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P P Y moments of Pt ions in solution until the formation of metallic nanoparticles with

a mean diameter of 4.9 £ 1.1 nm. By monitoring the changes in the local
chemical environment of the Pt atoms in real time, it was possible to observe
that the NPs formation kinetics involved two stages: a reduction-nucleation
burst followed by a slow growth and stabilization of NPs. Subsequently, the
synthesized Pt NPs were supported on activated carbon and characterized by
synchrotron-radiation-excited X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD) and extended X-ray absorption fine structure (EXAFS). The
supported Pt NPs remained in the metallic chemical state and with a reduced
size, presenting slight lattice parameter contraction in comparison with the bulk
Pt values.
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1. Introduction

Optimized control of the electronic and structural properties
of nanomaterials is determinant for tailoring their final
application. A wide range of experimental techniques have
been applied for this task; in particular, X-ray absorption
spectroscopy (XAS) is one of the most powerful tools used to
investigate advanced materials on the atomic level. For this
purpose, in situ dispersive X-ray absorption spectroscopy
(DXAS) measurements allow time-resolved structural and
electronic information to be obtained under operando
conditions, since these experiments can be carried out over a
wide range of temperatures, pressures and environments
(Bordiga et al., 2013).

Considering the area of catalysis, in situ DXAS measure-
ments have proven to be very efficient for monitoring and
understanding many chemical reactions (Boita et al., 2014a,b;
Erickson et al., 2011; Bernardi et al., 2010, 2011; Hannemann et
al., 2007; Girardon et al., 2005; Guilera et al., 2009; Odzak et al.,
2001). In recent years, our group has performed XAS and
DXAS experiments on advanced catalysts during processes
under specific atmospheres. Recently, this technique was used
to investigate the behaviour of Pt,Pd, , nanoparticles (NPs)
during reduction and sulfidation processes (Bernardi et al.,
2011), and enabled us to follow changes in the atomic
arrangement and chemical environment of Pt and Pd atoms
© 2015 International Union of Crystallography during these processes. In a recent work (Boita et al., 2014a),
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time-resolved XAS was applied to investigate the sulfidation
process in Ptg;Pdg; NPs and its reversibility by a reduction
process.

It is known that the full potentialities of an experimental
technique applied to any research problem depend on the
availability of proper instrumentation. For XAS measure-
ments of solid samples, many reactors, or reaction cells, have
been developed in order to make in situ measurements
possible. Erickson and co-workers. (Erickson et al., 2011), for
example, developed an electrochemical cell for in situ XAS
studies, which allows a high flow of oxygen to the working
electrode through a window of poly(dimethylsiloxane),
allowing XAS studies during oxygen reduction eletrocatalysis.
Hannemann and collaborators (Hannemann et al., 2007)
developed a reactor for XAS (in fluorescence mode) and
transmission X-ray diffraction analysis during catalytic
processes. Their design allowed structural studies during the
reduction of metallic particles supported on Al,O3 and CeOs,.
Many other experimental apparatus for XAS measurements
of solid samples may be found in the literature (Bernardi et al.,
2007; Watanabe et al., 2007), but reaction cells for liquids are
scarce. In this case, it is common to place the liquid sample in
homemade cells closed with Kapton® films. Sarma et al
(2007), for example, used a PTFE cell for their XAS
measurements during the formation of Pt-Ru NPs in ethylene
glycol. They collected aliquots of the solution at different
stages of the synthesis that were then placed in the XAS cell.

To enable acquiring time-resolved XAS data during reac-
tions in liquid media, we recently developed a reaction cell
which was employed for studying the formation of copper
compounds by in situ DXAS (Boita et al., 2014b). To perform
the present work, this cell was attached to a homemade liquid
dispenser, which allows remote control of the dosing speed of
solutions into the reaction cell. In this paper, we describe the
complete experimental apparatus that allowed the acquisition
of time-resolved DXAS data during the entire reactive
process in the liquid phase. It can be used to study a wide
range of reactions, although here we focused on monitoring
the kinetics of platinum nanoparticle formation in an aqueous
solution. Recently (Boita et al, 2014c), we employed the
instrumentation discussed here to study the formation
mechanism of small platinum nanoparticles obtained by the
polyol method in ethylene glycol.

