ~1 to
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100 A to XAS to follow various oxidation states) combined
with dedicated microfluidic setups to gain access to short
reaction times. Experimental conditions were designed to yield
quantitatively monodisperse Au NPs with icosahedral
structures using a simple synthesis.

2. EXPERIMENTAL DETAILS

2.1. Au Nanoparticle Synthesis. Hydrogen tetrachlor-
oaurate trihydrate (HAuCl,-3H,0, 99.99%, Alfa Aesar),
triisopropylsilane (TIPS, 98%, Sigma-Aldrich), triethylsilane
(TES, 99%, Sigma-Aldrich), oleylamine (OY, 80—90%, Acros),
and hexane (mixed isomer, 98 + %, Alfa Aesar) were used as
received. Syntheses of Au nanoparticles were performed by
reduction of HAuCl,-3H,0 by TIPS or TES in solution of OY
in hexane. For all syntheses, the final nominal concentration of
Au and OY in hexane were kept constant at 20 and 50 mM,
respectively, and TIPS and TES concentrations were varied
from 62 mM to 1 M. HAuCl,-3H,O was dissolved in hexane
by the addition of OY and sonication, leading to a yellow
solution. The vial was placed in a thermostatic bath to control
the reaction temperature. A solution of the trialkylsilane in
hexane was added rapidly. The reactants were kept
undisturbed in the thermostatic bath for 3 h to obtain the
final NPs. A color change from yellow to dark red/brown was
observed after a certain reaction time, depending on the
temperature, the concentration of the reducing agent, and its
nature (TIPS or TES). At 25 °C, the color change is observed
after 3 min with [TIPS] = 62 mM, whereas it is almost
instantaneous with [TIPS] 1 M or [TES] = 62 mM.
Transmission electron microscopy (TEM) samples were
prepared by depositing a drop of the colloidal NP suspensions
on a copper grid covered with amorphous carbon. The
concentration of the colloidal suspension was adjusted by
diluting the NPs in hexane. TEM images were recorded using a
JEOL 1400 microscope working at 120 kV.

The Au(I) lamellar phase was prepared by adding a sub
stoichiometric concentration of TIPS (10 mM) into a solution
containing HAuCl,-3H,0 (20 mM) and OY (S0 mM). The
reaction was left undisturbed at 25 °C for 1 h. The yellow color
progressively faded away, and a white precipitate was formed.
The white precipitate was recovered by centrifugation (5000
rpm, S min) and purified 3 times by addition of hexane and
further centrifugation. The product was finally dried under
vacuum resulting in a white paste further analyzed by
conventional chemical analysis, X-ray photoelectron spectros-
copy (XPS), and X-ray diffraction.

2.2. Microfluidic Setup. In order to follow precisely the
gold speciation by XAS and the scattering signal by SAXS as a
function of time, a homemade hybrid Kapton-OSTEMER
(Mercene Labs, Sweden) microfluidic cell has been fabricated
according to procedures described elsewhere.”®?” The
structure is described in details in the Supporting Information
(Figure S1). It comprises two inlets for reagent injection
coupled to an ultrafast mixer with a butterfly-shape structure
adapted from the literature.”” Subsequently, the interrogation
channel is conceived with a cross section adapted ad hoc for
the specific characterization technique (370 ym X 200 ym for
SAXS and 2 X 2 mm for XAS). The cell can operate as a
continuous flow reactor by continuously injecting the reagent
solutions or as a stop-flow cell probing both short and long
reaction times.

2.3. SAXS. Small-angle X-ray scattering of the final NP
suspensions was performed on a XEUSS 2.0 laboratory
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Figure 1. SAXS patterns of suspensions of Au nanoparticles obtained after 3 h of reaction of HAuCl,-3H,0 in OY/hexane ([Au] = 20 mM; [OY] =
50 mM) using TIPS as the reducing agent, in different concentrations: (a) [TIPS] = 62 mM and (b) [TIPS] = 1 M. In black: experimental data;
red: the corresponding fit considering two populations of nanospheres (blue and green dashed lines) and a constant background (orange); (c)
volume-weighted distribution determined from the fit of the in situ SAXS of the final Au NPs obtained after 3 h of reaction with different TIPS
concentrations; (d) TEM image of Au nanoparticles obtained after 3 h of reaction at T = 25 °C with [TIPS] = 1 M. Inset: the corresponding
number-weighted size distribution determined from the image analysis.

