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The outstanding catalytic activity and chemical selectivity of intermetallic compounds make them excel-
lent candidates for heterogeneous catalysis. However, the kinetics of their formation at the nanoscale is
poorly understood or characterized, and precise control of their size, shape and composition during syn-
thesis remains challenging. Here, using well-defined Pt nanoparticles (5 nm and 14 nm) encapsulated in
mesoporous silica, we study the transformation kinetics from monometallic Pt to intermetallic PtSn at
different temperatures by a series of time-evolution X-ray diffraction studies. Observations indicate an
initial transformation stage mediated by Pt surface-controlled intermixing kinetics, followed by a second
stage with distinct transformation kinetics corresponding to a Ginstling—Brounstein (G-B) type bulk
diffusion mode. Moreover, the activation barrier for both surface intermixing and diffusion stages is
obtained through the development of appropriate kinetic models for the analysis of experimental data.
Our density-functional-theory (DFT) calculations provide further insights into the atomistic-level pro-
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Introduction

The importance of intermetallic compounds (IMCs) has been
long recognized for their use in magnetic materials," > super-
conducting materials,"® hydrogen storage,””® shape-memory
materials,” and heterogeneous catalysis.'®"* IMCs have been
reported to show improved selectivity to hydrogenation,'*"*
oxidation,'*'® steam reforming,’®'” and hydroformylation®
compared to their monometallic counterparts, providing an
effective alternative to the noble metal catalysts used in the
industry. In addition, the long-range-ordered nature of IMCs,
as opposed to random alloys, provides more precise control of
their surface structure and potentially better understanding of
structure-property-relationship, and enables easier characteriz-
ation with tools such as X-ray diffraction."’
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cesses and associated energetics underlying surface-controlled intermixing.

In heterogeneous catalysis, as well as many other fields, it
is generally desirable to synthesize IMC nanoparticles (NPs)
with a small size, high mono-dispersity, and a single-phase
nature.>”*' However, this remains challenging despite numer-
ous efforts made to engineer the synthesis routes of IMCs.>*?*
For example, poor control over the NPs often results in either
mixed phases,”**® heterogeneous surfaces,>® or severe aggrega-
tion."* In addition, the underlying kinetics and thermo-
dynamics of IMC formation at the nanoscale have been rarely
discussed, although an in-depth understanding could lead to
profound improvements in designing the synthesis routes for
these IMC NPs.>” Many methods for synthesizing IMCs involve
transformation from monometallic to bimetallic material,
including successive impregnation, chemical vapor deposition,
metallurgical alloying, and the seeded growth method.'*?®
The seeded growth method is especially useful as it often
retains the structure, shape and dispersity of the parent mono-
metallic material."*>%°

Colloidal synthesis of PtSn IMCs has been achieved and is
widely used in heterogeneous catalysis. Komatsu et al. used
PtSn supported on a zeolite as an effective catalyst for the
dehydroisomerization of butane into isobutene.*’ Eichhorn
et al. developed PtSn as an efficient CO-tolerant electrocatalyst
for H, oxidation.** Our group previously reported the use of
PtSn for the selective hydrogenation of furfural to obtain fur-
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fural alcohol."® Recently, PtSn NPs were also reported to
improve pairwise selectivity in the hydrogenation of the C=C
bond for parahydrogen-induced hyperpolarization NMR.*?
However, there are no systematic studies yet on the tempera-
ture and size dependence of the detailed formation kinetics of
PtSn at the nanoscale. Suitably tailored kinetic modeling
would enable reliable extraction of key activation barriers,
which could ideally be compared with ab initio density-func-
tional-theory (DFT) analysis. We note one recent study®* con-
sidered PtSn NP formation for a single size of Pt seed and
under temperature ramping, wherein a generic bulk Avrami
model was used to fit kinetics. In this work, we report our
study on phase transformation from Pt to PtSn IMCs, using 5
and 14 nm Pt NPs that are encapsulated in mesoporous silica
(Pt@mSiO,). The mSiO, shell not only prevents aggregation of
the NPs, but also allows uninhibited access to the surrounding
chemical environment. Specifically, it allows the addition of the
Sn precursor to form encapsulated PtSn IMCs (PtSn@mSiO,).
Previous studies extensively investigated the role of mesoporous
silica during the formation of intermetallic NPs, in particular
revealing that etching of its inner surface by locally concen-
trated inorganic ions, in this case H' and Cl~, creates space for
uninhibited NP growth.'*** The Pt to PtSn transformation was
performed under various fixed temperatures and monitored by
powder X-ray diffraction (PXRD). Analysis of the deconvoluted
PXRD patterns suggests that the transformation involves two dis-
tinct stages: a surface-controlled intermixing step followed by a
Ginstling-Brounstein (G-B) type solid-state diffusion-controlled
step. We crafted appropriate kinetic models for these two stages
in order to assess the relevant activation barriers. Further DFT
analysis relevant to the surface-controlled intermixing stage pro-
vides additional insight into the underlying atomistic diffusion
processes and the relevant energetics and pathways.

