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  1   .  Introduction 

 Core–shell and yolk–shell materials are interesting systems for 
a variety of applications. Especially in catalysis, such systems 
can offer properties which are a combination of the advanta-
geous features of the constituents. One application fi eld of 
core–shell and yolk–shell materials is heterogeneous catalysis. 
In 2006, we have reported the stabilization of gold colloidal cat-
alysts against sintering during high temperature CO oxidation 
by encapsulation in zirconia hollow shells. [  1  ]  Later on, Joo et al. [  2  ]  
reported the synthesis of Pt@mesoporous-SiO 2 , 1  consisting 
of Pt nanoparticles of  ≈ 15 nm encapsulated in a mesoporous 
silica shell, and its uses in high temperature gas phase reac-
tions. Furthermore, core@shell materials with magnetic cores 
like Fe, [  3,4  ]  Co, [  5  ]  or Ni [  6  ]  are used in heterogeneous catalysis as 
magnetically recoverable solid catalysts, where usually the cata-
lytically active phase corresponds to the shell material and the 
core provides the magnetic properties to the system. [  4  ]  

 Yolk–shell materials, also known as rattle-type particles, are 
special extensions of core@shell systems. They are composed 
of a solid particle as core, an interstitial free space between core 
and shell, and the (in most cases porous) shell. Yolk–shell par-
ticles have mostly been synthesized by templating strategies 
using core–shell materials as building blocks. Their synthesis 

often relies on the concepts initially devel-
oped by Liz-Marzán and colleagues. [  7  ]  For 
instance, Park et al. [  6  ]  described the syn-
thesis of Ni@SiO 2  by coating pre-formed 
Ni particles with a mesoporous silica shell 
by modifi cation of the Stöber process. 
The initial Ni@SiO 2  core@shell material 
was transformed to yolk–shell materials 
by partially leaching the Ni core. These 
materials were used as methane steam 
reforming catalysts with high thermal 
stability. Furthermore, the same synthesis 
strategy was extended to Fe@SiO 2  and 
Co@SiO 2  core@shell structures. 

 Basically, there are two general approaches to produce 
yolk–shell structures. The fi rst one is based on a bottom-up 
approach, in which the system is fabricated in an inside to out-
side order. A fi rst pathway involves the preparation of the core 
followed by the consecutive coating with a spacer layer, and 
fi nally the outer layer of the targeted shell material. The spacer 
layer is fi nally removed via selective dissolution or calcination. 
As examples, Au, @polymer, [  8  ]  Au, @SiO 2 , [  9  ]  Au, @C, [  8,9  ]  Pt, 
@C, [  10,11  ]  and Rh, @C [  12  ]  have been obtained using bottom-up 
strategies and silica as spacer layer. Additionally, Au, @Fe 3 O 4  [  13  ]  
has been synthesized using as spacer layer organic molecules 
like oleylamine/oleic acid. A second pathway involves the crea-
tion of the inner void by partial dissolution of the central shell 
material by Ostwald ripening. [  14,15  ]  In contrast, a third pathway 
relies on the creation of the inner void by partial dissolution of 
the core material of the initial core–shell system. [  6,16,17  ]  

 The alternative to the bottom-up approaches described above 
is a top-down approach, also called pre-shell post-core method. 
Following this method, fi rst hollow spheres are generated by 
hard templating or soft templating strategies. Subsequently, 
the core of interest can be included into the shell via permea-
tion of the precursor and subsequent chemical treatment, for 
instance chemical reduction [  18,19  ]  or metal displacement reac-
tions. [  20  ]  Hah et al. [  20  ]  reported the preparation of Cu core rattle-
type silica particles by a pre-shell/post-core synthetic route. 
In the same work, the exchange of the Cu metal cores inside 
silica shells for Ag cores was achieved by a metal displacement 
reaction. 