instrument equipped with a pixel detector PILATUS 1M
(DECTRIS) and a Cu Ka X-ray source provided by GeniX3D
(A = 1.54 A). The sample to detector distance was fixed to
record the SAXS signal in the g range 0.015—1 A™". The SAXS
signals of the Au NPs were analyzed using SaSView 5.0.4. A
summation of two form factors of the Au nanosphere
presenting a polydispersity was used to fit the experimental
data. The scattering length densities of 126 X 107 and 6.1 X
107 A~ were taken for Au and hexane, respectively. The
relative scale of the two form factors, radii and polydispersity,
and the incoherent contribution (background intensity) were
adjustable parameters. Time-resolved in situ SAXS experiments
were carried out at the c-SAXS beamline at the Swiss Light
Source, Paul Scherrer Institute (PSI) in Villigen (Switzerland).
SAXS signals, during the crystallization of gold nanoparticles,
were recorded using the aforementioned microfluidic chip in
continuous and stopped flow configurations. X-rays with an
energy of 11.5 keV and beam size of 30 ym X 50 pm (vertical
X horizontal) were incident on the sample in transmission
mode. The scattered X-ray intensities were recorded at a
distance of 2.17 m using a PILATUS 2M detector giving a g
range from to 0.01 to 0.7 A™'. The reactions were followed
between 4 s and 30 min every 1 s.

2.4. XAS. Time-resolved in situ X-ray absorption spectros-
copy (XAS) experiments were carried out at the SuperXAS
beamline (PSI, Switzerland). XAS was conducted at the Au
Ly-edge in fluorescence mode. Like SAXS studies, time-
resolved XAS signals were collected in the two configurations:
in continuous flow, the XAS signal was captured between 1 s
and 30 s every 0.1 s; in stopped flow, the XAS signal was
recorded until the end of a reaction every 3 or 4 s. The time-
resolved XANES spectra were analyzed by linear combination
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analysis (LCA) of three spectra used as references for the
Au(III), Au(I), and Au(0) oxidation states, which were,
respectively, the precursor solution obtained by dissolving
HAuCl,-3H,0 in the solution of oleylamine in hexane, the
OYAu(I)Cl lamellar phase, and the final Au NPs. This method
provided an assessment of the gold speciation as a function of
time. More details are given in the Supporting Information.

2.5. HE-XRD, PDF, and Modeling. High-energy X-ray
diffraction data were collected at the ID15SA beamline (ESRF,
France)."" For HE-XRD, an X-ray beam with an energy of 69
keV (1 = 0.1797 A) was incident on a 1.5 mm diameter
capillary containing the nanoparticles in suspension in the
mother liquor. The X-ray scattering patterns were recorded
using a Pilatus 2M detector in the g range from 0.2 to 22 A™".
Based on TEM and SAXS data for NP size and morphology,
several real NP size and shape models were prepared starting
from known structures. The models were relaxed by molecular
dynamics using a potential for gold* from the modified
embedded atom method as implemented in LAMMPS." The
pair distribution functions (PDF), G(r), were obtained from
these models and compared with the experimental one. The
best candidate models were further refined against exper-
imental PDF data using reverse Monte Carlo simulations,
following a protocol described in ref 44.

3. RESULTS AND DISCUSSION

3.1. Influence of the TIPS Concentration. Several
batches of Au nanoparticles were prepared by the reduction
of HAuCl,-3H,0 in solution of oleylamine in hexane using
different concentrations of TIPS, which serves as the reducing
agent. The stoichiometry of the reaction is

https://doi.org/10.1021/acs.jpcc.2c07323
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Table 1. Summary of the Adjustable Parameters of the Two Gaussian Distributions (A and B) Used to Fit the Experimental
SAXS Pattern of Au Nanoparticle Suspensions Obtained after 20 min or 3 h of Reaction Using Different Reaction Parameters:
The Mean Diameter, d,,, the Polydispersity Expressed as 6/d,,, (with ¢ the Standard Deviation of the Gaussian Distribution),
and the Relative Volume Fraction of Both Populations, % vol

SAXS results

population A population B

experimental conditions for the Au NPs synthesis d,, o/d,, % vol d, o/d,, % vol
[TIPS] effect for T = 25 °C 62 mM 20 min 1.8 0.09 77 2.6 0.24 23
3h 1.8 0.17 64 3.5 0.15 36
250 mM 3h 1.6 0.19 75 2.9 0.21 25
500 mM 3h 1.6 0.17 83 2.6 0.23 17
1M 20 min 1.7 0.16 92 2.0 0.48 8
3h 1.7 0.15 87 2.6 0.23 13
temperature effect for [TIPS] = 62 mM 25 °C 3h 1.8 0.17 64 3.5 0.15 36
30 °C 3h 1.9 0.14 70 3.3 0.17 30
35°C 3h 19 0.14 8S 3.4 0.15 15
40 °C 3h 2.0 0.11 92 3.8 0.10 8
effect of TES T = 25 °C 62 mM 3h 2.0 0.08 89 3.5 0.08 11
1 3. o S on the TEM images (Figures S3 and S4). The size of these
HAuCl, + —R,SiH + —CgH;;NH, 1 il 1 ab he size of th icles ob d
2 2 arge particles was well above the size of the particles observe
3 5 i by SAXS. The presence of such large particles in the colloidal
— Au(0) + ER381C1 + EC18H35NH3 Cl (1) suspensions should have produced a signal at small g on the

In a first set of experiments, the Au concentration was kept
constant at 20 mM, the molar ratio [OY]/[Au] was 2.5, which
corresponds to the stoichiometry of eq 1, and the TIPS
concentration was varied from 62 mM to 1 M, i.e., from a slight
to a large excess compared to the stoichiometry. In every
reaction, the yellow color of the precursor solution turned to
dark red/brown with the onset of the Au particle formation in
suspension. The time at which the solution turned red was
strongly dependent on the TIPS concentration: around 180 s
for [TIPS] = 62 mM, only a few seconds for [TIPS] = 1 M.

