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ABSTRACT: Understanding the formation of nanomaterials down to the atomic
level is key to rational design of advanced materials. Despite their widespread use
and intensive study over the years, the detailed formation mechanism of platinum
(Pt) nanoparticles remains challenging to explore and rationalize. Here, various in
situ characterization techniques, and in particular X-ray total scattering with pair
distribution function (PDF) analysis, are used to follow the structural and
chemical changes taking place during a surfactant-free synthesis of Pt nanoparticles
in alkaline methanol. Polynuclear structures form at the beginning of the synthesis,
and Pt—Pt pair distances are identified before any nanoparticles are generated.
The structural motifs best describing the species formed change with time, e.g,
from [PtCl;—PtCl;] and [PtCls—Pt,Clg—PtCls] to [Pt,Cl;y—Pt,Clg—Pt,Cl,,]. The
formation of these polynuclear structures with Pt—Pt coordination before the
formation of the nanoparticles is suggested to account for the fast nucleation

observed in the synthesis.

P recious metals such as Pt, Ir, Pd, Ag, or Au are essential
materials for modern societies, for instance, due to their
catalytic properties.”” The increased demand on these limited
resources call for new strategies to synthesize, process, and
apply precious metal based materials more efficiently in the
relevant technologies. An effective way to maximize the use of
precious materials is to control their structure down to the
atomic scale, which can be achieved by developing nano-
particles (NPs) with high surface-to-volume ratios.” Due to the
strong structure—property relationships at the nanoscale, a
detailed understanding of the mechanisms of nanomaterial
synthesis is key to enable further breakthroughs in NP design.
To rationally propose improved synthesis methods, the
structural changes that take place when molecular precursors
form precious metal nanomaterials must be better understood.

Platinum (Pt) is a material very broadly used for its many
applications and a model system for nucleation theory of
nanomaterials.* However, a detailed understanding of Pt NP
formation is still lacking.” It is generally agreed that the
formation of Pt NPs in wet-chemical syntheses proceeds via (i)
a reduction step, followed by (ii) nucleation and (iii) particle
growth.” The exact pathway (especially the nucleation step)
appears to depend on experimental conditions,’ the type of
solvent and/or reducing agent,7 the type of stabilizing agents,8
and the precursor concentration.” Recently, some reports have
suggested that Pt,Cl, species with several Pt—Pt bonds may
play a role in the nucleation process,7 whereas theoretical
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studies have suggested a range of Pt,(0) clusters like Pt, or Pt,
as key building blocks in the nucleation process.'”'" Other
studies point toward the formation of polynuclear Pt
complexes stabilized by oxygen bridging groups'” or chelating
effects'” before the formation of face-centered cubic (fec) Pt
NPs occurs. An overview of the different techniques that have
previously been used to study Pt NP formation is given in the
Supporting Information.

To best follow the dynamic formation of Pt NPs at a
molecular level and understand the structural changes that take
place all the way from the initial precursor reduction over
nucleation to particle growth, we use here various in situ
characterization methods. In particular, X-ray total scattering
with pair distribution function (PDF) analysis gives
information on the distance between atoms in clusters,
complexes, and molecules as well as nanomaterials with
medium and long-range order.'*™'® The ability to retrieve
structural information over a wide Angstrom to nanometer
range makes PDF especially well-suited to study the structural
changes taking place upon formation of NPs in real time, all
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Figure 1. (a) In situ X-ray total scattering data of Pt NP formation showed as reduced Pair Distribution Function G(r) as a function of time. The
color bar above the figure represents the PDF peak intensity, while the temperature scale is shown to the right of the figure. For the first 10 min of
the experiment, the sample was kept at room temperature before heating to 59 °C. (b) Selected PDFs from different experiment times, where Pt—
Cl, C1-Cl, and Pt—Pt distances are indicated. The inset shows the octahedral PtCly structure present in the H,PtCly precursor salt. (c) Real-space
Rietveld refinement of PDF (blue) obtained 147 min into the experiment. The data were fitted with a Pt fcc model (red) in the r-range from 1.5 to
60 A. The green curve displays the difference between model and data. The inset shows the Pt fcc model used for the refinement. (d) Example of
TEM micrograph of Pt NPs obtained in alkaline methanol from H,PtClg. Scale bar is 10 nm. Inset: high resolution TEM micrograph of a 2 nm Pt
NP. The scale bar is 2 nm. (e) Evolution of selected PDF peak intensities as a function of synthesis time during the in situ experiments. The black,
red, and blue data points correspond to the Pt—Cl, Pt—Pt, and Cl—Cl peak intensities, respectively. (f) Results from refinement of in situ X-ray total
scattering data of Pt NP formation. Evolution of the size distribution after Pt NP nucleation. The size distribution observed 2.5 min after Pt NPs
nucleate (black), during growth (purple and magenta), and at the end of the experiment (16 min after nucleation) are plotted.