 Yolk–shell materials have not only attracted interest due to 
their unique structure, but also because they provide inter-
esting functionality. For instance, sinter-stable materials can 
be based on such systems. The encapsulated metal nanopar-
ticle is successfully hindered by the shell to migrate out and 
further sinter with other metal nanoparticles. In addition to the 
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the synthesis follows the pathway sketched in  Figure    1  . A 
pre-synthesized, ligand-stabilized metal nanoparticle (Me) is 
coated with a dense silica shell, following a modifi ed Stöber 
protocol described by Graf et al. [  32  ]  The subsequent layer con-
sists of porous silica which is synthesized onto the solid silica 
sphere by the process described by Büchel et al. [  33  ]  This step 
consists in the hydrolysis/co-condensation reactions of a mix-
ture of tetraethyl orthosilicate (TEOS) and an  n -octadecyltri-
methoxysilane (OTMS), at the surface of the pre-synthesized 
Me@SiO 2 . The OTMS contains an aliphatic substituent group, 
which during the polycondensation reactions occupies a large 
space in the silica shell. After calcination at 550  ° C in air, the 
aliphatic groups are burnt, generating the pore system (step 
II). This core@shell material Me@SiO 2 @ m -@SiO 2 , is used as 
exotemplate for the nanocasting of the carbon shell. During the 
nanocasting process, polymer precursors (monomers and cata-
lyst/initiator) are selectively infi ltrated in the mesopores of the 
exotemplate. The infi ltration of the monomers is carried out 
via the incipient wetness method, in a way that no precursor 
material remains outside of the shell, otherwise the core@shell 
particles (Me@SiO 2 @ m -SiO 2 ,Polymer) would agglomerate. 
Afterwards, the monomers are polymerized in the confi ned 
space of the mesopores, producing the polymer composite 
(step III). The polymer is then carbonized at high temperatures 
under either inert atmosphere or vacuum (step IV). The carbon 
composite contains the carbon replica which is obtained by 
leaching of the silica exotemplate with HF or NaOH (step V). 
During the carbon nanocasting process, the graphitization of 
the carbon shell can be assisted by transition metal salts. In the 
next sections, the optimization of the synthesis of the exotem-
plate and the nanocasting process will be addressed in detail.  

 In our previous publication, poly(furfurylalcohol) (PFA) had 
been used as the carbon precursor. In order to explore the scope 
of the method and optimize the graphitization for use as fuel 
cell catalysts, also other polymer precursors were used for the 
nanocasting of the shell, i.e., poly(divinylbenzene) (PDVB), mes-
ophase pitch, poly(4-vinylpyridine) (PVPD), and polyacryloni-
trile (PAN). In this contribution, we will focus on PFA, PDVB 
and mesophase pitch. To induce graphitization, Fe(NO 3 ) 3 ×9H 2 O 
was impregnated onto the silica in concentrations between 0 

stability against sintering, yolk–shell materials often provide 
rather monodisperse and narrow particle size distributions. 
This makes these materials highly suitable as model catalysts, 
which allow the study of general problems in heterogeneous 
catalysis, such as particle size dependence of catalytic activity 
or metal-support interactions. Representative examples of yolk–
shell systems designed in our group for CO oxidation are Au 
nanoparticles encapsulated in metal oxide shells, like zirconia 
(Au, @ZrO 2 ), [  1,21–23  ]  and titania (Au, @TiO 2 ). [  24  ]  Core@shell 
materials like Au@SnO 2  [  25  ]  and Pt@ m -SiO 2  [  2  ]  have also been 
reported as CO oxidation catalysts. 

 Encapsulation could also improve the stability of fuel cell 
catalysts, provided that a conducting shell, such as carbon, 
could be created. There are fi ve major deactivation pathways 
of fuel cell cathode catalysts, [  26–29  ]  coalescence and detachment 
of metal nanoparticles from the support, platinum dissolution, 
Ostwald ripening, and carbon support corrosion. Encapsula-
tion of the active phase in a carbon shell could slow down or 
even prevent most of these pathways. Agglomeration of parti-
cles located in different spheres and detachment of particles is 
completely suppressed by encapsulation. Since the cores are 
relatively monodisperse in yolk–shell particles (if colloidal syn-
thesis is used for the creation of the cores) the driving force for 
Ostwald-ripening is very low. Dissolution could also be slowed 
down, because the concentration increases relatively quickly 
in the shell, reducing the driving force for further dissolution. 
Furthermore, if graphitic carbon shells were used, the graphiti-
zation could also improve carbon corrosion resistance. 