The colloidal suspensions were characterized in situ by SAXS
after 3 h of reaction (Figure 1a,b and Figure S2). For [TIPS] =
62 mM (Figure 1a) and 250 mM (Figure S2a), a two-step
curve was observed, indicating the presence of a bimodal
distribution of nanospheres. At higher TIPS concentration, the
curves appeared smooth (Figure S2b) and a first oscillation at
high q was observed for [TIPS] = 1 M (Figure 1b). All the
experimental curves were nicely fitted considering two
Gaussian distributions: a major one (henceforth referred to
as population A) with a mean diameter of 1.7 & 0.1 nm, almost
independent of the TIPS concentration, and a second one
(population B) with a larger diameter (2.6 nm or more). The
mean size, d,, and the relative standard deviation, ¢/d,, are
given in Table 1. The relative volume proportion between
these two populations depends on the TIPS concentration, as
shown in Figure lc. The proportion of the smallest
nanoparticles (population A), ie, with a mean diameter of
less than 2 nm, increased significantly with the concentration
of TIPS from 64% for [TIPS] = 62 mM to 87% for [TIPS] = 1
M.

TEM images of the different samples showed ultrasmall
particles with a diameter of less than 2 nm. A representative
TEM image of particles prepared with [TIPS] = 1 M is given
in Figure 1d. The image analysis revealed a mean diameter of
1.8 + 0.1 nm and a 6/d,, = 14% determined from the number-
weighted size distribution, which reflects the polydispersity of
the NPs. These results were in good agreement with the SAXS
data. However, larger particles (d > 10 nm) were also observed
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SAXS signal, which was never observed. This is likely due to
the very small volume fraction of these large particles. Their
relative amount can be overestimated by TEM because of
sampling issues in the preparation of the TEM grids. The other
reason could be a modification of the particle size morphology
when drying the suspensions for ex situ TEM observations.
The ultrasmall size of the NPs makes them very reactive and
thus prone to aggregation and/or recrystallization onto the
TEM grid. Therefore, in situ SAXS was preferred to
unambiguously reveal the effect of the experimental conditions
on the Au nanoparticle size distribution.

3.2. In Situ SAXS Kinetic Studies. In situ SAXS
experiments were carried out to follow the reduction of the
gold precursor into Au NPs at different TIPS concentrations.
Figure 2 depicts the time variation of the in situ SAXS patterns
recorded during the synthesis of nanoparticles with the TIPS
concentrations of 62 mM and 1 M.

Scattering objects were detected in the precursor solution
before the addition of TIPS. A mean size of around 4 nm was
determined using the Beaucage model.”” These scattering
objects were interpreted as pre-nucleation clusters (PNCs)
containing Au(III) complexes, which are formed by the
dissolution of HAuCl,-3H,O in hexane thanks to the presence
of OY.”® After the addition of TIPS, the scattering intensity
remained fairly constant during a given period of time referred
to as the induction stage. The duration of this stage varies with
the TIPS concentration: ~15 s for [TIPS] = 1 M and up to
~180 s for [TIPS] = 62 mM. We previously reported that,
during this induction stage, the Au(III) complexes are partially
reduced into Au(I) without any changes in the PNC size.”® At
the end of this induction stage, the “knee-position” of the
scattering intensity profiles shifted toward the high g, revealing
a decrease of the scattering objects’ mean size. The shift was
very fast with the highest TIPS concentration (Figure 2a) and
more progressive for lower concentration (Figure 2b). This
shift was interpreted as the onset of the small Au nanoparticles
in the medium, ie, the beginning of the nucleation. These
small particles strongly scatter X-rays compared to PNCs and
become predominant in the SAXS signal. For [TIPS] = 1 M,
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Figure 2. Time-resolved in situ synchrotron SAXS patterns recorded
during the synthesis of Au nanoparticles in OY/hexane solution with
different TIPS concentrations: (a) [TIPS] = 1 M (the arrow indicates
the “knee-position” on the SAXS at 4 s. The knee is shifted to high g
after 18 s; (b) [TIPS] = 62 mM. Dashed lines point the (00!) peaks of
a lamellar phase with an interlayer distance dgo, = 43.5 A.

the SAXS signal was found constant after ~4 min (Figure 2a),
which can be interpreted as the end of the nucleation and the
growth stages.

