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Figure S1. TEM image of 14 nm Pt@mSiO2 NPs after 120 min transformation at 260 °C.  
 
 
 

 
 
Figure S2. (A) TEM and (B) HR-TEM image of 5 nm Pt@mSiO2 NPs after 120 min 
transformation at 250 °C. Lattice spacing in (B) is 0.294 nm and matches PtSn(101). 
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Figure S3. ICP-MS measurement of Pt:Sn ratio in the Pt/PtSn@mSiO2 samples from 14 nm, 
240°C experiment. 
 
 
 

 
Figure S4. ICP-MS measurement of Sn2+ concentration in the solution after removal of 
Pt/PtSn@mSiO2. Samples are from 14 nm, 240°C experiment. 
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Figure S5. Time-evolution XRD patterns of (A) 5 and (B) 14 nm Pt@mSiO2 transformed to 
PtSn@mSiO2 at various designated temperatures. 
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Figure S6. XRD pattern of (A) 3:1 and (B) 1:3 standard mixture of Pt and PtSn and their 
deconvolution. The black circles representing XRD raw data, the red lines representing each 
deconvoluted peaks, the dark yellow line representing a linear baseline, and the dark blue line 
representing the sum of all deconvoluted peaks. 
 
The effect of mesoporous silica shell 
    In designing heterogeneous catalysts, inorganic supports like silica, alumina or titania are 
generally utilized to disperse and stabilize the metal catalyst.1 Our mesoporous silica shell is 
an improved extension of those supports, customized to provide further advantages as that:  

1. Silica is chemically and thermodynamically inert. It makes the mesoporous silica shell 
stable at various synthesis or catalysis conditions.  
2. Mesopores within the silica shell provide uninhibited access from the chemical 
environment to the metal core (discussed in detail below). 
3. The core-shell structure enables us to achieve high metal loading without worrying about 
nanoparticle aggregation, which benefits further catalysis. 
4. Our Pt@mSiO2 and PtSn@mSiO2 nanoparticles better mimic typical realistic catalytic 
systems (metal NPs on extended oxide supports) than surfactant-coated NPs. 

In our previous work,2 we have extensively studied the seeded growth mechanism in the 
silica shell and we found that the silica shell is etched by inorganic salts during the 
intermetallic synthesis, which provides sufficient space for the expansion of metal core. 
Additionally, by measuring the metal core diameter and silica shell thickness of the Pt 
nanoparticles in Figure 1(A), we obtained a Pt core size of 13.8 ± 1.4 nm and a silica shell 
thickness of 14.1 ± 0.8 nm. By measuring the nanoparticles after conversion in Figure S1, we 
confirm that the metal core grew to 19.1 ± 1.1 nm and the silica shell thickness decreased to 
8.9 ± 1.0 nm. This indicates that the mesoporous silica shell did not block the Pt core growth. 
Other useful data of the silica shell is provided in the table below: 

 thickness (nm) pore diameter (nm) pore volume (cm3/g) 

5 nm Pt@mSiO2 14.1 ± 0.8 2.1 0.57 

14 nm Pt@mSiO2 9.1 ± 1.0 2.5 0.58 

 

36 38 40 42 44 46 48 50

In
te

n
s

it
y

2 theta (degree)

Pt:PtSn = 3:1A

36 38 40 42 44 46 48 50

B

In
te

n
s

it
y

2 theta (degree)

Pt:PtSn = 1:3



6 
 

Besides, those mesoporous silica shell should be treated with no difference from general 
inorganic supports. By using those Pt@mSiO2 nanoparticles, we were trying to adapt to a 
more “realistic” condition that’s close to general catalyst designing. To illustrate that, we 
employed another support material, where 5 nm Pt nanoparticles are made and deposited onto 
100 nm silica spheres (method follows previous literature3). In this case, those silica spheres 
are surface functionalized with NH2 group to improve dispersion the Pt nanoparticle, and 
those Pt nanoparticles have uninhibited contact with the chemical environment. We 
performed the conversion to PtSn at 250 °C, expecting that the results will repeat the previous 
experiment with the 5 nm Pt@mSiO2. Figure S7 below shows the PXRD patterns of samples 
at various time during the conversion, and their conversion compared to the 5 nm Pt@mSiO2. 
We notice that there is no significant difference between the two types of materials. 
Therefore, our mesoporous silica shell has no effect inhibiting NP growth during conversion 
relative to NPs supported in the exterior surface of common inorganic support materials.  