Methods
Synthesis of 5 nm Pt@msSiO,,

In a typical synthesis of 5 nm Pt@mSiO,, 52 mg tetradecyltri-
methylammonium bromide (TTAB, >99%, Sigma-Aldrich) was
added to an aqueous solution (20 mL, 0.750 mM) of H,PtCl,
(Acros Organics, 40% Pt) and sonicated until dissolved. The
reaction mixture was heated in an oil bath at 60 °C for 10 min,
and a freshly prepared aqueous solution (26 mL, 10 mM) of
sodium borohydride (Alfa Aesar, 98%) was then added quickly.
After stirring vigorously for 10 min, a dark brown colloidal
solution of Pt NPs was observed. To the solution was added an
aqueous solution (0.1 mL, 1 M) of sodium hydroxide. Next,
1 mL of 10% tetraethylorthosilicate (TEOS, Aldrich, reagent
grade, 98%) solution in ethanol was added dropwise with vig-
orous stirring. After 6 h, the solution was allowed to cool to
room temperature, and 20 mL ethanol was added. The solu-
tion was then centrifuged at 8000 rpm, and the coated NPs
were collected and dispersed in methanol. The surfactant was
removed via an acidic methanol refluxing session (6% hydro-
chloric acid solution) at 90 °C for 24 h. The platinum content
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in Pt@msSiO, was measured using inductively coupled plasma
mass spectrometry (ICP-MS).

Synthesis of 14 nm Pt@msSiO,

14 nm Pt@mSiO, is synthesized using a previously reported
method®® with a slight modification. In a typical synthesis, an
aqueous solution (5 mL, 10 mM) of K,PtCl, (Acros Organics,
46-47% Pt) was added to an aqueous solution (12.5 mlL,
400 mM) of TTAB. Additionally, 29.5 mL of distilled water was
added. After stirring for 10 min at room temperature, a cloudy
solution was obtained, which was then heated in an oil bath at
50 °C for another 10 min to obtain a clear solution. A freshly
prepared ice-cold aqueous solution (3 mL, 500 mM) of sodium
borohydride was then added. After the solution was stirred for
15 to 20 h at 50 °C, the resulting dark brown colloidal solution
of Pt NPs was allowed to cool to room temperature and centri-
fuged at 3000 rpm four times for 30 min with the residue dis-
carded after each session. Finally, the supernatant was centri-
fuged at 14 000 rpm for 15 min twice, and the solid was col-
lected and dispersed in 35 mL of water. About 1 mL of a 0.05
M sodium hydroxide solution was added to the Pt colloidal
solution to obtain a pH between 11 and 12. While stirring,
500 pL of a 10% TEOS in methanol solution was added drop-
wise. After 24 h, the sample was centrifuged at 12 000 rpm
twice, and the coated particles (Pt@mSiO,) were dispersed in
methanol. The surfactant was removed via an acidic methanol
refluxing session (6% hydrochloric acid solution) at 90 °C for
24 h. The platinum content in Pt@mSiO, was identified using
ICP-MS.

Transformation of 5 and 14 nm Pt@mSiO, to PtSn@mSiO,

In a typical synthesis of PtSn@mSiO,, Pt@mSiO, containing
20 mg Pt was centrifuged and re-dispersed in 39 mL of tetra-
ethylene glycol (Alfa Aesar, 99%) in a 250 mL two-neck flask.
SnCl,-2H,0 (Alfa Aesar, 98%) with a molar ratio of Pt:Sn = 1:2
was dissolved in 1 mL tetraethylene glycol in a 5 mL glass vial.
The vial was placed inside the 250 mL two-neck flask so that the
Pt solution and the SnCl, solution were separated but can be
heated isothermally. After vacuuming the flask and refilling with
argon, the flask was heated using a temperature-controlled
heating mantle to the designated temperature, and the SnCl,
solution was added quickly into the Pt@mSiO, dispersion.
Samples at various reaction times were removed from the reac-
tion mixture using a syringe, immediately quenched in a cold-
water bath, and added to 30 mL acetone. Each sample was then
centrifuged, washed with acetone, and dried for characterization.

Characterization

Powder X-ray diffraction (PXRD) patterns were collected at
room temperature using a Bruker D8 Advance powder diffract-
ometer with a Cu Kal radiation source (40 kV, 40 mA, A =
1.5406 A). Transmission electron microscopy (TEM) measure-
ments were carried out using a TECNAI G2 F20 electron micro-
scope at an acceleration voltage of 200 kV. The energy-disper-
sive X-ray spectroscopy (EDX) compositional profile was taken
on a Titan Themis 300 probe corrected TEM with a Super-X
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EDX detector. ICP-MS measurements were carried out using a
Thermo Fisher Scientific X Series 2 ICP-MS. Typically, pow-
dered samples were dissolved in 5 mL of aqua regia to dissolve
all metal content before the addition of around 100 to 300 pL
30% HF solution to dissolve the mesoporous silica completely.
Liquid samples containing tetraethylene glycol were calcined
to burn off the organic component, and the residue was dis-
solved in 5 mL of aqua regia. All samples were diluted with 2%
nitric acid before the ICP-MS measurements.