the way from the precursor structure.'”'® PDF has previously
been used to study the formation of fcc Pt NPs in a fast (few
minutes) synthesis under supercritical conditions'* and is yet
to be used to study more conventional synthesis conditions. In
addition, and with rare exceptions, previous studies of colloidal
Pt NP formation have always been performed in the presence
of surfactants.”'>'? The role and/or the actual need for
additives to stabilize Pt intermediates, like possible Pt,Cl,
complexes, is therefore difficult to establish to date.”*** Here,
we use a recently reported surfactant-free Pt NP synthesis,
which is desirable for the development of nanoparticles for
catalysis.”>”>” The surfactants used in many other NP
syntheses block the active sites for heterogeneous and
electrocatalysis, and time- and/or energy-consuming postsyn-
thesis steps are therefore usually needed before as-synthesized
Pt NPs can be applied. With the surfactant-free synthesis
studied here, these challenges are avoided, as size-controlled Pt
NPs are obtained in a low-boiling point solvent without the
need for stabilizing agents. We here show that the surfactant-
free synthesis is also ideal to study the formation mechanism of
nanomaterials like Pt NPs.

Formation and Growth of Pt NPs. In the surfactant-free
synthesis studied here, Pt NPs are formed from a solution of
H,PtClg and NaOH in methanol.”*™** Upon heat treatment,
the H,PtCl; precursor is converted to metallic NPs. We first
use X-ray total scattering to follow the process. The in situ X-
ray total scattering data obtained during the formation of fcc Pt
NPs from H,PtCl; (50 mM) in alkaline (1 M NaOH)
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methanol at 59 °C in 3 mm diameter glass tubes are given in
Figure S1 in the form of the reduced structure function, F(Q).
Figure lab show the corresponding PDFs, plotted as the
reduced PDF denoted G(r). Data from a repeat experiment are
given in Figure S2. In the beginning of the experiment, PDF
peaks are seen only in the range 1—10 A, but after ca. 131 min
of synthesis, the PDFs dramatically change and long-range
order appears. At this point, all main PDF peaks can be
assigned to the expected fcc Pt structure, and the experimental
PDFs can be modeled using a bulk fcc Pt model, taking into
account dampening due to NP size, as illustrated in Figure lc.
This sudden, burst-like formation of NPs is in agreement with
previous observations,”*”** and in situ SAXS studies of the
synthesis reported in Figures S3 and S4. The PDF fit in Figure
lc allows extracting both information on the local structural
arrangement and the average long-range structure, and the fit
shows that the size of the Pt NPs at the end of the experiment
(after 147 min) is around 2 nm; see Tables S1—S4. The small
NP size with a narrow size distribution is in line with SAXS
characterization in Figures S3 and S4 and TEM character-
ization in Figure 1d.

Figure le shows the intensity of PDF peaks assigned to Pt—
Cl, Pt—Pt, and CI—Cl pairs (discussed in detail below), plotted
as a function of time. The intensity of the Pt—Cl peak (2.32 A)
decreases over time, while the Pt—Pt (2.77 A) and CI-Cl
(3.23 A) peak intensities are nearly constant until the Pt—Pt
peak intensity at 2.77 A suddenly increases as fcc Pt NPs
nucleate. From the nucleation event at 131 min to the end of
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the experiment after 147 min, the fcc Pt NPs grow from ca. 1 to
2 nm, illustrated in Figure 1f and Figures S5—S10.