 

 

Figure S7 (A) Time-evolution PXRD patterns of 5 nm Pt/SiO2 converting to PtSn at 250 °C 
and (B) the corresponding conversion compared to 5 nm Pt@mSiO2. 
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Figure S8. TEM image of 5 nm Pt/SiO2 after 120 min transformation at 250 °C. The 
dominate phase is PtSn as shown by the XRD in Figure S7A. 
 

Previous literature observed the intermetallic nanoparticle growth with organic surfactants 
to stabilize the nanoparticles during synthesis.4, 5 Although the study generates valuable 
insights, it also introduces further complexities regarding the interaction between the organic 
surfactants and the metal nanoparticle, in terms of the surfactants density on the metal surface 
and, the extent to which the strongly bound surfactants affect the kinetics of intermetallic 
PtSn formation at the surface of the nanoparticles. Moreover, such organic surfactants are 
known to diminish or inhibit the catalytic activities of metal nanoparticles, therefore making 
them less desirable from a catalytic perspective. 

We have performed a control experiment, however, to observe the Pt to PtSn 
transformation with 14-nm Pt nanoparticles stabilized by organic surfactants (TTAB, 
myristyltrimethylammonium bromide). The experiment was performed in the same way as 
described in the manuscript, with a target temperature of 240 °C. However, we started to 
observe severe aggregation of the Pt nanoparticles before the reaction mixture reaching 
240 °C and the addition of SnCl2 into it. As seen in Figure S9 (A) below, XRD of the 
precipitated Pt shows a crystal domain size of 19.0 nm. Compared to the crystal domain size 
of 11.2 nm before heating to 240 °C, it suggests the Pt nanoparticles aggregated despite the 
surfactant. TEM image of the precipitation, as shown below as Figure S9 (B), confirmed Pt 
aggregation. This also indicates that an inorganic support material like our mesoporous silica 
shell is crucial for the synthesis of these intermetallic nanoparticles. Previous literature also 
shows similar results.1 

Another control experiment mentioned in the manuscript attempted to reduce Sn precursor 
without Pt@mSiO2.  It was performed by dissolving 0.205 mmol of SnCl2 in tetraethylene 
glycol, and the flask was heated to 280 °C on a heating mantle. The resulting solution was 
centrifuged, and no reduced Sn precipitation is observed. 
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Figure S9 (A) PXRD patterns of TTAB-capped Pt nanoparticles (B) TEM image of TTAB-
capped Pt nanoparticles after heated to 240 °C 
 
Kinetics for the surface stage of intermetallic formation 
 
    We describe a general formulation of kinetics for the first surface stage of intermetallic 
formation. We assume that the fraction of the Pt NP surface which is not converted to 

intermetallic as given by surf - , where again surf denotes the value of the conversion, , at 

the end of this stage. We also let  denote the fraction of the NP surface which is covered by 
reduced Sn, and which is also on the portion of the NP surface which is not converted to 
intermetallic. We regard intermixing on this unconverted portion of the surface as being 

enhanced relative to any Sn reduced on the intermetallic potions. Finally, surf -  -  gives 
the fraction of the surface corresponding to exposed Pt. We regard the reduction of Sn as 
being enhanced on this portion of the NP surface. See Figure S10.  

 

 
 
Figure S10. Geometry associated with the model for the first surface stage. 
 