Pt NPs have a wide range of applications (Zhang et al., 2013;
Ramalingam et al., 2013; Steinfeldt, 2012; Harada & Kami-
gaito, 2011; Scheeren et al., 2003), and many methods to
synthesize them have been developed; for example, using
sputtering (Ramalingam et al., 2013), synthesis in ionic liquids
(Scheeren et al., 2003) and polyol synthesis (Kim et al., 2006),
among others. The synthesis presented here is a variation of
that employed in a previous work for obtaining Pd NPs
(Castegnaro et al., 2013) using an eco-friendly wet chemical
route based on the reduction of a metal salt by ascorbic acid.
Therefore, we report here on time-resolved DXAS analysis
during the formation of Pt NPs as well as the ex situ char-
acterization results by transmission electron microscopy
(TEM), high-resolution transmission electron microscopy

(HRTEM), X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), and extended X-ray absorption fine
structure (EXAFS) of the as-prepared and carbon-supported
Pt NPs (Pt/C).

2. Experimental methods
2.1. Experimental setup for in situ XAS

In order to follow the evolution of the Pt atomic environ-
ment during the formation of Pt NPs in solution, a dispenser—
reactor apparatus was designed and built (Fig. 1). A liquid
dispenser allowed us to remotely control the dosing speed of
solutions into the attached reaction cell. This dispenser was
designed to adjust the flow velocity of the reagents by
controlling the speed of a stepper motor. As shown in Fig. 1,
two linear spindles are triggered by the motor to push the
pistons of the syringes, injecting the solution into the reaction
cell. The dispenser is basically composed of the following
parts, which are indexed in Fig. 1: a stepper motor with a step
size of 3 mm (I), which enables the clockwise and counter-
clockwise movement of the pulley system (II), which is
composed of two belt pulleys (step size 3 mm) coupled to a
pair of spindles. The spindles move an aluminium rod verti-
cally, with the goal of pushing the syringe system (III), and
inject the liquid into the reaction cell (VI) at a finely tuned
rate. This rate was remotely controlled by the electronics
coupled to the system (IV), which allowed the liquid dispen-
sing rate to be adjusted between 0.06 ml s~ and 0.48 mls ™",
using three syringes with a volume of 5 ml. For applications
which require different dosing speeds, in addition to the
stepper motor speed adjustment, it is also possible to change
the number and/or the volume capacities of the syringes used
for adding the reactants, adjusting the dosing flow. Never-
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Figure 1

Apparatus used during the in situ DXAS experiments. The indexed parts
are: stepper motor (I), pulley system (II), syringe system (IIT), electronic
circuits (IV), supporting plate (V) and reaction cell (VI).
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theless, prior to the synchrotron experiments, it is mandatory
to perform several syntheses with the apparatus in order to
find the correct dosing speed that provides the desired nano-
particles size distribution. The reaction cell has been described
in a recent work (Boita et al., 2014b). The whole system is
attached to a metallic plate (V), which can be coupled to the
three-axis motorized stage of the beamline end-station,
making it easy to align the reactor windows with the
synchrotron X-ray beam path.

In this paper, we applied the proposed apparatus to follow
DXAS measurements at the Pt L;-edge during the formation
of Pt NPs in aqueous solution. Details of the chemical reaction
are presented below.

2.2. Nanoparticle synthesis

The synthesis employed to obtain platinum NPs consisted of
a wet chemical reduction method at room temperature that
used eco-friendly stabilizing and reducing agents, namely
sodium citrate and ascorbic acid, respectively. Recently, we
have successfully obtained Pd nanoworms using this same
method (Castegnaro et al., 2013). Here, our main goal was to
follow the kinetics of Pt NP formation by observing the
changes in the vicinities of the Pt atoms in the solution.