Effect of Alkaline Methanol on the Structures Formed in
H,PtClg Solutions. We now qualitatively consider the PDF
observed from the precursor solution, i.e., during the first 10
min of the experiment, where the reaction mixture was kept at
room temperature. We first consider the PDF obtained from a
H,PtCl; solution in the absence of a base, shown in Figure
2a,b. Here, only short-range order is present, marked by the
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Figure 2. (a, b) PDFs and (c) I(Q) functions obtained in the
presence and absence of base, showing the base-dependence in the
formation of a longer-range structure. The data set obtained without
base was also discussed by Quinson et al.>* The scattering data from
the samples prepared without base and with NaOH have been
multiplied by S.

absence of clear peaks above 5.0 A. The structural motifs
present in H,PtCly solutions in methanol have previously been
described as octahedral [PtClg], square-planar [PtCl,], and
[PtCL(OCH,;),] complexes with varying degree of methoxy
substitution.é’lz Our PDF also shows the presence of a small
[PtCl,] complex structure, and the most intense peak at ca.
2.30 A can be assigned to Pt—Cl bond distances and the peak
at ca. 3.20 A to a Cl—Cl distance. The best fit of the PDF
obtained from the precursor solution without the addition of
base was obtained assuming an octahedral or square-planar
[PtCl,] structure with only one methoxy substituted; see
Figure S11 and Table S5.°" The square-planar structure is
characteristic of complexes with Pt species in oxidation state
IL'* The presence of Pt(I) species in a freshly prepared
solution of H,PtCly is at first surprising but is consistent with
XAS analysis, as described in Figures S12 and S13 and Table
S6. The presence of Pt(Il) species may be attributed to beam-
induced or light-induced reduction.”*>"****
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When a base (NaOH, KOH, or CsOH) is added to a
H,PtCl; solution in methanol, PDF peaks from the precursor
solution extend above 5 A, as seen in Figure 2. Both the extent
of structural order and the structure forming depends on the
nature of the base used in the synthesis. A crystalline structure
is found to instantly form upon addition of CsOH, which is
observed in Figure 2c by the presence of intense Bragg peaks.
The Bragg peaks arise from both fcc Pt NPs and crystalline
Cs,PtClg, and the PDF (Figure 2a) can be modeled with the
two phases as illustrated in Figure S14. The fit shows ca. 83 wt
% Cs,PtClg and 17 wt % fcc Pt. Cs,PtClg is insoluble in
methanol and therefore precipitates by adding CsOH to the
H,PtClg precursor solution. In the case of KOH, we also
observe the immediate formation of crystalline K,PtCl, (Figure
S14), but no fcc Pt NPs are observed before heating.

With the smaller Na* cation, no long-range order structure is
formed; however, PDF peaks extend to ca. 7.0—8.0 A.
Na,PtCl; (and the stable hydrate Na,PtCl;:6H,0) is soluble
in methanol, and we therefore see no precipitation in the
NaOH/H,PtClg mixtures. Several sharp peaks can be identified
in the PDF, which can be assigned to specific atomic pairs in
[PtCly] in octahedral geometry'* illustrated in Figure 1b, i.e.,
at ca. 2.30 A (Pt—Cl) and 3.30 A (Cl—Cl) as well as at higher
r-values. The broad peak observed at 1.85 A cannot be
assigned to any known bond lengths in the octahedrally
coordinated [PtCly] structure. Instead, the peak may arise from
effects from background subtraction, and Fourier termination
ripples. The medium range structure seen in the NaOH/
H,PtCl; sample cannot be described by the known Na,PtClg
structure, although it does account for the presence of Pt—Cl
and CI—Cl peaks in the local PDF range. In Figure S15, the
experimental PDF is also compared to that calculated from
Na,Pt(OH);, which could be expected to form. However, this
structure also does not describe the experimental PDF data.
These observations show that the precursor complexes forming
in the H,PtCl,/NaOH methanol mixture mainly consist of
[PtCl,] units, rather than [Pt(OH),] units, but that their
coordination in the medium order range is different from that
seen in crystalline Na,PtCly structure. Interestingly, a peak is
also seen at ca. 2.80 A, which corresponds well to Pt—Pt
distances in metallic fcc Pt.” This first qualitative analysis of the
precursor solution thus suggests the formation of a nanoscale
polynuclear complex structure consisting of [PtCl,], units, as
well as Pt—Pt bonds. Possible Pt,Cl, complexes are discussed
further in the next section.