    We assume reduction requires m1 Pt surface atoms, and that intermixing requires m2 
unconverted Pt surface atoms. Then, a mean-Field Langmuirian formulation would suggest 
the rate equations 

డ

డ௧
 ൌ 𝐾௥௘ௗሺ௦௨௥௙ െ  െ ሻ௠భ െ డ

డ௧
 and      (S10.1) 

డ

డ௧
 ൌ 𝐾௠௜௫ሺ௦௨௥௙ െ ሻ௠మ         (S10.2) 
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    Implicitly, these forms assume a random distribution of surface sites converted to 
intermetallic, and of sites not converted by reduced Sn. Non-randomness in the form of 
clustering would reduce the exponents. Kred and Kmix correspond to rates for reduction and 
intermixing, respectively. We just consider two extreme regimes. If intermixing is facile so 

that Kmix >> Kred, then one has   0 and d/dt   0, which in turn implies that 

డ

డ௧
 ൎ 𝐾௥௘ௗሺ௦௨௥௙ െ ሻ௠భ so that ms = m1.      (S10.3) 

    If the reduction is facile so that Kred >> Kmix, then one has   surf - , which in turn 
implies that  

డ

డ௧
 ൌ 𝐾௠௜௫ሺ௦௨௥௙ െ ሻ௠మାଵ, so that ms = 1+m2     (S10.4) 

 

 
 
Figure S11. HR-TEM image of 14 nm Pt@mSiO2 that shows multiple Pt domains. 
 
 
 

 
Figure S12. Addition EDX line scans on different particles of 14 nm NP after 15 min 
conversion at 240 °C, when α = 0.36. 
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Figure S13. Addition EDX line scans on different particles of 14 nm NP after 30 min 
conversion at 260 °C, when α = 0.80. 
 
 
Refined Ginstlung-Brounshtein (G-B) formulation 
 
    We assume that G-B theory applies only for times t ≥ t0 around 20-30 min depending on 
temperature (T) after which a complete intermetallic PtSn shell of fairly uniform thickness 
has formed. (This complete PtSn shell will generally be surrounded by a complete Sn shell.) 
The G-B model assumes a spherical geometry for the NP and analyzes quasi-steady-state 
diffusion through the shell assuming a source of finite concentration at the outer surface and a 
sink corresponding to zero concentration at the inner surface. See Figure S14. We solve this 

G-B model with “initial” conditions at “initial” time t = t0 where  = 0 (between ~0.4 and 
~0.8 depending on T). The non-zero “initial” thickness of the intermetallic shell means that 
its thickness increases at a finite rate at t0. This contrasts the standard G-B model with initial 
conditions imposed at t = 0 where the infinitesimally thin shell means an infinitely large flux 
across the shell, and thus an infinite growth rate just at t = 0.  

 

 

Figure S14 Schematic of our refined G-B model 
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    Solution of the steady-state diffusion equation in the shell yields 𝐶ሺ𝑟ሻ ൌ 𝑏𝐶ோሺ𝑟 െ
𝑎ሻ/ሺ𝑟𝑏 െ 𝑟𝑎ሻ where CR is the concentration at the outer surface r = b = R.6 This leads to a 

diffusion flux 
డ஼

డ௥
ൌ 𝑅𝐶ோ/ሾሺ𝑅 െ 𝑥ሻ𝑥ሿ at r = a, and thus an evolution equation for shell 

thickness.6 

డ

డ௧
𝑥 ൌ ௞ோ

ோ௫ି௫మ,          (S14.2) 

where k is proportional to the diffusion coefficient. We now rearrange and integrate (S10.2) 
with the appropriate initial conditions x = x0 and t = t0. Setting u = x/R, so that du/dt = kR-2/(u 
– u2), leads to the result 

ଵ

ଶ
ሺ𝑢ଶ െ 𝑢଴

ଶሻ െ ଵ

ଷ
ሺ𝑢ଷ െ 𝑢଴

ଷሻ ൌ 𝑘𝑅ିଶሺ𝑡 െ 𝑡଴ሻ,     (S14.3) 

where u0 = x0/R and u0 = 1 - (1-0)1/3. 