The in situ dispersive XAS study was carried out using the
experimental setup described in the previous section. The
synthesis reaction was carried out at room temperature and
under constant stirring, and all the solutions employed de-
ionized water as the solvent. Initially, a 0.02 mmol solution of
K,PtClg (Vetec) and a 0.15 mmol solution of sodium citrate
(Sigma-Aldrich) were mixed in the reaction cell. The volume
of this starting solution was sufficient to completely cover the
Kapton® windows of the reaction cell. After 10 min under
constant stirring, the addition of the reducing agent was
initiated, ie. an aqueous solution containing 3 mmol of
ascorbic acid (Vetec) was added at a dosing rate of 0.38 ml s~ !
in 22 s. The total reaction solution in the cell was 20 ml. The
dosing speed and time, as well as the molarity and volume of
the solutions of each reactant, were previously determined
in our laboratory for achieving monodisperse Pt NPs. After
150 min of reaction, the final colloidal solution was adsorbed
on activated carbon (Pt/C), using the method previously
described (Castegnaro et al., 2013) for obtaining a noble
metal-based heterogeneous catalyst.

2.3. In situ DXAS measurements

In situ DXAS experiments aim to monitor the Pt L;-edge
(11564 eV) during the formation of Pt NPs. These measure-
ments were performed at the DXAS beamline at the LNLS
(Brazilian Synchrotron Light Laboratory) (Cezar et al., 2010).
The LNLS storage ring operates at 1.37 GeV with a maximum
fill current of 250 mA. The beamline monochromator consists
of a curved Si(111) crystal (dispersive polychromator) that
focuses the beam on the horizontal plane to about 150 pm. A
vertical focusing to about 200 um is provided by a Rh-coated
mirror. The incident X-ray beam flux at the sample position
was 2 x 10" photons mm 2 s at 14 keV and 100 mA stored

beam current. The beamline energy resolution at the Pt -
edge was 2.9 eV. The reaction cell was installed at the beam-
line, taking care to place it at the X-ray beam focal point. The
time-resolved spectra were collected by a position-sensitive
CCD camera. The acquisition time of each spectrum was 6.3 s.

2.4. Ex situ measurements

Transmission electron micrographs of the as-prepared Pt
NPs were obtained using a Jeol JEM-1200 EX II working at an
accelerating voltage of 100 k'V. For this, a drop of the colloidal
solution was placed on a Formvar-coated copper grid (300
mesh, TED PELLA) and dried at room temperature in a
desiccator. About 850 NPs from different parts of the image
were taken into account (Image J 1.45) in order to estimate
the size distribution of the NPs, which were fitted (Origin-
Pro8) considering a Gaussian—Lorentzian sum function. The
high-resolution TEM (HRTEM) analysis was performed in a
Jeol JEM-3010 URP microscope at LNNano (Brazilian
Nanotechnology National Laboratory) working at 300 kV.
The sample was prepared by placing a drop of the as-prepared
colloid on a copper grid coated with an ultrathin carbon film
supported by a lacey carbon film (400 mesh, TED PELLA).

The carbon-supported Pt NPs (Pt/C) were later analyzed
at the SXS beamline (Tolentino et al, 1998) at LNLS for
synchrotron-excited XPS measurements. The use of synchro-
tron radiation provided spectra with an intense signal and an
excellent overall energy resolution. The spectra were collected
using an InSb(111) double-crystal monochromator at fixed
photon energy of 1840 eV. The hemispherical electron
analyzer (SPECS Phoibos 150) was set at a pass energy of
30 eV and the energy step was 0.1 eV, with an acquisition time
of 500 ms per point. The energy calibration of the analyzer was
performed using a standard Au foil [Au 4f;, peak at 84 eV
(Moulder et al., 1992)]. The C 1s peak [284.5 eV (Moulder et
al., 1992)] was considered as an internal reference in order to
verify possible charging effects. The accuracy of the experi-
mental binding energy values was £0.1 eV. The sample was
placed on carbon tape and the XPS spectra were collected at
a 45° take-off angle, at room temperature. The base pressure
inside the analysis chamber was about 8 x 10~'° mbar. XPS
Peak (version 4.1) was used to fit the XPS data. All peaks were
adjusted using a Shirley-type background (Seah & Brown,
1999) and an asymmetric Gaussian—-Lorentzian sum function
(20% Lorentzian contribution).