We have previously studied the role of NaOH, KOH, and
CsOH on the stability of Pt NPs formed and the influence of
the cations during synthesis.”’ The surfactant-free colloidal Pt
NPs are stabilized in the decreasing order of the cation size
Na® > K" ~ Cs*. This can be attributed to the decreasing
interaction of the cation with the negatively charged Pt particle
surface. It was also observed that with NaOH, a clear yellow-
orange solution of H,PtCly in alkaline methanol is obtained
leading to well-defined NPs after synthesis. In contrast, with
KOH and CsOH a turbid solution is obtained leading to
agglomerated NPs after synthesis.”” This observation in light of
the PDF data in Figure 2a suggests that the precursor structure
and solubility affect the NP formation. These results certainly
call for further investigations on the exact role of the cation on
the nature of the long-range structure, but these considerations
are beyond the scope of the present study.

Precursor Complexes Formed in Alkaline NaOH Methanol. We
now turn to modeling of the precursor complexes formed in

https://doi.org/10.1021/acs jpclett.1c00241
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the H,PtCl,/NaOH methanol solution. As described above, it
is clear from the local range of the PDF that the structure is
mainly built up from [PtCl,] units. This is confirmed when
modeling the PDFs using the structural motifs previously
proposed in precursor solutions, such as [PtCl¢],"* [PtCl,],"*
[PtCls(OCH;)],° and [PtCl;0CH;]° (Figures S16—S18 and
Table S7). Here, the Pt—Cl and CI-Cl peaks are well
described, but the observed features above 3.0 A are not
included in any of the models. Most importantly, the use of
NaOH in the synthesis gives rise to a Pt—Pt peak at ca. 2.8 A.
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To account for this, we considered simple linear polynuclear
Pt,Cl, structures previously sugggested.” Following this
structural suggestion, several structural models of mono-, di-,
and trimeric complexes were considered and the PDFs of each
model calculated. Each calculated model was compared to the
experimental PDF, which is presented in Figure 3. Most
previously suggested models with either linear Pt—Pt bonding
(structure [B] and [C] in Figure 3) or Cl-bridging (structure
[D] in Figure 3) fail to describe the observed peak at 4.3 A; see
Figures S19—23 and a further discussion in the Supporting
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Information. Another way of connecting two [PtClg] units is
through bridging PtCl, units, which has previously been seen
in Au,Cl, and Pt,Cl, complexes.36’37 As illustrated with
structure [E] in Figure 3, the bridging can occur through
two [PtCly] units, which are connected through Cl-bridging.
Further representation of this [PtCl—Pt,Cl,—PtCly] motif can
be found in Figure S24A. This motif provides both Pt—Cl and
Cl—Cl pair correlations to the model and more importantly it
introduces an additional PDF peak at ca. 4.3 A, corresponding
to the distance between a Pt atom in the [PtCl,] motif and a Pt
atom in the bridge. However, the relative intensities of the
PDF peaks present do not agree with the experimental PDF.