    Then, one substitutes u = 1 - (1-)1/3 into (S14.3) to obtain 

ଵ
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మ

ଶ
െ ௨బ

య

ଷ
ൌ 𝑘𝑅ିଶሺ𝑡 ൅ 𝑡∗ሻ, 

           (S14.4) 

where t* = -t0 + R2/(2k) u0
2 – R2/(3k) u0

3 (= 0 in the standard GB theory with t0 = x0 = 0). The 

left-hand-side of (S14.4) can be simplified to ½ [1 - (2/3) - (1-)2/3] which leads to the 
result 

1 െ ଶ

ଷ
 െ ሺ1 െ ሻ

మ
య ൌ 𝐾ሺ𝑡 ൅ 𝑡∗ሻ where K= 2kR-2.     (S14.5) 

Since data corresponding to the diffusion stage is limited, and since the variation of  in 
this stage is limited, there is substantial uncertainty in the determination of Kd and the 
associated Ead. Data fitting using the approach described above based on the last 4 data points 
is shown in Figure 4B. This analysis yields Kd = 2.77*10-4 and t* = 410 min at 260 °C, Kd = 
2.06*10-4 and t* = 400 min at 250 °C, and Kd = 0.60*10-4 and t* = 417 min at 240 °C The 

associated activation barrier is Ead  175 kJ/mol, as seen in figure S15. However, there is 

substantial uncertainty of about  60 kJ/mol. 

 



12 
 

 

Figure S15. Arrhenius plot for diffusion stage of 14 nm Pt NPs.  

 
 
 
 

 
Figure S16. Control experiments that extended the reaction time for converting (A) 5 nm 
Pt@mSiO2 at 250 °C and (B) 14 nm Pt@mSiO2 at 260 °C.  
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DFT benchmark analyses for the Pt-Sn systems 

        In the tables below, we listed the k mesh and energy cutoff Ecut used in our DFT 
calculation for each bulk system. The cohesive energy for a single-element system is 
calculated as 𝐸ୡ ൌ 𝐸ୠ୳୪୩/𝑁 െ 𝐸୭୬ୣ, where 𝐸ୠ୳୪୩ is the total energy of a primitive cell, N is 
the number of atoms in a primitive cell, and 𝐸୭୬ୣ is the energy of one atom in gas phase. 

 

Table S17 Lattice constant a and cohesive energy Ec from different density functionals for 
bulk Pt (fcc structure). Experimental values are listed as a comparison (RT denotes “room 
temperature”). 

Method k mesh Ecut (eV) a (nm) Ec (eV/atom) 

PBE 61 ൈ 61 ൈ 61 400.000 0.3968 5.489 
PBEsol 61 ൈ 61 ൈ 61 400.000 0.3916 6.405 
optB88 61 ൈ 61 ൈ 61 400.000 0.3979 5.818 
optB88 61 ൈ 61 ൈ 61 600.000 0.3980 5.819 
Experiment7   0.392 at RT 5.84 
Experiment8   0.39160 at 0 K  

 
 

Table S18 Lattice constant a and cohesive energy Ec from different density functionals for 
bulk 𝛼-Sn (diamond structure). Experimental values are listed as a comparison. 

Method k mesh Ecut (eV) a (nm) Ec (eV/atom) 

PBE 61 ൈ 61 ൈ 61 300.000 0.6653  
PBE 61 ൈ 61 ൈ 61 400.000 0.6654 3.191 
PBEsol 61 ൈ 61 ൈ 61 300.000 0.6544  
PBEsol 61 ൈ 61 ൈ 61 400.000 0.6543 3.561 
Experiment7   0.649 at RT 3.14 
Experiment9   0.64912 at RT  
Experiment10   0.64892 at 295.15 K  

 
 

Table S19 Lattice constants (a and c) and cohesive energy Ec from different density 
functionals for bulk 𝛽-Sn (tetragonal structure). Experimental values are listed as a 
comparison. 