Results and discussion
Characterization

Core-shell Pt@mSiO, NPs were synthesized with a Pt core size
of 13.8 + 1.4 or 4.8 + 0.7 nm, as shown by TEM (Fig. 1).
Mesoporous silica shells of thickness 14.1 + 0.8 and 9.1 +
1.0 nm, respectively, were coated on them to effectively prevent
NP aggregation particularly during their subsequent conver-
sion to intermetallic NPs. The diameter of the mesopores in
the silica shells is 2.1 and 2.5 nm, respectively, which allows
the solution-phase diffusion of the second metal precursor to
reach and be reduced at the Pt surface.®> Such a space-con-
fined strategy to prevent sintering is also seen in other litera-
ture studies.’*® TEM images of PtSn NPs after 120 min trans-
formation of 14 and 5 nm Pt NPs to incorporate Sn were taken
(Fig. S1 and S2f) and mono-dispersed metal NPs without
aggregation were confirmed. 14 nm NPs grew to 18.0 + 1.5 nm
and 5 nm NPs grew to 6.5 + 0.7 nm due to the incorporation of
Sn, and the growth also involved a change in the crystal struc-
ture from a face-centered-cubic (fcc) close-packed Pt to NiAs-
type PtSn structure. This measured expansion is consistent
with the theoretical value calculated from the corresponding
change in the lattice constant."* Sn incorporation is also con-
firmed by ICP-MS analysis of each powder sample and the
solution after removal of NPs (Fig. S3 and S4f), and it is
observed that despite the use of extra Sn during the synthesis,
the Pt: Sn ratio in the NPs only reaches around 1: 1.

To monitor the transformation from Pt to the ordered PtSn
phase, a time-evolution PXRD study was performed by quench-
ing the reaction mixture at various times during the transform-
ation. Fig. 2 shows the corresponding PXRD pattern of 5 and
14 nm NPs, where the various time periods of the conversion

Fig. 1 TEM images of (A) 14 and (B) 5 nm Pt@mSiO,.
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Fig. 2 Time-evolution PXRD patterns of (A) 5 and (B) 14 nm Pt trans-
formed to PtSn at 250 °C.

at 250 °C are indicated. PXRD patterns obtained at other temp-
eratures are shown in Fig. S5.F Pt(111), Pt(200), PtSn(102), and
PtSn(110) diffraction peaks were observed in the patterns. The
Pt phase gradually diminished and PtSn phase grew, as
suggested by the change in integrated peak intensity. In
addition, the rate of transformation was apparently faster at
the beginning of the process and gradually slowed down
within the two hours. Despite the existence of other phases in
the Pt-Sn phase diagram (Pt;Sn, Pt,Sns, PtSn,, PtSn,), we did
not observe their formation by PXRD. To identify the relative
amount of each phase, a standard mixture of Pt and pure-
phase PtSn in 1:1 mole ratio was quantified by ICP-MS and its
PXRD pattern was deconvoluted into four subpeaks (Fig. 3)

Pt:PtSn =1:1
PtSn(102)

PtSn(110)

Intensity

34 36 38 40 42 44 46 48 50 52

20 (degree)

Fig. 3 PXRD pattern of a 1:1 standard mixture of Pt and PtSn and its
deconvolution, with the black circles representing PXRD raw data, the
red lines representing deconvoluted peaks, the dark yellow line repre-
senting a linear baseline, and the dark blue line representing the sum of
all deconvoluted peaks.

This journal is © The Royal Society of Chemistry 2019
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within the region of 34 to 52°, and the integrated intensity (4)
ratio of the two most intense peaks, Pt(111) and PtSn(102),
was calculated to be 1.38. It is then used as the ratio of the
response factor (RF) between Pt and the PtSn phase. Standard
mixtures of Pt:PtSn = 1:3 and 3:1 are also measured, as
shown in Fig. S6,7 and the calculated RF ratios match well
with the 1:1 case. Subsequently, the amount of Pt:PtSn in
each sample was calculated as:

MOlept Apt RFp¢
=/ (1)

Molepsn  Apsn ' RFpesn’

in which A is the integrated area of Pt(111) and PtSn(102)
peaks. Conversion (@) to PtSn can be then defined as

Molepesn 1
a= = . (2)
Molep; + Molepsy, Molep; 1
MoleptSn

Fig. 4 shows a versus reaction time t at different tempera-
tures. As observed in Fig. 4, the transformation occurs rapidly
at the beginning of the process and gradually slows down for
both sizes of Pt NPs at all temperatures. Comparing 14 nm
Pt@mSiO, with 5 nm Pt@msSiO,, the smaller particle initially
converts slightly slower at a fixed temperature but ultimately
reaches a higher conversion after 120 min. At least the latter is
expected given the smaller particle size.