The SAXS signal varied more progressively for [TIPS] = 62
mM throughout the 20 min of in situ measurements (Figure
2b) and still slightly evolved up to 3 h of reaction showing a
slower particle growth (Tab. 1). In addition, Bragg peaks at q;
= 0.1445 A" and g, = 0.289 A™' were clearly observed for
[TIPS] = 62 mM, along with an increased intensity at small q
(Figure 2b), while nothing similar was detected for [TIPS] = 1
M (Figure 2a). The Bragg peaks are interpreted as the
crystallization in situ of a lamellar phase with an interlayer
distance dog; = 43.5 A. The high intensity at low g reveals the
formation of large objects constituting the lamellar phase. The
onset of the lamellar phase occurred quasi simultaneously with
the Au NP nucleation, then was observed from 200 to 800 s,
and then vanished (Figure 2b).

3.3. Characterization and Influence of the Intermedi-
ate Lamellar Phase. The lamellar phase, which appears
during the synthesis with [TIPS] = 62 mM, was isolated to
understand its role in the formation of the Au NPs. The gold
precursor was reduced with TIPS, which was deliberately
limited to a sub-stoichiometric concentration, i.e., 10 mM, to
avoid the formation of metallic particles. According to eq 1, the
reaction of 20 mM Au(Ill) with 10 mM TIPS is indeed
expected to give a mixture of $0% Au(III) and 50% Au(I). The
reaction was followed in situ by SAXS (Figure 3a). Up to 10
min, the characteristic signal of PNCs was observed. After
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Figure 3. (a) In situ SAXS patterns recorded during the partial
reduction of HAuCl, using 0.5 equiv of TIPS at 25 °C (the dashed
lines correspond to the (00I) peaks of a lamellar phase with an
interlayer distance dog; = 43.5 A); (b) TEM image of Au nanoparticles
prepared by reduction of the lamellar phase OYAu(I)Cl with [TIPS]
= 1 M. Inset: number-weighted size distribution determined from the
TEM image analysis.

about 12 min, the (00!) Bragg peaks appeared, exhibiting the
same interlayer distance of 43.5 A as the in situ SAXS of the
NP synthesis with 62 mM of TIPS. The intensity at low g
values increased with time, concomitantly with the Bragg
peaks’ intensities. After 50 min of reaction, the SAXS pattern
did not further evolve, indicating a fairly stable lamellar phase
(Figure SS). The white precipitate was then isolated by
centrifugation, washed several times with hexane to remove the
excess of Au(Ill) precursors, and then dried under vacaum at
room temperature. The combined chemical and XPS analysis
of the lamellar phase were in agreement with a Au(I) phase of
chemical formula OY-Au(I)-Cl (Table S1), similar to the
Au(I) phase reported previously.*>*’

The direct reduction of the OY-Au(I)-Cl phase, once re-
dispersed in hexane, was carried out with a large excess of
TIPS. The concentration of Au and TIPS in the mixture was
20 mM and 1 M, respectively, as in the direct nanoparticle
synthesis. The color change, which is a good indicator of the
reduction of Au precursor to Au(0) NPs, was observed after
about 10 min instead of the ~15 s needed when starting
classically from the Au(III) PNC precursor. Figure 3b shows a
representative TEM image of the NPs obtained after 3 h of
reaction, revealing much larger NPs, up to 7 nm, with a very
broad size distribution (Figure 3b). This clearly shows that,
during the NPs synthesis, the OY-Au(I)-Cl intermediate slows
down the reduction and favors the growth of the largest NPs.
Another experiment confirmed this conclusion. The reduction
of HAuCl,-3H,0 (20 mM) dissolved in a solution of QY (50
mM) in hexane was carried out using TIPS in the
stoichiometric ratio (30 mM) according to eq 1. The solution

https://doi.org/10.1021/acs.jpcc.2c07323
J. Phys. Chem. C 2023, 127, 3047—-3058


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07323/suppl_file/jp2c07323_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c07323/suppl_file/jp2c07323_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c07323?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c07323?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

became cloudy brown 5 min after the addition of TIPS,
indicating the formation of the intermediate lamellar phase
concomitantly with the formation of small Au NPs, and dark
brown after 8 min. After 3 h of reaction, the TEM images
revealed particles with a broad size distribution and mean size
of 5.6 nm (Figure S6). Thus, to obtain ultrasmall
monodisperse Au, one should avoid the formation of the
OY-Au(I)-CI lamellar phase.

3.4. Parameters for the Optimization of Monodis-
perse Ultrasmall Au NPs. Since the Au(I) intermediate solid
phase was not detected in presence of [TIPS] = 1 M, i.e., for
fast reactions, we decided to prevent the formation of OY-
Au(I)-Cl by increasing the reduction rate through adjusting
the reaction temperature and strength of the reducing agent.