The XRD measurements were performed on Pt/C samples
using a Siemens D500 with Cu K|, radiation (17.5 mA, 40 kV
and A = 1.54 A) The step size was 0.05° and the acquisition
time was 1 s per point, ranging from 20° to 90°. The diffraction
peaks were indexed using the Crystallographica Search-Match
(version 2.1.1.1) and ICSD database (ICSD number 64917).
The FULLPROF package (version 5.20) was used for struc-
ture profile refinement by the Rietveld method, using a
modified pseudo-Voigt function (Finger et al., 1994) for peak
fitting and CIF number 64917 as the reference. Using the peak
positions and full width at half-maximum (FWHM) obtained
from the Rietveld refinement, Scherrer’s equation was applied
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(supposing spherical crystallites) to estimate the crystallite
mean size from the XRD pattern.

The steady-mode XAS experiments were performed on
the Pt/C sample using the XAFS1 beamline of the LNLS
(Tolentino et al., 2001). The XAS spectra were collected at the
Pt L;-edge using a channel-cut Si(111) crystal and three argon-
filled ionization chambers. A standard Pt foil was used for
energy calibration. Four scans were collected in order to
improve the signal-to-noise ratio. Each spectrum was acquired
in the range 11440-12200 eV with a 2 eV step and 2 s per
point.

2.5. XANES and EXAFS data analysis

The time-resolved DXAS data acquired during the reaction
were analyzed to extract the kinetics of the Pt fraction during
the formation of Pt NPs. The initial XANES curve of the
reaction and that of the Pt/C powder were chosen as reference
curves of the Pt** and Pt° chemical states, respectively, and
used to evaluate the temporal evolution of the XANES
spectra. The following equation was used for the linear
combination: i, = C;u*" + C,u°, where j1, is the observed
absorption coefficient, while 1° and u*" are the two repre-
sentative XANES curves of Pt’ (Pt/C powder) and Pt*" (first
spectrum collected), respectively. The corresponding coeffi-
cients were normalized (C; + C, = 1) in order to quantify the
relative fraction of each chemical species. The ATHENA
(Ravel & Newville, 2005) program was used for the linear
combination procedures.

The in situ XAS spectra were analyzed in accordance with
the standard procedure of data reduction (Koningsberger &
Prins, 1988), using the IFEFFIT package (Newville, 2001). The
FEFFS code was used to obtain the phase shift and scattering
amplitudes (Zabinsky et al, 1995), considering a Pt face-
centred-cubic (lattice parameter a = 3.911 A) cluster with a
radius of 10 A. The EXAFS signal (k) was extracted and
then Fourier transformed (FT) using a Kaiser-Bessel window
with a Ak range of 8.0 A for the Pt Ls-edge. The y(k) data
were k*-weighted to compensate for the damping of EXAFS
oscillations in the high-k region. During the EXAFS fitting,
the number of free parameters (used as variables in the fitting
procedure) was always lower than the number of independent
points in the fitted region. The amplitude reduction term (SZ)
value was fixed at 0.86, which was obtained from the fitting of
standard Pt foil.