Figure 3 shows that no single polynuclear structure was
found to account for all the features observed in the
experimental PDF. However, by combining two models, each
describing features seen in the experimental PDF, the PDF
from the precursor complex structure in NaOH and methanol
before heating up can be represented: structure [B], a linear
dimer composed of [PtCl;—PtCl;] units connected by Pt—Pt
bonds and structure [E], a bridging dimer, [PtCly—Pt,Cl,—
PtClg]. The calculated PDFs of the two suggested structures
account relatively well for the features above 3 A. Furthermore,
a combined model is also in agreement with the local structure
(r < 5 A). Fits using each of the structures, as well as a two-
phase fit are shown in Figure 4a—c. The two-phase fit provides
a better agreement factor in comparison to the single-phase
refinements. The parameters resulting from the presented
refinements are reported in Table S8.

It is crucial to note that the two structures proposed should
not be seen as uniquely present in the precursor solution. Our
analysis rather shows that the sample does not contain
monodisperse ionic clusters, as we have previously been able to
identify in other in situ PDF studies of NP formation, where
better agreement factors can be obtained.*® Here, the model
represents the dominating structural motifs that are present in
the sample, and the precursor complexes are not expected to
be composed of separate linear and bridging dimer units.
Instead, the data indicate that the precursor consist of a
polymeric type structure, containing both linear Pt—Pt bonds
and CI-Cl bonds connecting PtCl, monomers. A trimer
structure did not describe the PDF well, which is presented as
structure [C] in Figure 3. However, this does not rule out the
presence of a longer Pt—Pt—Pt chain, since PDF peaks
corresponding to atomic pairs in nonrigid structures over large
lengths scale may be smeared out and hard to identify.”” Note
also that cluster—solvent correlations, or coordination to Na*
ions, remain a general challenge to date for modeling. The
effects are not taken into account in the modeling here, which
may also affect the fit quality.

Temporal Evolution of Polynuclear Complexes. Figure le
shows the intensity of the peaks assigned to Pt—Cl, Pt—Pt, and
CI—Cl pairs in the PDF, plotted as a function of time. The
evolution of the Pt—Cl peak intensity is in line with XAS
analysis reported in Figures S25 and S26 and Table S9. The
structural changes are also reflected when the structure models
applied above are fitted to the PDF obtained just before fcc Pt
NP formation (1 min before formation, i.e., 130 min into the
experiment). This fit is illustrated in Figure 4d, and the R,
value (a fit agreement factor) increases from 0.36 for the
precursor PDF to 0.61 for the PDF obtained just prior to Pt
NP formation (130 min of synthesis).

Figure le shows that while the Pt—Cl intensity decreases,
the Pt—Pt peak intensity only slightly increases. On the basis of

3228

the structural models proposed for the precursor complexes
above, we can suggest scenarios agreeing with the observations.
First, a reduction of the linear PtCl, complexes can be
described by including a hypothetical, linear Pt, structure, [G],
in the PDF refinement. This will decrease the ratio between
Pt—Cl and Pt—Pt distances and therefore provide the behavior
as displayed in Figure le. As seen in Figure S27, the
introduction of the linear, hypothetical Pt, model in the two-
phase PDF refinement provides a slightly better description of
the Pt—Pt and Pt—Cl peak intensities. The introduction of a
Pt, structure does not propose isolated Pt, units being formed.
Instead, it suggests that more Pt—Pt bonding might occasion-
ally occur within the polynuclear complexes. Considering the
models [B] and [E] proposed for the initial polynuclear
precursor complex structures in Figure 4a, a second way of
reducing the Pt—Cl peak intensity, while keeping Cl—Cl
interactions, is to consider the bridging dimer presented at
structure [E]. The average Pt—Cl coordination in the structure
can be reduced from 4.5 to 4 by extending the structure
through condensation of two [PtCls—Pt,Cl,—PtClg] units.

Combining the extended structure, denoted structure [F],
with the Pt, structure [G] did provide a slightly better
description of the experimentally observed PDF, as shown in
Figure 4e. The parameters resulting from refinements can be
found in Table S10, while a further representation of structure
[F] is given in Figure S24B. Other polynuclear complex
structures, such as [Pt,Clg—Pt;Cl;—Pt,Clg] (Figure S28 and
Table S11), were also considered, although this did not
improve the fit. Here, however, it is crucial again to note that
the models proposed should not be seen as unique
representations of the structure present right before nucleation,
but rather containing the structural motifs that are involved in
the reaction.

