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ARTICLE INFO ABSTRACT

Keywords: The controlled synthesis of surfactant-free nanoparticles (NPs) remains a challenge. To develop improved and
Nanoparticles reproducible syntheses, a deeper understanding of the formation mechanism of surfactant-free NP is key. Pt NPs
Platinum

in particular are important catalysts for a wide range of applications. In situ X-ray absorption near edge structure
(XANES) spectroscopy, in situ small angle X-ray scattering (SAXS) and transmission electron microscopy (TEM)
are used to study the formation of surfactant-free Pt NPs in alkaline ethylene glycol. For the first time, different
concentrations of HoPtClg (4 mM or 10 mM), different NaOH/Pt molar ratios between 0 and 20 and a wide
temperature range from 30 to 140 °C are investigated. It is shown that the NaOH/Pt molar ratio influences the
kinetics of the NP formation and is a key parameter to tune in order to achieve size control. At higher NaOH/Pt
molar ratio the formation of Pt NPs is slower and smaller NPs are formed in a reproducible manner across various
experimental conditions. This is related to the surface properties of the NPs. NPs with a diameter ca. 1 nm are
easily obtained with a NaOH/Pt molar ratio of 10-20 and their formation takes place faster at higher
temperatures.

Small angle X-ray scattering (SAXS)

Size control

Surfactant-free

X-ray absorption near edge structure (XANES)
spectroscopy

1. Introduction activity and stability for a given application. Wet chemical syntheses are

widely implemented worldwide to obtain nanomaterials due to their

Careful control of nanomaterial synthesis is key to develop nano-
structures with a desired set of physical and chemical properties. The
study of the formation and growth of nanomaterials is therefore
particularly relevant to understand and eventually tune the resulting
characteristics like size, composition and/or morphology [1-3]. Ulti-
mately, this knowledge will help to design performant nanomaterials
with properties matching to the closest requirements such as high

simplicity and relatively good scalability [4,5]. In this approach, the
formation of nanostructures occurs in a liquid phase and an important
example is the synthesis of nanoparticles (NPs). The conversion of mo-
lecular metal precursors containing often a single atom of the desired
element to form NPs by nucleation of more than a thousand of these
atoms can be performed in various ways: using heating devices, with or
without pressure, at low or high temperature, using microwave or even
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UV light [6-8]. The freedom to tune various experimental parameters
gives opportunities to control the nanomaterial properties. This makes
wet-chemical syntheses, and especially colloidal syntheses, ideal to
study and optimize the production of nanomaterials for various appli-
cations [9]. Nevertheless, a clearer understanding of the driving force of
nanomaterial formation is of prime importance and much needed [10].
The synthesis of nanomaterials is still mostly driven by the skills of ex-
perimentalists by trials and errors which are often difficult to ratio-
nalize. The synthesis of nanomaterials is then still often referred to as
‘black art’ [10-12].

To advance our understanding of NP formation, a recent focus is on
in situ studies where information is gathered as the materials form
[13-17]. The benefits of in situ studies are to gain real time information
on the evolution of nanostructures from the molecular species in
colloidal syntheses. It is commonly agreed that the general formation
pathway of NPs proceeds by a nucleation followed by growth mecha-
nism(s) [10,18]. With in situ studies, the specific influence of different
parameters during nucleation and/or growth can be rationalized to
eventually propose improved synthesis strategies [14,15,19-21]. In
particular, controlling the size of precious metal NPs is important due to
the limited supply of these resources. Precious metals are key catalysts in
a range of application, e.g. for chemical conversion, but also in various
energy conversion devices like fuels cells and electrolysers [22-24], and
intensely studied for their size-dependent optical properties. Further-
more, precious metals are increasingly considered in the medical sci-
ences [25,26]. Specifically, it is important to control the size of platinum
(Pt) NPs because size determines catalytic activity, available surface
area for electrocatalysis and stability to a great extent [27].