3. Results and discussion
3.1. In situ DXAS

The reduction of K,PtCls by ascorbic acid during the
formation of Pt NPs at room temperature was monitored by
time-resolved DXAS. Prior to the main experiment, we
collected the XANES spectra of the reference aqueous solu-
tions, namely K,PtCls and the mixture of K,PtCls and sodium
citrate (SC). Note that the K,PtCls + SC mixture was the
starting solution for the reaction. The spectra are shown in
Fig. 2, along with the spectra of standard PtO, and Pt foil. The
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Figure 2
Pt L;-edge XANES spectra obtained for reference solutions (K,PtClg,
and K,PtCls + SC), standard PtO, and Pt foil.

XANES spectra in Fig. 2 were normalized and displaced
vertically for ease of comparison.

The XANES curve acquired for the reference solution
K,PtCl, showed the typical features of Pt** in an octahedral
geometry (Ankudinov et al, 2000; Boita et al., 2014c). Addi-
tionally, it has been reported that the peak at 11580 eV occurs
due to final state effects that take place in hybridized d orbitals
originating from the Pt-Cl interaction (Sham, 1986). The
spectrum of the starting solution (K,PtCls + SC) presents the
same features, implying that the addition of SC did not change
the chemical state and environment of the absorber atom. We
have not observed changes in the XANES spectra due to
exposition to photons from the beamline, and therefore no
indication of NP formation induced by X-ray radiolysis.

Fig. 3 shows the time-resolved XANES data collected
during the formation of Pt NPs in solution. One may observe
how three prominent features (A, B and C at 11567 eV,
11580 eV and 11595 eV, respectively) evolve during the reac-
tion. The reaction was initiated by the addition of ascorbic
acid (0 min of reaction) solution into the starting solution by
the dispenser. As can be inferred from the decrease in the
intensity of the white line, the reduction of the Pt** species was
a quick process. During the first 12.6 s after initiating ascorbic
acid solution dosing, the most significant changes in the Pt Ls-
edge XANES were noticeable.

Initially, a clear decrease in the intensity of the white line
(feature A) could be observed, this effect is due to the occu-
pation of the existing holes in the 5d band, and it indicates a
reduction in the oxidation state of the absorber atoms. In fact,
it is expected that, at a lower intensity of the white line, the
electron occupancy of the valence orbitals is higher and the
oxidation state of the Pt absorber is lower (Sham, 1986;

J. Synchrotron Rad. (2015). 22, 736—-744
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Figure 3

Evolution of the XANES region during Pt NP formation. The overall
reaction was monitored for 145.4 min. The accumulation time for each
spectrum was 6.3 s during the first 4.3 min of reaction. After this time, one
spectrum was collected every 31.5 s to improve the signal-to-noise ratio.

Ankudinov et al, 2000). Additionally, a new peak appeared,
feature C, which is a characteristic of metallic platinum
(Ankudinov et al., 2000; Bernardi et al., 2010). As the reaction
evolved, the general shape of the XANES spectrum became
more akin to the standard Pt foil, but with a remarkable
damping of the oscillations. This damping may be due to
thermal and structural disorder, or it may be an effect of
reducing the coordination number of Pt in the nano-sized
particles (Frenkel et al., 2001; Frenkel, 2012).

The changes in the Pt L;-edge XANES region during the
reaction can be better observed in Fig. 4(a), where 30 spectra
have been selected (see also Fig. S2 in the supporting infor-
mation). Additionally, Fig. 4(b) shows a comparison between
the data acquired just before the addition of ascorbic acid
(0 min of reaction), the spectrum collected at the end of the
reaction (145.4 min), the XANES of carbon-supported Pt NPs
(Pt/C) and the XANES of the reference Pt foil. It is clear that
the latter three spectra are very similar, indicating that the
reduction process was achieved and thereby the synthesis led
to Pt” NPs. Moreover, we also concluded from these XANES
signals that the process of adsorption on activated carbon did
not change the oxidation state of the Pt absorber atoms, and
thus metallic Pt NPs are available for catalytic processes in the
Pt/C powder.