3.4.1. Influence of Temperature. Figure 4a and Figure S7
show the SAXS patterns of the as-prepared Au nanoparticle
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Figure 4. (a) SAXS patterns of suspensions of Au nanoparticles
prepared by reduction of HAuCl,:3H,0 in OY/hexane ([Au] = 20
mM ; [OY] = S0 mM) at T = 40 °C using TIPS as the reducing agent
([TIPS] = 62 mM). Black: experimental data; red: best fits including
two populations of nanospheres, population A (dashed blue) d,, =
1.8—2 nm; population B (dashed green) d,, = 3.3—3.8 nm; and a
constant background (orange). (b) Volume-weighted size distribution
determined by SAXS of the particles prepared at different temper-
atures. Inset: relative proportion of the two populations A and B vs
reaction temperature.

suspensions after 3 h of reaction obtained in the presence of
[TIPS] = 62 mM at different temperatures. The two-step
curves indicating the presence of a bimodal distribution of
nanospheres progressively smoothened with increasing temper-
ature. At 40 °C, the oscillations at high g, characteristic of fairly
monodisperse NPs, were observed (Figure 4a). The fit of the
experimental patterns using two populations of nanospheres
revealed that the smallest nanoparticles (population A), i.e.,
with a mean diameter of 2 nm, were indeed favored at higher
temperature, reaching more than 90% for T = 40 °C (Table 1,
Figure 4b). Thus, even if the temperature was varied in a small
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range, from 25 to 40 °C, it has a strong effect on the size
distribution of the particles.

The increase of temperature from 25 to 40 °C decreased the
time at which the solution turned red from 180 to 60 s.
Temperature has also an effect on the Au(I) intermediate. The
partial reduction of 20 mM HAuCl, with 10 mM TIPS was
performed at T = 40 °C following the same protocol as in the
previous section. Interestingly, SAXS recorded in situ did not
show any Bragg peaks but only an increase of the intensity at
small g (Figure S8). Thus, increasing the reaction temperature
by only 15 °C accelerates the reduction and prevents the
crystallization of the lamellar phase.

3.4.2. Influence of Trialkylsilane. While TIPS is the most
commonly used silane for the synthesis of gold nanowires,
other silanes have been used for gold nanoparticles* or
ultrathin copper nanowires synthesis."” Keeping the same
experimental conditions as before ([Au] = 20 mM; [OY] = S0
mM), Au NP syntheses were carried out at T = 25 °C using
triethylsilane (TES) as the reducing agent. As the ethyl chains
of TES are less bulky than the isopropyl chains of TIPS are, a
lower steric hindrance was expected, which could favor the
coordination to the gold complexes and therefore increase the
reduction rate. With [TES] = 62 mM the solution turned red
only a few seconds after the addition, much faster than the ~3
min observed with [TIPS] = 62 mM. Au(0) NPs were formed
very quickly, supporting our assumption on the higher
reactivity of TES. The NPs obtained after 3 h of reaction
were characterized by SAXS (Figure Sa). Oscillations were
clearly observed, evidencing the large proportion of small NPs
(~ 90%) and their monodisperse character (6/d,, = 8%, Table
1).

To have a better assessment of the successive reduction
steps and understand the difference between the two reducing
agents, the Au NPs’ syntheses were followed in situ by X-ray
absorption spectroscopy (XAS). The time-resolved XAS
spectra (Figure S9a) were fitted by a linear combination
(LCA) of three components: Au(Ill), Au(I), and Au(0)
(Figure S9b), as described in a previous study.”*Figure Sb,c
shows the time variation of the gold speciation, determined by
the LCA, during the nanoparticle synthesis in the presence 62
mM TIPS and TES, respectively.

In Figure Sb, three stages can be clearly distinguished. For ¢
< 175 s, an induction stage was observed during which Au(III)
is partially reduced to Au(I). At 17S s, the relative
concentrations of Au(IlI) and Au(I) are both around 50%,
and the second stage began with the onset of Au(0). This stage
lasted around 75 s during which a steep increase of Au(0) up
to ~40% of the gold species was observed. This stage is
interpreted as the Au(0) NP nucleation stage and the
beginning of growth. From 250 s onward, a third step was
observed. The growth rate of Au(0) and the reduction rate of
Au(III) decreased sharply compared to the previous step while
the concentration of Au(I) species remained fairly constant
around 15% in the time interval of 600 s shown in Figure Sb. It
then slowly decreased with time. The comparison with the
SAXS patterns recorded in the same conditions (Figure 2b)
shows that the lamellar phase OY-Au(I)-Cl appears when the
concentration of Au(I) ions is at its maximum (50% on the
XAS curve). SAXS showed that once formed, the lamellar
phase remained in the medium till 800 s, in agreement with the
fairly stable relative Au(I) concentration found in XAS. SAXS
and XAS showed that the lamellar phase and the Au(0) NPs
appear at the same time in the suspension. The nucleation and
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Figure 5. (a) SAXS pattern of Au nanoparticles prepared at 25 °C
using TES as the reducing agent ([TES] = 62 mM); (b, c) relative
Au(III), Au(I), and Au(0) concentrations deduced from the linear
combination analysis of the XAS spectra measured in situ during the
reaction using (b) [TIPS] = 62 mM and (c) [TES] = 62 mM as the
reducing agent.

growth of the gold particles are therefore in competition with
the crystallization of the OY-Au(I)-Cl phase. With time, the
reduction of the Au(I) species leads to the dissolution of the
lamellar phase.