A major drawback in most colloidal syntheses is the need for addi-
tives [4,28]. Additives like polymers or surfactants present on the NP
surface are used to prevent NP agglomeration, sintering and to control
size. However, these additives typically need to be removed after NP
formation; especially in catalysis where a fully accessible precious metal
NP surface is highly desired. Removal of surfactants requires time and
energy intensive steps, often hazardous chemicals, and add the risk of
altering the structure of the as-prepared catalysts [29,30]. In that
respect, surfactant-free syntheses present valuable features. It has been
established since 2000 that in the polyol process, where alkaline
ethylene glycol is used as solvent and reducing agent, the reduction of
various precious metal precursors leads to small NPs without the need
for surfactants [31,32]. The NPs are protected against agglomeration
and sintering by CO groups adsorbed on the surface and electrostatic
repulsion [33]. This approach has been successfully applied to develop
performant catalysts [34,35]. Despite the facility of this method, an
abundant literature still stresses the need for surfactants in colloidal
synthesis [4,28]. Despite the multiple advantages of surfactant-free
approaches [5,22], the understanding of surfactant-free colloidal syn-
theses needs to be improved and their use advertised.

In order to achieve a reliable size control in the surfactant-free polyol
synthesis, we have recently reported that in contrast to a common
statement, it was not the ‘pH’ that controls the size of Pt NPs obtained
from HoPtClg in the surfactant-free polyol synthesis, but rather the molar
ratio of base (NaOH) to metal precursor [35]. To confirm and investigate
further this phenomenon, in situ X-ray absorption spectroscopy (XAS)
and small angle X-ray scattering (SAXS) studies together with trans-
mission electron microscope characterization (TEM) are here reported
to rationally guide the development of more robust syntheses of size
controlled surfactant-free Pt NPs. For the first time, the NP formation is
investigated in situ across a range of precursor concentration (4 mM and
10 mM), NaOH/Pt molar ratios of 0, 2.25, 4.50, 10 and 20 and a wide
temperature range from 30 to 140 °C.

2. Material and methods

Chemicals. All chemicals were used as received: HyPtClg-6H,0
(99.9% Alfa Aesar); NaOH (98%, Alfa Aesar); ethylene glycol (99+%,
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Sigma-Aldrich), ethanol (VWR, absolute, > 99.5%).

Synthesis of Pt NPs. The synthesis of the Pt NPs is further detailed
below for the specific case of in situ XANES and in situ SAXS. In short, the
synthesis follows the general recipe developed by Wang et al. in their
seminal work [31] and further developed along the years [34,35].
Alkaline (NaOH) ethylene glycol plays the role of solvent, stabilizing and
reducing agent for HyPtClg reduction. Upon heat treatment, surfactant-
free ‘unprotected’ NP are formed, i.e. mainly protected by CO groups
adsorbed on the NP surface [33].

Transmission electron microscopy (TEM). TEM micrographs were
acquired on samples collected after in situ SAXS experiments and stored
in a fridge prior to sample preparation for TEM analysis, diluted with
ethanol and dropped on carbon coated nickel TEM grids (Quantifoil). A
JEOL 2100 TEM operated at 200 kV was used for imaging. Particle size
and morphology were estimated by recording images at least three at
different magnifications (x300 000, x400 000, x500 000) in minimum
three randomly selected areas.

In situ X-ray absorption near edge structure (XANES) spectros-
copy. XANES measurements were carried out at the SuperXAS beamline
of the Swiss Light Source (SLS), Switzerland with a beam current of
around 400 mA and a storage ring energy of 2.4 GeV. The acquisition of
the Pt L3 edge (11 564 eV) XANES spectra was performed in transmission
mode by using N»-filled ionization chambers with lengths of 15 and 30
cm for the incident (Ip) and transmitted (I; and Ip) X-ray intensities,
respectively. The averaged spectra were analyzed by using the IFEFFIT
software suite [36]. All spectra were background subtracted and
normalized. The energy units (eV) were converted to photoelectron
wave vector k units (A~1) by assigning the photoelectron energy origin,
Eo, corresponding to k = 0, to the first inflection point of the absorption
edge.