Since our Pt NPs are encapsulated inside mSiO,, we
designed two control experiments to explore the effect, if any,
of the mSiO, on the growth of intermetallic PtSn. We first
employed 5 nm Pt nanoparticles deposited onto 100 nm silica
spheres (noted as Pt/SiO,) following a reported method.*® We
observed similar kinetics for the conversion from Pt/SiO, to
PtSn/SiO, as the encapsulated Pt@mSiO, (Fig. S7f). A TEM
image of the nanoparticles after conversion is shown in
Fig. S8.1 Next, we also tested the unsupported Pt NPs capped
by myristyltrimethylammonium bromide (TTAB), but severe
aggregation of the Pt NPs was observed before reaching the
desired temperature (Fig. S9T). This emphasizes that the
mSiO, shell is critical to protect the NPs from aggregation.
These two control experiments demonstrate that the major
function of the mesoporous silica shell is to prevent the aggre-

Al 250°C
0.6
0.4
]
0.2
0.0 —— Surface model
d o Experimental

0 20 40 60 80
Time £(min)

100 120

View Article Online

Paper

gation of Pt NPs, and the shell does not affect the transform-
ation of the encapsulated Pt core to intermetallic PtSn.

Modeling of the solid-state transformation kinetics:
background

Traditionally, a variety of models have been used to character-
ize the kinetics of solid-state transformations,*”*® specifically
predicting the evolution of the conversion a versus time t.
These include so-called nucleation models, fixed reaction-
order models, and diffusion models.*® One might anticipate
that refinement of these generic models, or potentially new tai-
lored models need to be developed, for appropriate analysis of
the formation of PtSn intermetallic NPs. For example, nuclea-
tion models based on Avrami kinetics can fit a broad range of
observed kinetics by including variable nucleation and growth
rates.”>*® However, in addition to assumptions regarding the
time dependence of nucleation and growth rates, Avrami kine-
tics is based on a picture of spatially homogeneous nucleation
rates in an extended medium which is not well suited to nano-
scale systems.

It is however perhaps instructive to perform a benchmark
analysis of our data with a simple fixed reaction-order
model.*® Such a model for the kinetics assumes the form

Oa —Ea m

— = AebT (1 — a)

o (3)

for order m, where E, is the effective activation energy and kg is
the Boltzmann constant. For the 5 nm Pt NPs, high-order m =
5 kinetics fits data better than lower orders, although certainly
not perfectly. For m = 5, this analysis produces E, =
690 kJ mol™" (versus 550 k] mol™" for m = 4, and 340 kJ mol ™"
for m = 3), but these results should not be regarded as reliable.
For the 14 nm Pt NPs, fixed reaction-order modeling clearly
fails to describe the overall kinetics, where there exist two dis-
tinct stages as already indicated in Fig. 4B. This feature is
clearest for the highest T'= 260 °C. Fitting only the first stage
of the 14 nm data with m = 5 yields E, ~ 490 k] mol™", which
again should not be regarded as reliable.

Given the above assessment of at least two distinct stages
for the conversion of 14 nm Pt NPs, we have refined our mod-

0.8 . 260°C
0.6- - 250°C

. _o ©
0.4- s 240°C

3
0.2 —— Surface model
— Diffusion model

0.0 o Experimental

0 20 40 60 80
Time £(min)

100 120

Fig. 4 Conversion a versus time t for (A) 5 and (B) 14 nm Pt/PtSn NPs at 3 different temperatures.
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eling to incorporate this feature. We describe the first stage as
a “surface stage” that involves the reduction of the Sn precur-
sor and formation of PtSn starting at the surface of the Pt NPs,
anticipating that a complete intermetallic shell around the per-
iphery of the NP has not yet formed. Furthermore, we antici-
pate that the kinetics will reflect the feature that a portion of
the surface of the original Pt NPs remains unconverted which
can facilitate reduction and intermixing of Sn. To show that
the Pt surface facilitates Sn reduction, we have performed a
control experiment where SnCl, is dissolved in TEG and
heated to 280 °C without the existence of Pt, and we observed
no reduction of Sn*" to form metallic Sn. On the other hand,
we describe the second stage after which a complete interme-
tallic shell has formed as a “Ginstling-Brounshtein (G-B)
diffusion stage”, and will analyze associated behavior with a
suitably adapted G-B type diffusion model.”® A schematic
picture of the structural evolution of NPs through these two
stages is shown in Fig. 5, where further discussion is provided
in the following subsections.

Kinetics in the “surface-specific intermixing stage”

For the first stage, i.e., the surface stage, it is reasonable to
anticipate that the kinetics of both Sn precursor reduction and
Sn-Pt intermixing will be sensitive to the fraction of the
unconverted Pt NP surface. Certainly, precursor reduction will
be enhanced by the unconverted Pt surface, and the intermix-
ing kinetics will differ and plausibly also be enhanced for Sn
directly intermixing with Pt rather than intermixing through
an intermetallic shell. We specify that the surface stage ends
when conversion a reaches a value ag, ¢ < 1, and furthermore
assume that the fraction of the unconverted Pt particle surface
is roughly proportional to agur — @ (see Fig. 5). In formulating
the kinetics, one could anticipate that multiple Pt surface sites
are required to facilitate Sn reduction, and possibly also Sn
intermixing, a feature which would correspond to higher-order
Langmuirian kinetics. Fig. S101 shows a scheme of the model.
The resulting form of the kinetics will depend on whether
reduction or intermixing is rate limiting. See section S14 in
the ESIT for a more detailed discussion. However, in either

ON¢
-»\4->

PtSn *

Fig. 5 Schematic structural evolution of NPs during complete conver-
sion to IMC. Data shown in Fig. 4 does not correspond to complete con-
version, but such extended data are shown in the ESI (Fig. S16B+).