The time-resolved EXAFS data indicate an increase in Pt—Pt
coordination during the first stages of the reaction, increasing
from ca. 1 to 3; see Figure S25 and Table S9. This is in line
with the increasing number of Pt in the polynuclear Pt
complexes and the need to introduce the hypothetical Pt,
motif for PDF fitting as discussed above. Alternatively, the
hypothetical Pt, motif could also be a possible building block
within larger Pt, clusters. Various DFT calculations have
suggested the planar triangular Pt configuration to be a stable
cluster structure and key building block to larger Pt,
clusters.'”""  Although the Pty configuration has been
suggested by DFT calculations, it is not possible with the
current experimental PDF or EXAFS data to validate the
presence of Pt, structures, probably due to the very short
lifetime of this putative intermediate. In summary, the analysis
of the time-resolved PDF and EXAFS data show that the Pt—
Cl coordination decreases during the induction period of the
reaction. The structures present before Pt NP nucleation are
thus likely to be a combination of Pt,Cl, complexes and
structures with various sizes/lengths, different degrees of Cl
substitution and valence state of Pt species. In addition, XAS,
Raman, and UV-—vis data detailed and discussed in the
Supporting Information point toward a likely hydroxyl/
methoxy substitution of some of the here identified Pt,Cl,
complexes, Figure $29—S34.

In conclusion, using in situ PDF analysis, in situ XAS, in situ
Raman spectroscopy, in situ SAXS, and a surfactant-free
synthesis of colloidal fecc Pt NPs, it is shown that structures
containing Pt—Pt bonding are formed in alkaline methanol
before fcc Pt NP nucleation. It is therefore established that no
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surfactants are needed to stabilize polynuclear Pt,Cl, complex
structures, which seems to play a role in the nucleation and
formation of Pt NPs.

A pathway for fcc Pt NP formation from H,PtCly in alkaline
methanol is proposed in Figure S. Rapidly after addition of

Decreasein Pt-Cl Burst formation

H,PtClg Polynuclear Pt,Cl,0,
coordination number of nanoparticles
YL
‘ NaOH AT > > AT
') —> —
Methanol ‘

© S~
@®a

€1/ OH/ OCH,

Figure S. Schematic representation of the reaction pathway from
H,PtClg to Pt NPs in alkaline methanol.

NaOH, polynuclear Pt,Cl, complexes are formed. These are
not monodisperse, magic-sized structures, since no discrete
value of x can be evaluated. During heating, the Pt—Cl
coordination number decreases, while the Pt—Pt coordination
number increases. Upon a burst-like formation event,” fec Pt
NPs are found to form, which grows over time as more NPs
are found to nucleate. While this general behavior is
compatible with the formation of Pt NPs generally believed
to follow a four-step mechanism involving double autocatal-
ysis,*' we here give molecular and structural insights into this
phenomenon. Our results suggest that the burst formation is
likely related to the formation of complex Pt structures with
preformed Pt—Pt bonds.

These findings are relevant to develop further syntheses of
precious metal NPs and nanomaterials, in particular by
surfactant-free approaches, which are well-suited for readily
active catalysts.”” The results call for further study to
understand not only the possible role of precursor concen-
tration and the role of cations as evidenced in this work but
also the role of solvent or the effect of additives in the nature of
the species formed and their influence on the nucleation and
formation of NPs. Driven by the observations presented here,
studies on the generality of M,CIl, intermediates in the
formation of other NPs is under investigation, where M is a
metal atom from different precursors. As our knowledge
increases on nanomaterial formation, it is likely that no single
model can explain all nucleation and growth processes.
Nevertheless, the insight gained here using in situ PDF
completed with other in situ characterization techniques pave
the way to detailed investigation of the formation of colloidal
NPs to develop more complex and performing nanomaterials
by controlled wet-chemical syntheses.
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