Linear combination fit (LCF) method was carried out to establish the
oxidation state of Pt species in the colloidal dispersions by using the
respective XANES reference spectra of KyPtCly in ethylene glycol,
KPtClg in ethanol and Pt foil. An example of LCF is reported in Fig. 1.
See Figure S1 for further examples of data fits. The relative weight
percentages of Pt'V, Pt and Pt® species and the related parameters such
as white line intensity, shift of energy (AEy) at the corresponding edge
and R factor (closeness of the fit as quality parameter, defined as the
ratio between the sum of the square of the difference between data and
fit and the sum of the square of the data, for the data points in the fitting
region: the smaller the R factor, the better the fit from a statistics point of
view) were determined using LCF analysis. The LCF was obtained as
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— PtO Pt" Ptlv
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Fig. 1. Example of XANES data fit and LCF analysis for 4 mM H,PtClg with
NaOH/Pt molar ratio of 2.25 after 392 s of exposure to the X-ray beam showing
the relative contribution of Pt'¥, Pt and Pt° to the fit.
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normalized p(E) fit with following parameters: Range of fit was between
—20 eV and +30 eV relative to Eg, the components were forced to be
between 0 and 1 and to sum up to 1. An overall E; shift was used. The
samples with a 4 mM H,PtCls concentration were placed in Nalgen vials.
All experiments were performed at room temperature.

In situ small angle X-ray scattering (SAXS). The size of the nano-
particles obtained was assessed by SAXS measurements using a SAXSLab
instrument (JJ-XRay) with a Rigaku 100 XL + micro focus sealed X-ray
producing a photon beam with a wavelength of 1.54 A tube and a Dectris
2D 300 K Pilatus detector installed at the Niels Bohr Institute of the
University of Copenhagen. To follow in situ the formation of the NPs, two
different concentrations of HyPtClg were used: 4 mM and 10 mM.
Different NaOH/Pt molar ratios were studied: 0, 2.25, 4.50, 10 and 20.
The temperature range investigated was between 30 °C and 140 °C, with
a more detailed focus between 95 °C and 110 °C. The reaction mixture
were placed in sealed quartz capillaries (10 pm wall thickness, 1 mm
diameter, 8 cm long, Hildenberg) placed in the same temperature con-
trol holder heated up at 10 °C min " to the desired temperature. In the
interest of time, the experiments were stopped when the intensity
measured by SAXS was constant over time. A constant signal was
considered an indication that the system had reached an equilibrium
state in terms of number and size of NPs formed. The focus is therefore
here on the kinetics of nucleation as it is shown that their further growth
is very slow and moderate, in agreement with previous reports [32]. The
first recorded SAXS spectrum at room temperature was used as back-
ground. The data recorded with an acquisition time of 5 min were then
background subtracted before fitting. An example of data set and related
fits is given in Fig. 2. Further data set and fits are available in the Sup-
plementary Information.
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Fig. 2. Example of (a) SAXS data as measured and (b) SAXS data after back-
ground subtraction (circles) and related fits (solid line) for different times as
indicated. The experiment was conducted with 10 mM H,PtClg with a NaOH/Pt
molar ratio of 20 at 110 °C.
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For data reduction the SAXGUI software was used, the two-
dimensional scattering data were azimuthally averaged, normalized by
the incident radiation intensity, the sample exposure time and the
transmission. They were further corrected for background and detector
inhomogeneities. The radially averaged intensity I(q) is given as a
function of the scattering vector q = 4=n-sin(d)/A, where ) is the wave-
length and 26 is the scattering angle. The background corrected scat-
tering data was fitted by a power law (to take into account the behavior
at low q) and a polydisperse spheres model described by a volume-
weighted log-normal distribution [37]. The scattering data are fitted
to the following expression:

I(q) =Aq"+C- /PS(q7 R) V(R)D(R)dR

where A-q~" corresponds to the power law where A and n are free pa-
rameters; C is a scaling constant, P the sphere form factor, V the particle
volumes and D(R) the log-normal size distribution. The sphere form
factor is given by:

Pi(¢,R) _<3 (qR)3

and the log-normal distribution by:

(e

= €X]
Ro\2rm P 202

where ¢ is the variance and Ro the geometric mean of the log-normal
distribution. The fitting was done using home written MATLAB code
to optimize agreement between data and model. The free parameters in
the model are: A, n, R,s, and C. R was evaluated in A and the diameter of

the NP was evaluated in nm as0.2e("®+%) £ 0.2/(e” —1)e@n®+7),

3. Results and discussion
3.1. In situ XANES

In order to provide insight into the effect of different NaOH/Pt molar
ratios on the formation kinetics of Pt NPs, in situ XANES studies were
first performed. Conveniently, the beam induces a nucleation and thus
the formation of the NPs did not require an advanced set up. By simply
exposing the reaction solution to the X-ray beam, a clear darker line is
observed in the solution containing the precursor in few seconds to
minutes. This darker line follows the direction and axis of the incident
beam and is attributed to the formation of colloidal NPs. This is
confirmed by evaluating the relative ratios of Pt species in different
oxidation states by LCF analysis of the XANES data. The changes in the
relative quantities of pt"Y, Pt" and Pt° as a function of time of exposure to
the beam for a concentration of 4 mM H,PtClg and NaOH/Pt ratios of
2.25,4.50, 10 and 20, are shown in Fig. 3. Without adding NaOH and for
the time of exposure considered here, no metallic NPs (Pt%) are formed.

A clear trend observed for all samples is the decrease in the PtV
species while Pt!! species form over time and only later Pt° is generated
e.g. as shown in Fig. 3d. These results are in agreement with the
generally assumed reduction mechanism of Pt precursors to form
metallic NPs. Although the detailed mechanism of reduction of Pt pre-
cursors to NPs is still debated [3,7,13,14,19,38], the general pathway is
considered to be as follow: first, the Pt'V species are converted to Pt'.
This corresponds to an induction phase during synthesis with almost no
noticeable change in the color of the solutions. After this induction
period, the formation of darker spot in the solution suggests that
nucleation occurs and this corresponds to the reduction of the Pt spe-
cies to Pt°, followed by a growth of NPs (Pt®). This general trend is
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Fig. 3. LCF analysis of the XANES data for beam induced reduction of 4 mM H,PtCle with different NaOH/Pt molar ratios of (a) 2.25, (b) 4.50, (c) 10 and (d) 20 in
alkaline ethylene glycol. Every data point has error bars, but some are too small to be seen on the plot.

especially clear in Fig. 3d. Another trend from this set of data is that the
time needed to form Pt NPs, e.g. defined as an amount of Pt° species >
15 wt%, increases as the NaOH/Pt molar ratio increases. For lower
NaOH/Pt molar ratio, e.g. of 2.25, some Pt° is detected after only 100 s
after exposure to the beam whereas it takes up to 300 s for higher NaOH/
Pt ratio, e.g. 20. The results show that a higher NaOH concentration
leads to a longer time to observe nucleation and growth of Pt NPs.

The apparent steady state and partial conversion to Pt® obtained
(<30 wt%) in these data probably comes from the fact that the volume of
solution probed by the beam was very small as compared to the total
volume. Slow diffusion of the species in the viscous ethylene glycol
solvent outside the volume probed by the beam can account for the
limited apparent yield. In Fig. 3c, the sudden formation of Pt® is
consistent with observation by eye that the reaction seems more pro-
gressive at lower and higher NaOH/Pt molar ratio and can be attributed
to a burst-like formation mechanism [7,39] The experimental conditions
remain relatively uncontrolled in this respect and the high energy of the
beam can render detailed analysis challenging. In particular, the role of
X-rays to induce the synthesis or to generate heat due to the high in-
tensity provided by synchrotron beams, is not clear. Several reports
using different Pt syntheses do not stress what happens at room condi-
tion without incentive to initiate the reaction [15,40]. Thus, we want to
emphasize that if the opportunity to use beam-induced synthesis is here
exploited, the results, however, need to be considered with care and may
not be fully representative of what is happening when the synthesis if
thermally induced. Nevertheless, these experiments give a general un-
derstanding of the reduction steps of the Pt precursor.