Surface-specific Pt
intermixing stage

Ginstling-
Brounstein type
diffusion stage
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case, the potential multiple-site requirement implies higher-
order kinetics of the form

Ja xl(1__¢ s (@)
ot ° Asurf ’
in which
—Eas
Ky = Be kT | (5)

and the subscript ‘s’ indicates “surface stage”. The veracity of
this form must be assessed by fitting experimental data and
determining whether this produces consistent and reasonable
values, e.g., for the reaction order mg and for activation energy
Eyg

First, we analyze the data for the smaller 5 nm Pt NPs,
where it is anticipated that the observed behavior will corres-
pond mainly or entirely to the first surface stage. Least-squares
fitting by adjusting all mg, as.f, and K as free parameters pro-
duces mg = 1.78, 1.79, and 1.75 with ag,¢ = 0.79, 0.57, and 0.30
for T =250, 240, and 230 °C, respectively. The fit for associated
activation energy gives E, ¢ & 245 KkJ mol ™. A key observation
indicating the veracity of the model is the similar values of mg
obtained for different 7, noting that behavior in the surface
stage is expected to be described by a single reaction order.
From this perspective, it is natural to refit the data by impos-
ing a single value of mg = 1.75, and adjusting just ag,s and K
as free parameters. This analysis produces agy s ~ 0.788, 0.566,
and 0.297 for T = 250, 240, and 230 °C, respectively, but pre-
serves E, s = 245 k] mol ™. These fits are shown in Fig. 4A, and
the Arrhenius analysis is shown in Fig. 6A.

Second, we analyzed behavior in the first surface stage for
14 nm Pt NPs. Here, we first make a reasonable selection of
the values of ag,+ based on the form of the conversion curves,
and then assess the associated reaction order and activation
energy. Choosing ag, = 0.81, 0.58, and 0.51, for T = 260, 250,
and 240 °C, respectively, yields mg = 1.64, 1.62, and 1.64. From
these choices of g, and my, one obtains E, s ~ 225 k] mol ™.
The similarity of the values of my for different 7, again, sup-
ports the veracity of the modeling. Furthermore, just as for the
5 nm Pt NPs, it is natural to reanalyze the data imposing a
single value of ms = 1.63 which yields only a negligible modifi-
cation in the values of ag,s = 0.795, 0.574, and 0.506, for T = 260,
250, and 240 °C, respectively, but preserves E, ~ 225 kJ mol™".
These fits are shown in Fig. 4B (blue curve), and the corres-
ponding Arrhenius analysis is shown in Fig. 6B. Note that
the above fitting is based on only 5, 4, and 4 data points for
260, 250, and 240 °C, respectively.

An additional expectation for a reliable model is that mg for
5 and 14 nm Pt NPs should not be greatly different. Thus, our
determination of mg = 1.75 for the 5 nm Pt NPs versus mg =
1.63 for 14 nm Pt NPs seems reasonable. Similarly, one should
expect somewhat similar values of E, for the two different
particle sizes, a feature which is produced in our modeling:
E, ~ 245 k] mol™" for 5 nm Pt NPs versus 225 kJ mol™" for
14 nm Pt NPs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Arrhenius plot for the surface stage of: (A) 5 nm Pt NPs with
mg = 1.75; (B) 14 nm Pt NPs with mg = 1.63.

However, we should note that, perhaps unexpectedly, the
initial rate of conversion (corresponding to K;) is higher for
larger Pt NPs than for smaller NPs (when the comparison is
made at the same temperature). We interpret this trend as
related to the feature that the larger NPs are much more likely
to include grain boundaries. This is confirmed by additional
PXRD analysis using the Scherrer equation, which consistently
gives a grain size of around 11 nm for the larger Pt NPs, while
TEM indicates a particle size of 14 nm. The existence of grain
boundaries in the 14 nm Pt@mSiO, is also confirmed by high
resolution TEM (HR-TEM) (Fig. S11t). We anticipate that the
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diversity of “defect sites” along the grain boundary near the
surface of the Pt NPs will facilitate the initiation of conversion
to the IMC."""* Indeed, our DFT analysis discussed below indi-
cates significant inhibition to the initiation of conversion on
perfect Pt(100) facets.