A typical linear combination of a XANES spectrum that
yielded the relative fraction of Pt** (green curve) and Pt’ in Pt/
C powder (blue curve) is shown in Fig. 5(a) for the spectrum
(open circles) collected after 6.3 s of the reaction. The frac-
tions of metallic platinum (C, values) obtained from the linear
combination of several XANES curves collected during the
in situ measurement are shown in Fig. 5(b). Each point
corresponds to the linear combination of a selected XANES
spectrum.

As qualitatively predicted by the time-resolved curves in
Fig. 3, Fig. 5(b) indicates that the reduction of Pt** to Pt’ is a
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(a) Representative XANES curves revealing the changes during the
formation of Pt NPs. () Comparison between the Pt foil XANES, the
first (0 min) and the last (145.4 min) spectra collected during the reaction,
and the spectrum of carbon-supported Pt NPs (Pt/C).

fast process that takes place mostly during the first seconds of
the reaction. In fact, after about 100 s, the Pt contribution
in the XANES spectrum was almost 70%. At 300s, the Pt
fraction was about 80%. After that, the amount of metallic
platinum slowly went up to almost 100%. Therefore, it was
possible to observe two distinct stages during the time
evolution of the reaction in Fig. 5(b). The first corresponds to
the nucleation. The sudden increase in %Pt’ can be inter-
preted as the transition from early nuclei to small nano-
particles. This is a typical behaviour of a fast and limited
nucleation process, ignited by the reduction of the salt
precursor by ascorbic acid, which is in accordance with
LaMer’s nucleation burst scenario (LaMer & Dinegar, 1950).
In this case, the high rate of nucleation leads to the burst of
nuclei formation in a short period of time, and consequently
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Linear combination of time-resolved XANES data: (@) linear combina-
tion of the curve measured at ¢ = 6.3 s using a linear combination of Pt**
(1*) and Pt° (1°) XANES spectra. (b) The resulting temporal evolution
of the Pty fraction during Pt NP synthesis. The inset shows the same curve
plotted on linear-log scale, and the solid line corresponds to the best
algebraic fit to 0.538 (1) + 0.044 (2) log(t).

rapidly lowers the metal ion concentration to below that
required to allow further nucleation. This process ensures the
formation of approximately homogeneous size NPs after the
stabilization of the reaction (Sugimoto, 1987; Viswanatha &
Sarma, 2007). A similar behaviour has been observed during
the polyol synthesis of Pt NPs (Boita et al., 2014c). The second
stage is much slower, corresponding to the stabilization of the
kinetics of Pt NP formation. This stage, presenting a loga-
rithmic dependence with time, would occur when the SC acts
as both passivating and capping agent, adsorbed onto the NP
surface. The SC eventually completely halts NP growth and
prevents agglomeration by steric repulsion between the
adsorbed layers (Boonnemann & Nagabhushana, 2008).
Thus, the experimental apparatus proposed here proved to
be useful for monitoring the formation of Pt NPs via the
reduction of K,PtCls by ascorbic acid assisted by citric acid. It
allowed detailed information to be acquired on the synthesis
kinetics, and hence it could also be useful to better understand
reactions in liquid media by in siftu XAS measurements.

Figure 6
Representative TEM micrograph of Pt NPs (¢) and HRTEM image of a
single Pt NP (b).

3.2. TEM and HRTEM results

During the TEM analysis, several parts of the grid showed
Pt NPs with a quasi-spherical shape and mean diameter of
49 &£ 1.1 nm (the histogram of the diameter distribution is
shown in Fig. S1 in the supporting information), as can be seen
in Fig. 6(a). At the highest magnification and at high resolu-
tion (Fig. 6b), the crystallinity of the Pt NPs was confirmed.
The particle in Fig. 6(b) has a diameter of about 5 nm.

3.3. XPS, XRD and EXAFS results

XPS, XRD and XAS measurements were also performed
after the adsorption of the colloid on activated carbon in order
to probe the structural and electronic properties of the
resulting Pt/C sample, a material that is relevant for several
catalytic processes.