3.2. In situ SAXS measurements

To further relate the kinetics of NP formation observed to size con-
trol, in situ SAXS measurements were performed. SAXS measurements
make it possible to retrieve the size of the NPs after analysis of the

scattering patterns obtained under exposure to X-rays [37]. Several
parameters e.g. Pt precursor concentration, NaOH/Pt ratio and tem-
perature were considered for this study. The concentration of HaPtClg
was 4 mM or 10 mM, while the temperature range was from 30 to
140 °C. The NaOH/Pt molar ratios were varied from 0, 2.25, 4.50, 10 to
20. The related experimental conditions and the color code used
thereafter are summarized in Table 1. In contrast to previous in situ SAXS
work [39], the present study scrutinizes for the first time several
different NaOH/Pt molar ratios as well as different temperatures and
different initial concentrations of HyPtCle. In particular, both the Pt
precursor concentration and the NaOH concentration are changed at the
same time while their molar ratio is kept constant.

In order to discard any effect of the X-ray source used for the in situ
SAXS experiments on the nucleation and formation of the Pt NPs,
reference experiments at low temperature, see entry A in Table 1, and
relatively low temperature, e.g. 85 °C see entry B in Table 1, were per-
formed. For a set of experiments performed at 30 °C, no NP formation
could be probed even after more than 8 h of exposure to X-rays, see
Figure S2-S3. This difference with the XANES data can be inferred to the
much lower intensity of the laboratory source compared to a synchro-
tron beam. In the case of the experiment performed at 85 °C, a small
increase of the NP diameter is observed over time, but it takes more than
5 h to record a significant increase and evaluate a diameter larger than
0.5 nm, see Figure S4. It is therefore concluded that the X-ray source
used here has a minor influence on the NP formation in agreement with
previous report [39]. The surfactant-free synthesis of Pt NPs in alkaline
ethylene glycol is reported to best proceed above 100 °C and typically is
carried out at around 160 °C [32] The results obtained here at 85 °C
confirm this statement.

It is commonly agreed that without NaOH, no NPs are formed [4,31].
Our results also confirm this statement. In the experiments carried out
without NaOH, see entries C or H in Table 1, either no reaction seems to
happen (e.g. at lower temperature and low concentration) or a black
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Table 1
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Overview of samples and experimental parameters for in situ SAXS. The mean sizes reported correspond to the end of the experiment.

Entry H,PtClg [mM] NaOH [mM] NaOH/Pt T [°C] Time [h] Symbol Mean size [nm]
A 10 45 4.50 30 8.7 A -

B 4 80 20 85 10.7 * 0.7 + 0.3
C 10 0 0 125 8.0 [ ] -

D 4 9 2.25 95 1.5 A 3.9+0.2
E 4 18 4.50 95 1.2 [ ] 2.6 + 0.8
F 4 40 10 95 1.4 * 0.7 + 0.3
G 4 80 20 95 4.0 * 0.8 + 0.3
H 4 0 0 110 2.6 [ ] -