Further characterization of the elemental distribution,
especially the location of Sn during the transformation is pro-
vided by energy-dispersive X-ray spectroscopy (EDX) analysis.
First, an EDX line scan analysis corresponding to the first
stage (Fig. 7A) provides no clear indication of a reduced Sn
shell surrounding the Pt core. It suggests that intermixing of
Sn is more facile than Sn reduction, and therefore reduction
would be rate limiting. In this case, E, ¢ should reflect an acti-
vation barrier for reduction. However, it is possible that a thin
shell of Sn has formed around the Pt NPs which is not dis-
tinguishable in the EDX analysis. In this scenario, E,¢ could
be associated with intermixing. Second, a line scan corres-
ponding to the second stage, as seen in Fig. 7B, indicates that,
at 260 °C, a complete Sn shell has formed on the 14 nm NPs
with an «a value around 0.8. This observation implies that ag,,¢
should not be above this value, which is consistent with the
above analysis that ag,s = 0.795 at 260 °C. Additional data are
available in the ESI (Fig. S12 and S137) to show that the EDX
line scan results are representative of the sample. The struc-
ture of the 14 nm NPs after a 30 min conversion at 260 °C was
obtained from HR-TEM (Fig. 7C) and it shows a core of the Pt
domain with (200) lattice fringes and the shell of the PtSn
domain with (101) lattice fringes, which correspond to the
beginning of the G-B type diffusion stage for the 14 nm NPs.
This observation is consistent with our schematic picture of
the NP evolution shown in Fig. 5.

Transition to and kinetics in the “G-B type diffusion stage”

For 14 nm Pt NPs, the behavior in the second stage has been
analyzed within a picture where a complete intermetallic shell
has formed and bulk diffusion through this shell dominates
the formation of the PtSn phase. Traditional G-B diffusion
modeling® considers a uniform infinitesimally thin complete
intermetallic shell being formed at the onset of the reaction,
and treats this shell as retaining uniform thickness during

Intensity
Intensity

T T T

0 5 10 15 20 25 o
Position (nm)

10
Position (nm)

15 20

Fig. 7 Elemental distribution by EDX line scan analysis along the direction indicated by the yellow arrow on (A) 14 nm NP after 15 min conversion at
240 °C, when a = 0.36 and (B) 14 nm NP after 30 min conversion at 260 °C, when a = 0.80. (C) High-resolution TEM image of a 14 nm NP after
30 min conversion at 260 °C, when a = 0.80. Lattice spacings for Pt(200) and PtSn(101) are indicated.
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growth. The rate of growth of the shell thickness, and thus of
the conversion a, is determined by the diffusion flux through
the intermetallic shell. For a spherical geometry of a NP, there
is an exact analytic solution to the diffusion problem.
However, this solution should also provide a reasonable
assessment of behavior for other shapes.

Naturally, the traditional G-B model does not apply to the
surface stage where there is no complete intermetallic shell.
Furthermore, just at the end of the surface stage where a com-
plete shell is first formed, this shell will not be uniform. At
this point, the Pt NP surface intermetallic shell has just
formed at some locations on the NP surface, so the shell has
negligible thickness. In contrast, at a different location where
the intermetallic shell has formed much earlier, the shell will
have a significant thickness. However, the subsequent
diffusion-mediated growth of this nonuniform shell should
quickly lead to a more uniform shell thickness, as indicated in
Fig. 5. Such growth of the interface between the intermetallic
shell and the unconverted Pt core is characterized by so-called
anti-DLA shape stabilization,”*™** as thinner portions grow
faster and thicker portions grow slower due to the diffusion-
mediated nature of growth. Thus, after some interval time at
the end of the surface stage, it is reasonable to apply a G-B
model. Therefore, the standard G-B formula should be refined
so that the shell thickness has an appropriate non-zero thick-
ness (in contrast to the default assumption of zero thickness)
when the model is first applied. Such refinement (see the ESI
Fig. S14 and S157) leads to the result

1= Za - (1- ) = Ka(t+ 1), (6)

in which

Kq = Ce®l (7)

where the subscript “d” refers to G-B diffusion. This form was
fit to experimental data for ¢ > ¢, for suitable ¢,, where a(t,) =
ap. Matching these experimental “initial” conditions yields

. 2
£ =Kq (1 — % —(1—a)*? - to) (8)

in terms of Ky, so one can adjust K4 to match the entire curve
for ¢t > t,. Our analysis (see section S14 and S15 in the ESI{)
indicates that E, 4 ~ 175 k] mol~" with the substantial uncer-
tainty of about +60 kJ mol™".

Finally, we believe that there are two reasons that, perhaps
counterintuitively, the G-B diffusion stage is not observed
during 120 min when we track the transformation kinetics for
5 nm Pt NPs, while it is observed when tracking 14 nm Pt NPs
over the same time interval. First and most significantly, the
initial rate of conversion is lower for the smaller 5 nm NPs, as
discussed above, indicating that more time is required to
reach the second stage. In addition, values of ag,s are higher
for 5 than 14 nm NPs at the same temperature, further delay-
ing the onset of the second stage for the former.
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To illustrate that our model convincingly describes the
transformation, we performed control experiments wherein 5
and 14 nm Pt@mSiO, are converted to PtSn at 250 °C and
260 °C, respectively, with the reaction time extended but all
other parameters following previous experiments. For the
5 nm Pt@mSiO,, the experimental conversion (Fig. S16Af)
initially matches well with previous experimental results, but
ultimately exceeded the surface intermixing stage limit agy,s.
This confirms that for 5 nm NP, a G-B diffusion stage does
occur later in the transformation. For the 14 nm Pt@mSiO,,
we were able to predict before the experiment the conversion a
at a given time, and the time necessary (around 930 min) for
the transformation to go to completion, based on out fitting
results. Experimental results (Fig. S16Bf) matched well with
both previous experimental result and our prediction.