When TES was used as a reducing agent, the same sequence
of the three successive stages was observed (Figure Sc), with
however significant differences compared to the reduction with
TIPS. The induction and the nucleation stages were much
shorter, around 12 and 30 s, respectively. The concentration of
the Au(I) species reached also a maximum value at the Au(0)
onset, ie, at the beginning of the nucleation stage, but this
value was lower than with TIPS, 25% vs 50%. Finally, during
the nucleation stage, the concentration of Au(I) tends rapidly
to 0, which was not the case with TIPS. Then, [Au(I)]
remained equal to zero all over the growth stage while
[Au(II1)] and [Au(0)] varied almost linearly. If we consider a
simple model with two successive reduction steps: Au(IIl) —
Au(I) —» Au(0), the low concentration of Au(I) observed in
the gold speciation with TES shows that the reduction of
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Au(I) is much faster than that of Au(IIl). The intermediate
OY-Au(I)-Cl complex cannot crystallize and thus do not
interfere with the Au(0) NP nucleation and growth. On the
contrary, the slower reduction with TIPS makes possible the
crystallization of the OY-Au(I)-Cl lamellar phase.

3.5. Structural Studies on the Final Au NPs. The X-ray
diffraction (XRD) patterns of the different Au nanoparticles
were measured as prepared, in the mother liquor. Figure 6a
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Figure 6. (a) In situ HE-XRD Au NPs prepared at T = 25 °C with
[TES] = 62 mM (green line), [TIPS] = 1 M TIPS (black line), or at
40 °C with [TIPS] = 62 mM (red line); (b) XRD pattern of Au NPs
prepared using the stoichiometric amount of TIPS (30 mM) and by
the direct reduction of the lamellar phase OY-Au(I)-Cl with a large
excess of TIPS or TES; (c) G(r) oscillations of the Au NPs prepared
at T = 25 °C with [TES] = 62 mM (green line), [TIPS] = 1 M TIPS
(black line) or at 40 °C with [TIPS] = 62 mM (red line). (a, b):

47 sin 6

=

XRD pattern of fcc Au with an arbitrary peak broadening.

and the blue dashed line corresponds to the theoretical

shows representative in situ XRD patterns of the ultrasmall
particles exhibiting a narrow size distribution, i.e., the particles
prepared at 25 °C with [TES] = 62 mM or [TIPS] = 1 M and
at 40 °C with [TIPS] = 62 mM. The diffraction peaks were
very broad as expected for particles with such size but clearly
revealed a crystalline structure different from the bulk fcc Au.
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The main peak found at g = 2.795 A7 is shifted to high q
values compared to the expected (111) peak of fcc Au (q =
2.668 A7'). An additional feature at 3.3—3.5 A™! is also
observed appearing far away from the (hkl) peaks of fcc Au
(Figure 6a). Figure 6b shows the XRD pattern of the particles
prepared with the stoichiometric concentration of TIPS (30
mM) and by the direct reduction of the lamellar phase OY-
Au(I)-Cl with a large excess of TIPS (1 M) or TES (1 M). The
broadening of the peaks depends on the experimental
conditions of synthesis but for all these particles the XRD
pattern is consistent with the fcc crystal structure of gold. One
can conclude that the lamellar phase OY-Au(I)-Cl as the
precursor or as the intermediate favors the fcc structure.

The ultrasmall particles were analyzed in more detail thanks
to high-energy XRD (HE-XRD) and structure modeling. At
first glance, the XRD patterns of the ultrasmall particles of
Figure 6a look alike but some fine differences can be noted
depending on the synthesis conditions. For the particles
prepared at 40 °C, the peaks are broader and the second peak
is shifted to g = 3.48 A~ from the value of ¢ = 3.31 A™!
recorded for the two samples prepared at 25 °C (Figure 6a). In
order to describe the atomic structure of the ultrasmall Au NPs
in more detail, the in situ HE-XRD patterns of these three
samples were transformed into atomic PDFs (Figure 6b). The
physical oscillations in the PDF of the two samples prepared at
25 °C (with [TES] = 62 mM or [TIPS] = 1 mM) extend in
the r-space to a distance of about 1.7 nm, which may be
considered as a length of structural coherence for the studied
NPs. Notably, it appears close to the mean NP diameter
measured by SAXS, confirming the good crystallinity of the
NPs. On the other hand, the oscillations of the PDF for the
sample prepared at 40 °C with [TIPS] = 62 mM appear
damped to zero at smaller r values, indicating a reduced
coherent length of about 1.3 nm, which is below the 2.0 nm
mean size determined by SAXS, indicating an increased level of
structural disorder.