 The requirements for such core–shell systems for applica-
tions in electrocatalysis are as follows: 1) the shell has to have 
suffi ciently high electron conductivity; 2) the shell has to be 
suffi ciently porous in order to allow the transport of electrolyte 
and gaseous reactants to the encapsulated metal nanoparticle; 
3) the metal loading has to be as high as possible to achieve 
signifi cant reaction rates. Commercial fuel cell catalysts have 
typical noble metal loadings which can reach 50 wt%, or even 
exceed this value. Therefore, the shell diameter and the size of 
the metal nanoparticles have to be modifi able in order to adjust 
the metal loading. 

 In order to explore the perspectives of such systems, we have 
relied on the synthetic pathways explored by us for the prepa-
ration of sinter-stable catalysts, but expanded the synthesis to 
platinum and bimetallic platinum-based core particles, encap-
sulated in graphitized carbon shells. The goal of the study was 
the exploration of synthetic protocols for electroactive yolk–shell 
catalysts, and tests of their performance as cathode catalysts for 
low temperature fuel cells. An alternative approach for stabili-
zation of nanoparticles, introduced by classical impregnation 
followed by high temperature treatment, in the defi ned pores 
of hollow graphitic shells has been reported by us recently. [  30  ]   

  2   .  Synthesis of Yolk–Shell Materials 

  2.1   .  Optimization of the Carbon Shell Material 

 The overall synthetic approach is based on the one developed 
for 15 nm Au, @C published recently by us. [  31  ]  Principally, 

      Figure 1.  Strategy for the preparation of encapsulated metal nanoparticles 
in porous carbon shells by nanocasting using the Me@SiO 2 @ m -SiO 2  as 
exotemplate. 
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sorption isotherms of the products obtained with PFA, PDVB, 
and mesophase pitch are shown in  Figure    2  .  

 Au, @C yolk–shell materials derived from PDVB and meso-
phase pitch have slightly different textural properties compared 
to the Au, @C material derived from PFA which had been 
studied previously. In general, all three replicas have high BET 
surface area and total pore volumes exceeding 1000 m 2  g −1  
and 1.4 cm 3  g −1 , respectively. While the replica obtained using 
PFA as carbon precursor has a well-shaped and defi ned hys-
teresis loop with a forced closure at  ≈ 0.42  P / P  o  due to capil-
lary criticality, the replica using PDVB has a similarly defi ned 
adsorption step at a relative pressure of  ≈ 0.4–0.5, but a less 
pronounced hysteresis loop. The replica obtained with meso-
phase pitch has a higher fraction of larger mesopores with sizes 

and 8 wt.%. No graphitization catalyst, however, was used in 
the case of mesophase pitch. Also nickel and cobalt compounds 
were tested as graphitization catalysts, but iron resulted in the 
best degrees of graphitization and was thus used in all further 
experiments. This set of experiments was carried out with 
15 nm gold particles as core material, since this system was 
best explored in the group. 

 The detailed results of these studies would exceed the 
scope of this contribution, and thus only the most salient fea-
tures should be reported here. Overall, PDVB was found to 
be an optimal carbon precursor, since the resulting carbon 
spheres had good mechanical stability, suitable porosity and 
graphitized best of all precursors under the conditions studied 
(4 h at 1000  ° C, 8 wt% iron content). Electron micrographs and 