1 4 9 2.25 110 2.9 A 2.4+0.8
J 4 18 4.5 110 3.0 [ ] 2.5+ 0.8
K 4 40 10 110 5.4 * 0.6 + 0.3
L 4 80 20 110 2.1 * 0.7 £ 0.3
M 10 22.5 2.25 95 2.5 A 4.7 £ 0.1
N 10 45 4.50 95 1.9 [ ] 2.6 +0.7
(o] 10 100 10 95 4.1 * 1.0+ 0.3
P 10 200 20 95 4.2 'S 0.7 + 0.4
Q 10 22.5 2.25 110 1.1 A 3.3+0.4
R 10 45 4.50 110 1.1 [ ] 2.3+ 0.5
S 10 100 10 110 2.4 * 1.0 +£ 0.4
T 10 200 20 110 3.3 > 1.0+ 0.3
U 10 200 20 125 1.7 > 1.0+ 1.0
v 10 200 20 140 1.8 * 0.9 + 0.4

deposition is observed but no colloidal dispersions are obtained (higher
temperature and higher concentration), see Figure S2, S5.

Several experiments were then performed at 95° C and 110 °C. These
temperatures are relatively low for the polyol synthesis, which is typi-
cally performed above 150 °C [32]. These values were chosen to slow
down NP formation kinetics to investigate the effect of other parameters
like HyPtClg concentration and NaOH/Pt molar ratio. For a

NaOH/Pt 2.25 4.5
95 °C

4 mM

110°C

concentration of 4 mM H,PtClg and NaOH/Pt molar ratio of 2.25, no
reaction seems to occur at 95 °C, whereas at 110 °C a dark film is formed
that covers the inner wall of the capillaries, indicating the reduction of
the soluble Pt species to more bulk-like platinum, see Figure S6. In both
cases, no colloidal dispersions are obtained (see entries D and I in
Table 1). For the other NaOH/Pt molar ratios of 4.50, 10 and 20,
colloidal dispersions are obtained (see entries E, F, G and J, K, L in

10 20

Fig. 4. TEM micrographs of the surfactant-free Pt NPs obtained under different experimental conditions: HyPtClg concentration, temperature and NaOH/Pt molar
ratio, as indicated. All micrographs were recorded at the same magnification and the scale bar is 20 nm. Pictures of the related solutions colloidal dispersions are

displayed in Figure S6.
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Table 1). For a concentration of 10 mM HyPtClg, colloidal dispersions
are formed at NaOH/Pt molar ratios of 2.25, 4.5, 10 and 20 (see entries
M to T in Table 1).

To confirm that NPs are formed and size control is achieved, TEM
analysis of the samples was performed after in situ SAXS synthesis, see
Fig. 4. A clear trend towards smaller size of formed NPs as the NaOH/Pt
molar ratio increases is confirmed. It was also more challenging to find
NPs on the grids corresponding to experiments performed at higher
NaOH/Pt molar ratios (e.g. 20) which suggests - without being an ab-
solute proof - a limited yield under these conditions. As the concentration
of NaOH increases (e.g. for a given temperature and a given HyPtClg
concentration) the resulting suspensions after reaction were lighter, see
Figure S6. Since the time of synthesis was about the same for experi-
ments conducted at NaOH/Pt molar ratio of 2.25 and 4.50, see Table 1,
these results stress that indeed a certain amount, i.e. enough, NaOH is
required for the reaction to proceed to the formation of colloids. The
reactions at NaOH/Pt ratios of 10 and 20 were longer than those at lower
NaOH/Pt ratio, yet the resulting solutions were lighter. This is especially
marked for the set of experiments with 10 mM HyPtClg performed at
95 °C, Figure S6, and is in agreement with previous reports [39]. This
can be explained by a lower conversion yield of HyPtClg to NPs and/or
different NP size obtained under these conditions. These two hypotheses
are further discussed below in light of the time dependence of the NP
diameter.

3.3. Influence of NaOH/Pt ratio on nanoparticle diameter over time

To discuss the effect of the NaOH/Pt molar ratios in detail, the
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evolution of the NP diameter as a function of time retrieved from in situ
SAXS experiments was studied and is illustrated in Fig. 5. The general
intensity profile obtained is in line with previous reports [39]. For a
period of time, data fitting is poor due to low signal-to-background ratio
and extremely small NP sizes with high size deviation are retrieved.
After an induction period, a clear size increase is observed while the
standard deviation on the evaluated diameter retrieved from SAXS
analysis is relatively small despite the absence of surfactant, in agree-
ment with previous work [35,39].