The Pt 4f region of the synchrotron-excited photoemission
spectrum of the carbon-supported Pt NPs is shown in Fig. 7. It
presents two asymmetrical peaks (Pt 4f;, and Pt 4f5,) that
were deconvoluted in two chemical components. The lower

Pt 4f
hv =1840 eV

Pt-Pt

Intensity (arb. units)

T LI T *: - T L]

80 75 70 65
Binding energy (eV)

Figure 7

Pt 4f region of the XPS spectra of carbon-supported Pt NPs. The open

circles indicate the raw data and the overlying continuous black line

represents the sum of the components (coloured dashed lines) used in the

fitting. The continuous grey line represents the Shirley-type background.

The vertical lines indicate the binding energies of the observed chemical

components.
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Figure 8
X-ray diffraction pattern (Yobs, grey circles) of the carbon-supported Pt
NPs and the simulated curve by applying the Rietveld refinement (Ycalc,
red line).

binding energy one (71.2 eV) is related to Pt-Pt bonds in Pt’.
These binding energy values and the spin-orbit splitting
(3.3eV) are in agreement with the literature for metallic
platinum (Moulder et al., 1992; Scheeren et al., 2003; Arico et
al.,2001; Mandal et al., 2004). The component at 74.3 eV (red
dashed line in Fig. 7) corresponds to Pt-O bonds (Moulder et
al., 1992; Scheeren et al., 2003; Arico et al., 2001).

The ratio between the Pt-Pt and Pt—O peak areas is about
6:1. This result implies that the NPs anchored at the surface of
the Pt/C sample have Pt atoms mostly in the metallic chemical
state and that the oxide component was due to exposure to air.

The crystal structure of carbon-supported Pt NPs was
probed by XRD. The full-scale pattern obtained (Yobs) is
shown in Fig. 8, where one can see the five characteristic
diffraction peaks of metallic platinum in the face-centred-
cubic phase. In Fig. 8, the simulated
curve (Ycalc) is also shown, which was

centred-cubic Pt. By averaging the values of D for each plane,
an average size of about 6.6 &+ 2.1 nm was estimated for the Pt
crystallites. As pointed out previously, the value obtained by
TEM analysis was 4.9 + 1.1 nm.

As shown in Table S1, the Bragg positions are in agreement
with the values found in the database, assigned for bulk Pt. By
comparing the d;;,; values found for Pt NPs and for bulk Pt
from the database, one can note that the interplanar distances
in the Pt NPs are contracted, i.e. this implies that the Pt lattice
parameter observed in Pt/C is smaller than that for bulk Pt.
The reduction of the lattice parameter with a decrease in the
particle size of metallic NPs has been reported in many
experimental and theoretical papers (Lamber et al., 1995; Qi,
2006). By calculating the Pt lattice parameter (a) using the
interplanar distances of each crystal plane and averaging the
obtained values, it can be found that a assumes a mean value
of 3.895 A. In the database, we found an a value of 3.911 A.
Thereby, we observed a relative contraction of 0.35% in the Pt
lattice parameter. This is not a conclusive result, since it is
within the experimental error, but it can be considered as an
indication of Pt unit-cell contraction in the Pt/C sample.

Ex situ XAS measurements at the Pt Ls;-edge were
performed in order to extract the EXAFS signal, and then to
obtain the structural parameters of the Pt/C sample by probing
the short-range order around the Pt atoms within the NPs.
Fig. 9 shows the EXAFS yx(k) signals (a) and the corre-
sponding Fourier transforms (FT) (b) obtained for the as-
prepared Pt/C and for a standard Pt° foil. The best-fit results
are also presented in Fig. 9. The EXAFS signal of Pt/C NPs
displays smothered oscillations, as expected due to the short-
range order of the NPs. A minimum in the backscattering
amplitude of heavier scatterers produces a double peak in the
FT (Ramsauer Townsend effect), which in fact corresponds to
the coordination shell of Pt. The changes in the EXAFS signal
at the low-R region for the carbon-supported sample corre-