      Figure 2.  Representative TEM images and corresponding nitrogen sorption isotherms of Au, @C yolk–shell materials produced using different carbon 
precursors: poly(furfuryl alcohol) (PFA), mesophase pitch, and poly(divinylbenzene) (PDVB). The BJH pore size distributions are shown in the inset 
fi gures. 
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templates without gold core to facilitate production, thus, there 
is no refl ection of the gold visible in the patterns); the pattern of 
Vulcan carbon, a typical commercial fuel cell catalyst support, is 
given for comparison. The PDVB-derived carbon shells clearly 
show the best degree of graphitization, with a pronounced refl ec-
tion at 26.5 °  (2  θ  ), while the other samples are characterized by a 
broader refl ection shifted to lower angles, characteristic of tur-
bostratic carbon. This is also confi rmed by Raman spectroscopy 
(Figure S1, Supporting Information). Since the textural prop-
erties and the highly graphitic structure of the PDVB-derived 
shells appeared to be best suited for the targeted electrocatalysts, 
this system formed the basis for subsequent experiments.   

  2.2   .  Synthesis of Pt, @C 

 For the development of Pt, @C the same general synthesis 
approach as used for the synthesis of Au, @C was followed. 
However, instead of the 15 nm gold particles, the starting mate-
rial was a platinum colloid of smaller particle size ( < 5 nm). 
The infl uence of different synthesis parameters was studied in 
order to optimize the production of Pt, @C yolk–shell mate-
rials with the highest loading possible and best structural 
characteristics. 

 The major difference when using smaller metal parti-
cles is the increased surface area. This is not only important 
for the catalytic reaction, but also during synthesis, since the 
surface area is crucial in determining the required amount of 
poly(vinylpyrrolidon) (PVP) which is needed as stabilizer for 
the metal colloids and as nucleation layer for the formation of 
silica on the metal colloids. If the same PVP:metal ratio is used 
as for encapsulation of the gold catalysts, the resulting silica-
encapsulated particles are of very low quality, with many Pt-par-
ticles encapsulated in one silica sphere and the silica spheres 
being fused together (Figure S2, Supporting Information). With 
increasing PVP/Pt-ratio, the quality of the materials gradually 
improves and is optimized at a ratio of 0.04 ( Figure    4  ). At yet 
higher PVP concentrations, the quality deteriorates again, with 

between 10 nm and 30 nm. Part of these larger mesopores 
might be attributed to the incomplete pore fi lling, which could 
also explain the slightly lower surface area of this carbon replica 
compared to the replicas using PFA and PDVB. 

 With respect to porosity and ease of synthesis, PFA and PDVB 
would both be suitable as precursor to provide a support for elec-
trocatalysts. However, their graphitization behavior was found 
to be substantially different.  Figure    3   shows the selected XRD 
patterns of carbons obtained from the different precursors after 
thermal treatment at 1000  ° C for 4 h with 8 wt% of Fe as gra-
phitization catalyst impregnated onto the silica (the study of var-
ious precursors for carbon was carried out using SiO 2 @ m -SiO 2  

      Figure 3.  XRD patterns of graphitized carbon spheres. The graphitiza-
tion was carried out using 8 wt% of Fe using Fe(NO 3 ) 3 ·9H 2 O as cata-
lyst precursor and at 1000  ° C for 4 h under nitrogen atmosphere. In the 
graphic, Fe indicates the graphitization catalyst, which is leached out. 
Mesophase pitch was graphitized without catalyst. Poly(divinylbenzene) 
(PDVB), poly(furfuryl alcohol) (PFA), mesophase pitch and carbon black 
Vulcan for comparison. 

      Figure 4.  TEM images of representative Pt@SiO 2  core@shell systems prepared using different PVP/Pt molar ratios: left) PVP/Pt  =  0.004, middle) 
PVP/Pt  =  0.02, and right) PVP/Pt  =  0.04. 
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hydrophobic character plays a predominant role, causing phase 
separation. To overcome this phase separation problem, the 
temperature of the system was increased (50  ° C). However, a 
higher temperature resulted in faster hydrolysis/condensation 
of TEOS alone at the surface of the Pt@SiO 2 , without OTMS 
taking part in the reaction. Therefore, the porosity could not be 
increased under the reaction conditions used beyond the one 
achieved at a TEOS/OTMS ratio of 5. 