To unveil the atomic structure of Au NPs, the in situ atomic
PDFs were first compared with theoretical PDFs for two
clusters containing 309 atoms (1.7 nm in diameter): a
cuboctahedron with the fec structure (CBO) and an
icosahedron (ICO) (Figure 7 and Figure S10). For reference,
a CBO is a fec polyhedra exhibiting six equal squares and eight
equal triangles as faces. On the other hand, ICO has 20
triangles as faces and exhibits 5-fold axes, which is a non-
crystallographic symmetry. The comparison clearly revealed
that the CBO does not reproduce the experimental PDF
(Figure 7, top), showing that the NPs have an atomic structure
different from that of bulk fcc Au. In contrast, the PDF of a
perfect ICO with 309 atoms reproduces the experimental data
reasonably well (Figure 7, middle). To improve the agreement
with the experimental data, a model of a distorted ICO was
built by adding a layer of atoms to some of the NP facets of the
309 perfect ICO, without affecting its characteristic icosahe-
dral/5-fold symmetry, and then letting all atoms displace from
their positions in the undistorted ICO lattice, thus introducing
a moderate local structural disorder (Inset in Figure 7,
bottom). The computed PDFs of the so-distorted 435-atom
ICO matched the experimental PDFs in the finest detail.

3.6. Discussion on the Icosahedra Formation. Silanes
added in excess as the reducing agent in a solution containing
HAuCl,-3H,0 and OY in hexane, in the ratio [OY]/[Au]
2.5, produce mostly ultrasmall Au particles exhibiting an
icosahedral structure. The average diameter measured by
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Figure 7. Comparison between experimental PDF of Au NPs
prepared by reduction with [TIPS] = 62 mM at 40 °C (black circle)
and different computed atomic PDFs (red line). CBO is a 309-atom
cuboctahedron with an fec structure, ICO is a 309-atom icosahedron,
and Dist. ICO is a 435-atom distorted icosahedron. Inset: images of
the structural models. Both the CBO and the 309-atom ICO have a
perfect structure rendering the atomic coordination spheres/PDF
peaks sharp. Although larger in size than 309-atom models, the 435-
atom ICO is distorted and so exhibits somewhat smeared
coordination spheres/PDF peaks in comparison to perfect CBO
and ICO polyhedra.

SAXS, and confirmed by TEM, of the majority population is
always 2 nm or slightly below. We have shown that compared
to the standard synthesis involving [TIPS] = 62 mM at 25 °C,
the size distribution was improved by three means: (i)
increasing the TIPS concentration to 1 M, (ii) increasing the
reaction temperature to 40 °C, or (iii) using TES as the
reducing agent instead of TIPS. The effect of these three
parameters was an increase of the reduction rate, avoiding the
crystallization of a OY-Au(I)-Cl lamellar phase, which is in
direct competition with the nucleation/growth of the Au
icosahedral NPs. On the other hand, when TIPS was added in
the stoichiometric amount (30 mM), the size distribution of
the gold particles was very broad with a mean size around 6 nm
(Figure S6). In this case, the pale-yellow solution of the
Au(III) precursor turned first to a cloudy brown suspension in
~S§ min and became red dark after 8 min. Such a cloudy phase
is typical of the lamellar phase, which confirms that formation
of the lamellar phase during the reduction slows down the
reduction and broadens the size distribution.

Thus, it is clear that the formation of OY-Au(I)-Cl
throughout the reaction was found detrimental to the
monodispersity of the final particles. Moreover, Figure 6b
shows that its direct reduction by a large excess of silane favors
the crystallization of Au NPs with an fcc structure, even when
the silane was TES, which is a stronger reducing agent than
TIPS. On the other hand, the ultrasmall particles have an
icosahedral symmetry. The effect of the different parameters
on the size and structure is summarized in Figure 8.

It is well-known that small Au NPs can crystallize with the
icosahedral structure.”>?®2"'53% 1 the bulk state, the
thermodynamic stable phase of Au has the fcc structure but
decreasing the particle size favors first the decahedral structure
and then the icosahedral structure below critical sizes."' Using
tert-butyl aminoborane (TBAB) as the reducing agent, Peng et
al. prepared Au NPs with different sizes in the range 2.4—9.5
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Figure 8. Schematics of the competition between the direct pathway leading to the crystallization of ultrasmall Au NPs with the icosahedral
structure and the one involving the lamellar phase OY-Au(I)-Cl and leading to bigger particles with the fcc structure.