(@)

obtained by applying the Rietveld
method with the FULLPROF code. The
difference curve (Yobs — Ycalc) reflects
the low x* of the refinement (1.57).
The results of the structure profile
refinement are summarized in Table S1
in the supporting information, where
the structural parameters of ICSD
number 64917 are also presented for
comparison. A remarkable feature
observable in the Pt/C XRD data is the
broadening of the Bragg peaks, which is
an effect of the reduced crystallite size
(Scheeren et al, 2003). In the same

FTy (87

table, the average sizes of Pt crystallites
(D) are presented, as estimated by
applying Scherrer’s equation (supposing
spherical crystallites) for the diffraction
peaks related to the (111), (200), (220),
(311) and (222) crystal planes of face-

Figure 9

k (A")

R (A)

(a) EXAFS yx(k) signals at the Pt L;-edge and (b) corresponding Fourier transforms for the carbon-
supported Pt NPs and for a Pt” foil. The dots represent the experimental data and the lines indicate
the best-fitted theoretical curves.
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Table 1
Structural parameters obtained from EXAFS data: coordination number
(N), bond distance (R) and Debye-Waller factor (¢%) for the NPs Pt/C.

Sample Pair N R (A) o” (1072 Az)

NPs Pt Pt-C 0.5+£02 2.04 £ 0.02 (0.6 £ 0.1)
Pt-Pt 10.8 £ 0.5 2.75 £ 0.03 (0.6 £0.1)
Pt-Pt 1.6 £0.1 3.89 +0.03 (11404

spond to the formation of shorter distance bonds, i.e. Pt-C
bonds.

The quantitative results are displayed in the Table 1 for the
first coordination shell. The R-factor is a measure of the
absolute deviation between the data and theory and indicates
the quality of the fit. In our case, the R-factor of 0.029
demonstrated the good agreement of theoretical and experi-
mental curves and the reliability of the extracted structural
parameters.

The reduced dimensions of the Pt particles can be inferred
by the value of the first-shell coordination number, which is
lower than the value for bulk Pt (12). In addition, EXAFS
confirmed the lattice parameter obtained from the XRD data
Rietveld refinement (a = 3.89 A). This result corroborates the
contraction on the Pt unit cell due to the reduced size of the
particles.

4. Conclusions

‘We have presented in situ time-resolved DXAS measurements
at the Pt L;-edge collected during the formation of Pt NPs in
aqueous solution using a specially designed dispenser-reactor
system. The in situ study allowed us to observe this eco-
friendly NPs synthesis process in real time, monitoring with
great detail the local chemical environment evolution around
the Pt atoms. The linear combination of each XANES spectra
by an initial (Pt*" ions) and final (metallic Pt) chemical states
allowed us to obtain the time evolution of the zero-valent Pt
fraction. As a result, it was possible to distinguish two different
stages in the synthesis process: a fast nucleation event and
subsequent slow growth and stabilization of NPs. It is clear
that the proposed apparatus would be valuable for in situ
monitoring of changes in the XANES/EXAFS spectra of
several reactions in liquid media.

The as-prepared NPs were characterized by TEM and
HRTEM, which showed that the synthesized Pt NPs were
highly crystalline and quasi-spherical in shape, with a mean
diameter of 4.9 nm. The Pt NPs were also supported on acti-
vated carbon, forming a Pt/C catalyst, the electronic and
structural properties of which were probed by XPS, XRD and
EXAFS. The results obtained confirmed that, even after being
supported on activated carbon, the Pt NPs remained in the
metallic chemical state and with a reduced size, as verified by
XRD (reduced crystallite size) and EXAFS (reduced coordi-
nation number). The XRD and EXAFS results also gave
evidence of lattice parameter contraction in the Pt NPs as
compared with the bulk counterpart, as previously reported
for Pt nanostructures. Future studies are planned in order to

quantify the contribution of the SC to the kinetics by carrying
out similar analyses with slight variations of its relative
concentration.
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