In situ SAXS analysis confirms that as the NaOH/Pt molar ratio in-
creases, smaller NPs are obtained. It is observed that size and general
time dependency of the diameter are the same for a given NaOH/Pt ratio
regardless of HoPtClg concentration, NaOH concentration or tempera-
ture. For a NaOH/Pt molar ratio of 2.25, corresponding to data points
indicated with triangles in Fig. 6, after a period of ca. 1 h where the size
of the NPs increases, a size decrease is observed. This can be related to a
decrease in the intensity recorded, Figure S7, indicative of the forma-
tion of macroscopic structures like films, as evidenced from the photo-
graphs in Figure S6 with black spots and no colloidal dispersions. This
confirms that a minimum NaOH/Pt molar ratio is required to perform
the synthesis and to obtain a colloidal dispersion of NPs.

For higher NaOH/Pt molar ratio, colloidal dispersions are achieved.
The size obtained with a NaOH/Pt ratio of 4.5 is around 2.5 nm in all
samples. For NaOH/Pt molar ratios of 10 and 20 the size obtained is
about the same and around 1.0 nm. At these higher NaOH/Pt ratio, the
time needed to reach a constant diameter is longer than at lower NaOH/
Pt ratios, in good agreement with the XANES data discussed above in
Fig. 3 as well as previous observations that too high NaOH
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Fig. 5. NP diameter estimated by in situ SAXS characterisation for Pt NPs obtained using different experimental conditions: H,PtClg concentration (4 or 10 mM),
temperature (95 or 110 °C) and NaOH/Pt molar ratio (2.25: triangle; 4.50: square; 10: pentagon; 20: star), as indicated. Example of the related fits can be found in
Figure S8. Every data point has error bars, but some are too small to be seen on the plot.
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Fig. 6. NP diameter estimated from in situ SAXS data for Pt NPs obtained using
10 mM H,PtClg concentration, a NaOH/Pt molar ratio of 20 and temperature as
indicated. For clarity, the error bars are not displayed when they were greater
than 1 nm due to low signal-to-background-ratio at the beginning of the syn-
thesis typically leading to a size estimation below 0.1 nm.

concentrations slow down the reaction when the HoPtClg concentration
is fixed [39]. For a concentration of 10 mM HyPtClg, it is especially clear
here that for a NaOH/Pt molar ratio of 20 the growth kinetics is slower
than for a NaOH/Pt ratio of 10.

These observations can be rationalized in light of the stabilization
mechanism of the NPs and in particular via surface stabilization. It is
expected that slow reduction kinetics lead to fewer seed formation and
favor the growth of larger and polydispersed NPs. The formation of
relatively monodispersed Pt NPs is then often described to proceed via a
‘burst-like’ phenomenon where suddenly several seeds form [41]. This
type of behavior is especially clear at higher temperature, see Fig. 5 and
also observed using alkaline methanol as solvent [38]. However, this
model requiring a burst was recently challenged and it was described
that relatively monodispersed NPs could be obtained provided that
‘smaller particles grow faster than larger ones’ [42]. A possible explanation
for this comes from the ligand effect where ligand will slow down the
growth of the larger NPs [43].