Method k mesh Ecut (eV) a and c (nm) Ec (eV/atom) 

PBE 61 ൈ 61 ൈ 61 400.000 
a = 0.5942 
c = 0.3212 

3.153 

PBEsol 61 ൈ 61 ൈ 61 400.000 
a = 0.5840 
c = 0.3156 

3.594 

Experiment11   
a = 0.58312 
c = 0.31814 at 298.15 K 

 

Experiment12   
a = 0.58318 
c = 0.31819 at 298.15 K 
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Table S20 Lattice constant a from different density functionals for bulk Pt3Sn (Cu3Au 
structure). Experimental values are listed as a comparison. 

Method k mesh Ecut (eV) a (nm) 

PBE 61 ൈ 61 ൈ 61 400.000 0.4057 
PBEsol 61 ൈ 61 ൈ 61 400.000 0.4005 
Experiment13   0.400 
Experiment14   0.4004 

 

 

Table S21 Lattice constants a and c from different density functionals for bulk PtSn (NiAs 
structure). Experimental values are listed as a comparison. 

Method k mesh Ecut (eV) a and c (nm) 

PBE 61 ൈ 61 ൈ 61 400.000 
a = 0.4176 
c = 0.5508 

PBEsol 61 ൈ 61 ൈ 61 400.000 
a = 0.4119 
c = 0.5437 

Experiment14   
a = 0.4108 
c = 0.5450 

 
 

Table S22 The DFT energy (eV) per unit cell of bulk Pt3Sn and PtSn relative to bulk Pt and 
Sn. 

Method Pt and 𝛼-Sn → Pt3Sn Pt and 𝛽-Sn → Pt3Sn Pt and 𝛼-Sn → PtSn Pt and 𝛽-Sn → PtSn 

PBE -1.538 -1.576 -2.346 -2.423 

PBEsol -1.673 -1.640 -2.491 -2.425 

 

 

Demonstration of the stability of a thin PtSn alloy layer at the surface of bulk Pt 

Although we have confirmed the stability of bulk Pt-Sn alloys, it is appropriate 
to investigate the stability of surface alloys, i.e., alloys formed by conversion of a limited 
number of near-surface layers of the Pt NPs by addition of one or more layers of Sn to 
the surface. In the initial stages of the process with limited Sn and a substantial excess 
of Pt, it is reasonable to anticipate the formation of a near-surface fcc Pt3Sn-type alloy 
which includes alternating (100) layers of c(2 ൈ 2) Pt-Sn and of pure Pt. This picture 
motivates our comparison of the energies of: (i) a Sn single-atom layer on Pt(100); and 
(ii) a top first single-atom layer and a lower third single-atom layer both with c(2 ൈ 2) 
Pt-Sn structure, and a second and fourth and lower single-atom layers of pure Pt. The 
energy per lateral 2 ൈ 2 unit cell is lowered by -3.60 eV, so such surface alloy formation 
is thermodynamically favorable. We note that, in this analysis, the Sn adlayer with 
alternating Sn heights in a c(2 ൈ 2) pattern has lower energy than an adlayer with equal 
height Sn, and the surface alloy configuration described with a Pt-Sn surface termination 
has lower energy than the configuration with a Pt termination. The analogous 
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comparison with two surface Sn single-atom layers converting to four c(2 ൈ 2) Pt-Sn 
layers including the top single-atom layer, and with interspersed with pure Pt single-
atom layers, reveals that the energy is lowered by -10.49 eV per 2 ൈ 2 cell. This further 
supports the thermodynamic favorability of PtSn surface alloy formation. 
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