 The total size of the Pt@SiO 2 @ m -SiO 2  can be modifi ed by 
changing the overall amount of silica precursor used, while the 
ratio of the sizes of the solid and the porous silica shell can be 
adjusted by changing the amounts of silica precursor used in 
the different steps. This is illustrated in  Figure    5   for three dif-
ferent sizes. Compared to the standard size of 80–100 nm, the 
amount of silica precursor in the fi rst step for solid shell pro-
duction was reduced by 50% (Figure  5 , middle) or 85% (left). 
The total amount of the precursor mixture (TEOS/OTMS  =  5) 
in the shell was reduced by 50% and 70%, respectively. Reduc-
tion by 85% in the second step led to such thin porous shells 
that these materials could not be used further in the carbon 
nanocasting step. While this series of experiments shows that 
the sizes can be adjusted, the quality of the smaller particles is 
somewhat reduced. The probability to encapsulate more than 
one platinum particle is increased, and also the polydispersity 
is higher at lower total sphere size.  

 The different Pt@SiO 2 @ m -SiO 2  templates were used for 
nanocasting of carbon shells using PDVB as carbon precursor, 
for the reasons which are discussed in the previous section. The 
fi rst set of exotemplates was the series of materials of  ≈ 100 nm 

the particle sizes of the silica shells becoming inhomogeneous, 
and again partially more than one Pt-particle incorporated. The 
ratio of 0.04 was thus used as the basis for the coating with the 
porous silica shell.  

 For this coating procedure, a mixture of TEOS and octadecyl-
trimethoxysilane (OTMS) is used, where the long hydrocarbon 
chain of the OTMS serves as the porogen. For the coating with 
the second silica shell, the total amount of mesoporous silica 
precursors—TEOS and OTMS—was adjusted to obtain a thick-
ness of  ≈ 15 nm, and the ratio between them was adjusted in 
order to tune the pore structure of the shell. Increasing the 
TEOS/OTMS molar ratio means a reduction in the amount of 
porogen, which in turn leads to a reduction in the porosity of the 
mesoporous silica shell. For the three ratios studied (5, 15, 25), 
the formation of the mesoporous silica shell around the pre-
formed core@shell particles was successful (Figure S3, Sup-
porting Information). The highest porosity was achieved with 
a TEOS/OTMS molar ratio of 5. Here a pronounced step in the 
nitrogen sorption isotherm could be identifi ed between relative 
pressures of 0.3 and 0.4, the corresponding pore size was deter-
mined as 2.8 nm, the BET surface area of the composite was 
about 440 m 2  g −1 , and a pore volume close to 0.5 cm 3  g −1 . The 
values of these textural parameters decreased with increasing 
ratio of TEOS/OTMS to 2.2 nm, 350 m 2  g −1 , and 0.33 cm 3  g −1  
for a ratio of 15, and to 1.9 nm, 260 m 2  g −1 , and 0.225 cm 3  g −1  
for a ratio of 25 (Figure S4, Supporting Information). Attempts 
to increase porosity using smaller molar ratios than 5 failed, 
due to insolubility of OTMS at higher concentrations in water. 
When the concentration of OTMS is further increased, its 

      Figure 5.  Pt@SiO 2  materials of different diameter, the corresponding D–F) Pt@SiO 2 @ m- SiO 2  materials after the mesoporous silica covering, and the 
carbon nanocasts G–I) Pt, @C. 
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particle sizes in order to produce uniform exotemplate particles 
as well as to maximize platinum surface area.  