DFT analysis of energetics for the
surface stage of Pt—Sn intermetallic
formation

While our integrated experimental and modeling analysis has
determined effective barriers for intermixing, such analysis
does not provide insight into the atomistic-level processes con-
trolling these barriers. Our DFT analysis below indicates that
the barrier for the first surface intermixing stage is determined
by that for solid-state vacancy-mediated diffusion of Sn
through crystalline fcc Pt. A second issue is whether the onset
of intermixing involves the simple exchange of surface Sn with
the outer layer of the Pt NP or more complex processes. This is
elucidated by additional DFT analysis.

Assessment of the energetics relevant for intermixing is pro-
vided by DFT analysis using the Vienna ab initio simulation
package (VASP)."®*” We used the projector-augmented-wave
method*® for the electron-core interactions. The analyses were
performed with both the Perdew-Burke-Ernzerhof (PBE)*® and
PBEsol®® generalized gradient approximation (GGA) func-
tionals for exchange and correlation. The energy cutoff of 400
eV for the plane-wave basis was tested to be sufficient for
energy convergence. For accuracy in energy minimization, the
magnitude of the force acting on each atom undergoing relax-
ation was reduced to less than 0.1 eV nm™". The selection of a
supercell size and the corresponding I'-centered k meshes
were always tested carefully for energy convergence. We have
performed benchmark calculations for bulk fcc Pt as well as
both o- and p-Sn to ensure that experimentally determined
lattice constants and cohesive energies are recovered. See
Tables S17-S22 in the ESI{ for more details. In addition, we
confirm that DFT analysis for bulk Pt;Sn and PtSn alloys
recovers experimental lattice constants and assures the
thermodynamic stability of these alloys at 7= 0 K.

Sn diffusion through fcc Pt

A key analysis particularly relevant for the surface stage of the
process is the assessment of the effective barrier for the

This journal is © The Royal Society of Chemistry 2019
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diffusion of Sn (which is formed by reduction on the surface
of a Pt NP) into the interior of the Pt NP. We assumed that
such diffusion is vacancy mediated, i.e., when a vacancy gener-
ated at the NP surface diffuses to a fcc site adjacent to a Sn
atom embedded in the Pt NP, the Sn atom can hop into that
site. Thus, the effective barrier for Sn impurity diffusion is the
sum of two components:*" one is the formation energy to
create a vacancy, and another one is a local hopping barrier for
an atom to hop into the vacancy location (with some nuances
noted below).

First, we assess relevant hopping barriers using a 4 x 4 x 4
supercell with the k mesh of 5 x 5 x 5. For pure Pt containing a
single vacancy, we found a barrier of Eq, = 1.23 (1.41) eV from
PBE (PBEsol) GGA for Pt hopping into the vacancy. These
values should be compared with a previous theoretical esti-
mate of Eg, = 1.43 eV from the local-density approximation
(LDA).*" For Pt containing an embedded Sn at a fcc site and a
vacancy at an adjacent fcc site, we find a substantially lower
barrier of Eq,(Sn) = 0.68 (0.77) eV from PBE (PBEsol) GGA for
Sn hopping into the vacancy site. Consequently, for hopping
dynamics associated with Sn impurity diffusion, the rate-limit-
ing process is the vacancy diffusion to a site neighboring the
embedded Sn, rather than the Sn hopping to that neighboring
vacancy location. For this reason, the first set of results for
vacancy diffusion in pure Pt is relevant for the analysis of the
effective barrier of Sn impurity diffusion.

Second, we consider relevant vacancy formation energies.
To determine the vacancy formation energy Efom, in a pure fcc
metal, the standard procedure is as follows. One evaluates the
total energy E,,. for a periodic supercell of N fcc sites where N
— 1 sites are populated by metal atoms, and one is a vacancy.
If Epue denotes the total energy of the same cell populated
with N metal atoms, then one has that Erm = Eyac
(N = 1) Epui/N.** Using this approach for fcc Pt, we obtain
Eform = 0.65(0.84) eV from PBE (PBEsol) GGA. These results
can be compared with previous theoretical estimates of E¢n, =
0.95 eV from LDA, and E;yrm = 0.68 eV from PBE. It is however
well recognized that DFT energetics suffer from a “surface
intrinsic error” for which correction procedures have been
developed.®® These yields corrected estimates of Eform(coIT) =
1.15 eV from LDA, and Eg,m(corr) = 1.18 eV for PBE.*" There
are experimental estimates for FEf,, in Pt with a range of
values from 1.25 to 1.6 eV, so the corrected estimates are on
the lower end of this range.”’