nm playing on the temperature of reaction in the range 2—40
°C.** The lower the temperature, the larger the particles
obtained. The NPs with a mean diameter d,, = 2.4 nm
exhibited a XRD pattern close to that described in this study
with a shift in the main peak position to high g. In contrast, the
particles with a diameter above 5 nm exhibited an icosahedral
shape but their XRD pattern was indexed as an fcc structure.
These particles are multitwinned particles. The effect of
temperature on their size was interpreted in the framework of
the classic LaMer theory: the higher the temperature, the faster
the reduction rate, the higher the number of nuclei in the
medium, and thus the smaller the final particles. As a matter of
fact, when they decreased the temperature from 25 to 2 °C, the
induction time varied from a few seconds to 5 min. The same
variation of induction time was observed in our case when the
TIPS concentration was varied. The reduction rate was
strongly modified, the induction stage increased from a few
seconds for [TIPS] = 1 M to around 3 min for [TIPS] = 62
mM. However, in our case, the particle size did not vary over
such a wide size range as observed by Peng et al.”* As shown in
Figure 1c, by decreasing the TIPS concentration, the
polydispersity increased but the mean size of the majority
population of icosahedral particles was only hardly modified
and their diameter remained close to 2 nm. Thus, contrary to
the reaction described by Peng et al, we observed that with
trialkylsilanes, the nucleation of small icosahedra remains
favored over their growth, even when the reduction rate is
slowed down by more than one order of magnitude. An
assumption that must be demonstrated in further studies is
that the nucleation of the small icosahedra involves the pre-
nucleation clusters evidenced by SAXS and therefore the
nucleation does not depend on the TIPS concentration.

3.7. Self-Assembly of Ultrasmall NPs. The spontaneous
assembly of NPs into superlattices has been intensively studied
due to the peculiar collective properties.”’ It is known to be
observed only with monodisperse NPs. Having a method to
prepare highly monodisperse icosahedral Au NPs using [TES]
= 62 mM in hand, we studied their spontaneous organization
during solvent evaporation. The NPs self-assemble into
crystalline superlattices once deposited on TEM grids or
silicon substrates. The SAXS signal of Au NP assemblies
exhibited well-defined Bragg peaks that were indexed as the
first three (hkl) reflections of a bcc superlattice with a unit cell
parameter a = 5.25 nm (Figure 9a). In a bcc structure, the
distance center to center between two adjacent particles is

dyp_np = a?, taking the value of 4.55 nm in the present case.

The Au core of the particles was 2.0 nm, according to SAXS.
Thus, the distance edge to edge between two adjacent particles
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Figure 9. (a) SAXS of dried assembly of ultrasmall particles prepared
with [TES] = 62 mM at 25 °C; (b) TEM image of an assembly of
NPs. Inset: the corresponding FFT indexed as a bcc structure in the
[011] zone axis.

was e = dyp_np — d,, = 2.55 nm. Considering that the fully
extended OY chain length is L = 2.1 nm,*’e is in between L
and 2L. NP superlattices were also observed on the TEM grids.
On all the area showing a stack of a few NP layers, similar to
the example in Figure 9b, the superlattice was indexed as a bcc
structure in the [011] zone axis where the unit cell parameter
is in agreement with the one determined by SAXS. The
structure of NP superlattices depends on the diameter of the
metal core, d,, and on the thickness of the ligand shell coating
the metal core. An fcc structure is generally found when the
metal core is large compared to the ligand shell while a bcc
structure is observed for small metal cores and thick ligand
shells. Pansu et al. proposed structure diagrams of thiolated Au
NP superlattices as a function of the Au core size and the
number of atoms in the thiol chain or the ligand fully extended
length L> According to these diagrams, having a core radius R
=d,/2 = 1.0 nm and 18 carbon chain amine of L = 2.1 nm, the
Au NP superlattice described here falls in the bcc structure
region of Pansu’s diagram, the L/R ratio of 2.1 being well
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above the transition threshold (L/R > 1.2) to stabilize the bcc
structure.

4. CONCLUSIONS

Combining in situ SAXS, XAS, and HE-XRD, the synthesis
conditions leading to monodisperse icosahedral Au NPs with a
mean diameter around 2 nm were established. A major interest
of this synthesis route is the large amount of particles
synthesized in a single batch thanks to the high concentration
of precursor used and therefore offering the possibility of an
easy scale-up. Fast reduction rate is essential to prevent the
crystallization of a OY-Au(I)-Cl lamellar phase, which
competes with the nucleation/growth of Au(0) NPs. Three
possible reaction paths were identified: large excess of reducing
agent ([TIPS] = 1 M), higher reaction temperature (T = 40
°C), or trialkylsilane with a stronger reducing strength ([TES]
= 62 mM). The NPs obtained exhibit the same mean sizes and
monodispersity, but the structural analysis revealed some
differences on the coherence length of the NPs as a function of
the reaction temperature used. It indeed increases from 1.3 nm
when working at 40 °C up to 1.7 nm, close to the NP diameter,
for T = 25 °C. Icosahedral NPs exhibiting a more disordered
outer atomic shells are thus obtained at higher temperature.
Using silanes as the reducing agent, the degree of control
over the NP size distribution and structure is excellent;
however, a point concerning the nucleation/growth mecha-
nism remains to be understood. In the framework of classical
nucleation theory, one would expect a stronger variation of the
mean size with the TIPS concentration or with temperature as
these parameters strongly affect the reaction rate. This suggests
that the pre-nucleation clusters observed in solution before the
reduction are involved in the nucleation stage, imposing a fairly
constant mean size. This study clarifies the model systems to
be studied in the future in order to unveil the role of pre-
nucleation clusters, i.e., those involving a single nucleation step
avoiding the formation of the lamellar OY-Au(I)-Cl phase.
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