A ligand effect may actually be found in the present case, despite the
absence of surfactant. First, multiple NaOH concentration-dependent
equilibria are expected between the various Pt complexes possibly
formed such a PtIVCI%_, PtHCﬁ_, PtH(OH)Azf and the formed NPs. This
can first account for the different formation kinetics observed for
different NaOH/Pt molar ratios [44]. The role of glycolate more likely
formed under alkaline conditions cannot be excluded in the stabilization
of smaller NPs [34]. It is also expected that CO and OH- species present
on the Pt NP surface contribute to the stabilization [33,35]. In relative
high amount of base, and thus higher NaOH/Pt ratio, the hydroxyl-
related protection is more likely. The resulting electrostatic repulsion
of the negatively charged complexes like Pt'Cl13~ and negatively charged
NPs may limit the growth of already formed NPs by preventing further
reduction of the Pt" on their surface. This as well could account for the
formation of smaller NPs at high NaOH/Pt molar ratio. Furthermore, it
well documented that adsorbed CO (CO,q) is observed on Pt NP surface
in ethylene glycol [33,38,45] and the formation of COyq is relatively
slow. The slower kinetics for NP formation observed for high NaOH/Pt
molar ratio may favor the formation of enough CO,q that stabilize the
slowly growing NPs. The CO,q protection may take place only at large
enough NPs, ca. 1 nm, where enough favorable sites for CO adsorption
are formed and thus smaller particles grow faster than larger ones. At low
NaOH/Pt molar ratio the adsorption of CO may be too slow to happen
compared to the fast formation of the NPs. This phenomena would
explain the size around 1 nm reproducibly achieved here across various
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experimental conditions.
3.4. Effect of temperature

At a lower concentration of 4 mM HyPtClg and regardless of the
NaOH/Pt ratio, the NP formation kinetics are very similar whether the
synthesis was performed at 95 or 110 °C, see Fig. 5a,b. However, for 10
mM H,PtClg the formation of NPs proceeds faster at higher temperature,
see Fig. 5¢, d. Since it is established that a NaOH/Pt ratio of 20 is a
suitable ratio to obtain small NPs but that this ratio could lead to slow
kinetics at low temperature, the effect of temperature for these experi-
mental conditions was further investigated (see entries P, T, U and V in
Table 1). The evaluated NP diameters are displayed in Fig. 6, see also
Figure S9-S10 for the SAXS data and related fits. The size obtained for
all experiment show a similar plateau always around 1.0 nm regardless
of the temperature. This confirms that a high NaOH/Pt molar ratio is key
to achieve reliable size control of small NPs but this size control is
robustly reproduced regardless of other parameters like temperature. As
the temperature increases, it takes less time to reach a stable intensity
signal in the in situ SAXS experiments, indicative that the NPs formation
has already been completed. The color of the colloidal dispersion ob-
tained in all cases is darker, suggesting a higher yield for NP formation,
despite shorter time of synthesis, see Figure S11. These results are in
line and justify the choice to typically perform the synthesis at 150 °C or
above [32].

4. Conclusions

The study presented confirms that surfactant-free syntheses are ideal
model reactions to gain more insight into the formation mechanism of
NPs. Rational guidelines to select experimental parameters, previously
chosen more by empirical approaches and trials and errors, are obtained
to optimize the synthesis of surfactant-free Pt NPs in alkaline ethylene
glycol and to improve reproducibility. In situ beam-induced synthesis
studied by XANES using H,PtClg as Pt precursor confirm a reduction
mechanism from PtV to Pt" and then to Pt’. NaOH/Pt ratios larger than
2.25 are required to obtain colloidal dispersions in a reproducible way.
At high NaOH/Pt molar ratios of 10-20, a fine size control around or
even below 1.0 nm is obtained. The results suggest that even higher
NaOH/Pt molar ratios will not bring any benefit to the synthesis. This
finding is related to slower NP formation kinetics.

On a practical note, with the increasing interest in modelling and
machine learning to achieve materials by design, large set of data will be
needed to feed algorithms [46]. It is shown here that the surfactant-free
polyol synthesis is an ideal model synthesis to acquire such information
for Pt; and also for other metals like Ir or Ru [31,45,47]. On a funda-
mental note, the results indicate different particle formation kinetics for
different NaOH/Pt molar ratios, e.g. 10 or 20. However, the resulting
particle size is the same. This finding is linked to the known surface
functionalization of the NP with OH- and CO,q groups formed from the
solvent oxidation. However, the results call for further characterization
at the molecular level, to understand further in details the mechanism of
nucleation and growth of surfactant-free nanomaterials.
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