To supplement the above conventional analysis of the for-
mation energy, we also determine the energy cost, Egom(Sn in
Pt), for the creation of a vacancy adjacent to a single Sn impur-
ity embedded in fcc Pt.”® To this end, we calculate the total
energy Ey.o(Sn in Pt) of a supercell of N fcc sites with N — 2
sites occupied by Pt, one site occupied by Sn, and one vacancy
adjacent to the Sn, as well as the total energy Epy(Sn in Pt) of
a supercell of N fcc sites with N — 1 sites occupied by Pt and
one site occupied by Sn. Then together with Ej for pure Pt
mentioned above, one has that Eg.m(Sn in Pt) = E,(Sn in Pt) +
Epu/N — Epun(Sn in Pt). From such an analysis, we find that
Etorm(Sn in Pt) = 0.44 (0.62) eV for PBE (PBEsol) GGA. These
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formation energies are significantly below the uncorrected
values for vacancy formation in pure Pt, so we reasonably
assume that corrected values are also lower. This analysis
indicates that the relevant formation energy controlling
Sn impurity diffusion in Pt is the higher value for pure Pt of
E¢orm(corr) ~ 1.2 eV.

In summary, we conclude that the effective barrier, E4(Sn in
Pt), for the diffusion of Sn impurities in Pt corresponds to the
effective barrier or diffusion of vacancies in pure Pt. However,
this conclusion is only possible after the above comprehensive
analysis. This effective barrier is given by E4(Sn in Pt) =
Eform(corr) + Eg, & 2.6 €V (or 250 k] mol™") using the higher
PBEsol or LDA value for E4,, and is consistent with experi-
mental estimates. A value of E4(Sn in Pt) ~ 250 k] mol ™" is
compatible with our kinetic analysis of experimental data
determining the effective barrier for the surface stage of
intermixing.

Intermixing of surface Sn into Pt(100)

It has been suggested that comprehensive analysis and insight
into intermixing kinetics of species A into a NP of species B
should assess barriers and energetics for the exchange of iso-
lated adsorbed species A with atoms at the surface of the
B NP.>* Such a process is potentially the initial step in our
surface stage of intermixing after A = Sn is reduced at the
surface of the B = Pt NP. Relevant energies have been tabulated
for various systems based on DFT analysis.”* > Since our Pt
NP cores are predominantly cubic in shape at least for the
larger NPs, we naturally focus on intermixing of Sn on Pt(100)
facets. It is well recognized that exchange barriers for (100)
facets of fcc metals are generally well below those for more
laterally crowded hexagonal close-packed (111) facets,”” poten-
tially making exchange competitive with surface hopping on
(100) facets.

From slab calculations using a 4 x 4 supercell with the k
mesh of 7 x 7 x 1 (slab thickness is four single-atom Pt(100)
layers plus a vacuum separation of 2.2 nm in the direction per-
pendicular to the slab surface), we determine that Sn prefers
the four-fold-hollow (4fh) site on Pt(100), the energy at the
bridge site being 0.76 (0.85) eV higher from PBE (PBEsol) GGA.
Thus, the diffusion barrier for surface hopping between 4fh
sites is given by E4(Sn) ~ 0.8 eV. In addition, upon exchange of
Sn at a 4fh surface site with one of the four supporting Pt, dis-
placing that Pt to a second nearest-neighbor 4fh site of the
initial Sn 4fh site, the energy of the system actually increases
by AE = + 0.44 (+0.59) eV from PBE (PBEsol) GGA. Thus, this
process is endothermic, i.e., not thermodynamically favorable.
Previous analyses indicate that it is generally not favorable for
more noble (or less cohesive) metals to substitute into less
noble (or more cohesive) substrates due to an energy penalty
in moving the latter to the surface as adatoms.*® This picture
is consistent with our analysis. We find that incorporating
additional Sn adatoms which become neighbors of the Pt dis-
placed onto the (100) surface (but are not neighbors of the Sn
which substitutes into the surface layer) still does not make
the exchange process exothermic.
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Thus, we conclude that the onset of intermixing at a Pt
(100) surface cannot be described in terms of simple single-
atom processes, but must reflect more complex concerted be-
havior (and is presumably facilitated by the presence of defects
associated with grain boundary as suggested previously).

Conclusion

In this work we have studied the formation of ordered IMCs at
the nanoscale, focusing on the kinetics of transformation from
Pt to PtSn NPs. With the assistance of quantitative PXRD ana-
lysis, we find that the transformation to an intermetallic NP is
initiated by a surface-specific intermixing stage. The activation
barrier for this stage determined from the tailored modeling of
the experimental kinetics is consistent with DFT analysis of the
effective barrier for vacancy-mediated diffusion of Sn through
fcc Pt. Furthermore, our analysis shows that transformation
kinetics for surface intermixing over the observed temperature
range is effectively described by a single model or mechanism
with a fixed reaction order and a single activation barrier. Also,
we find that the default expectation of faster conversion of
smaller NPs does not universally apply since only the larger
NPs contain grain boundaries which significantly enhance
their initial conversion. This initial stage is generally followed
by a G-B type bulk diffusion stage where appropriate analysis
of the kinetics to extract an activation barrier follows from a
G-B model refined to treat the NP geometry of relevance here.
In summary, our work develops a detailed picture and charac-
terization of the kinetics of PtSn IMC formation at the nano-
scale. The key aspects of this work can likely be generalized to
benefit the synthesis route for the designing of other interme-
tallic systems, being useful in a broad spectrum of fields.
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