  2.3   .  Synthesis of AuPt, @C 

 This synthetic pathway was chosen to combine the ease of 
encapsulation of gold particles with a size of 15–20 nm with the 
electrocatalytic properties of platinum which is coated as a shell 
on the gold particles. The synthesis of the core@shell Au@Pt 
colloid is based on a seed-growth formation mechanism with 
modifi cation of the reducing agents. [  34  ]  First, the gold colloid is 
synthesized by citrate reduction, as described above. After the 
Au colloid formation, the citrate ions act as protecting agent, 
and at the same time serve as coupling species for the selective 
adsorption of Pt salt precursor at the surface of the Au nanopar-
ticles. Afterwards, the reduction of the Pt salt precursor leads 
to a metallic Pt shell around the gold nanoparticle core. The 
formation of the Pt shell requires a careful control of the reduc-
tion conditions, particularly time, temperature and reducing 
agent. After the formation of the Au nanoparticles, the Pt pre-
cursor –hexachloroplatinic acid- was added to the aqueous Au 
colloidal solution and was let to adsorb under stirring at room 
temperature for 2 h. The reduction of the Pt precursor was car-
ried out using either sodium citrate or sodium boronhydride in 
stoichiometric amounts with respect to the Pt. The reduction 
of the Pt precursor using sodium citrate was carried out with 
the remnant citrate in the medium after the Au colloid forma-
tion under refl ux for 1 h, but did not lead to full reduction of 
the platinum. After separation of the colloids, the supernatant 
was still slightly orange, indicating the presence of platinum 
in solution. EDX analysis of several AuPt particles gave Au:Pt 
atomic ratios of approximately 6:1 for a nominal Au:Pt ratio of 
1:1, 4:1 for a nominal ratio of 1:2, and 1:1.8 for a nominal ratio 
of 1:3. The ratio of 1:1.8 was also confi rmed by bulk analysis 
using AAS. Substitution of citrate against NaBH 4  as reducing 
agent led to higher levels of platinum recovery; however, the 
majority of the platinum was formed as separate nanoparti-
cles and not deposited onto the gold nanoparticles. Increasing 
the refl ux time in the citrate reduction led to slightly higher 
platinum yields; however, there was also an increased level of 
coagulation/precipitation, so that for further experiments the 
colloids synthesized with a Au:Pt nominal ratio of 1:3 after one 
hour refl uxing were used. 

 The silica encapsulation/carbon nanocasting of these Au@Pt 
particles followed the same procedure as discussed previously. 
The Au@Pt colloid was fi rst functionalized with PVP for sub-
sequent covering with the non-porous silica/mesoporous silica 
double shell, then the solid and the mesoporous shell were 
grown on the metal particles, and the composite was fi nally 
calcined at 550  ° C under air.  Figure    6   shows representative 
TEM images and nitrogen sorption isotherms of the exotem-
plate Au@Pt@SiO 2 @ m -SiO 2  and the corresponding replica 
AuPt, @C materials. The graphitization of the carbon shell was 
assisted by Fe, as discussed above. The total diameter of the 
Au@Pt@SiO 2 @ m -SiO 2  can be tuned by changing the amount 
of silica precursors as described for the previous systems. 
Figure  6  reveals that not only the exotemplate particles, but also 
the yolk–shell replicas have uniform particle sizes of around 

sphere diameter, which had been synthesized with different 
molar ratios TEOS/OTMS. The nanocasting of the carbon 
shell using the exotemplates prepared with molar ratios TEOS/
OTMS of 15 and 25 led to the formation of rather poor quality 
materials with most of the resulting carbon shells broken. 
Only the exotemplate prepared with a molar ratio TEOS/
OTMS of 5 was suitable for the production of a well developed 
replica. High interconnectivity of the mesopore system in the 
exotemplate is obviously mandatory for the successful carbon 
shell replication. Only with a well interconnected pore structure 
the monomers can be polymerized to form a continuous net-
work that withstands the carbonization and leaching process. 

 Figure  5  (lower row) shows representative TEM micro-
graphs of the carbons replicated from the differently sized 
spheres described above. In general, using the exotemplate 
with 80–100 nm total diameter, well shaped replicas were 
obtained; however, some defective particles were also present, 
most probably due to morphological defects in a fraction of the 
exotemplate spheres. The carbon shell replica obtained from 
the 80–100 nm templates has a BET surface area and total 
pore volume of  ≈ 900 m 2  g −1  and 1.4 cm 3  g −1 , respectively. The 
synthesis of the carbon shells using smaller exotemplates was 
not as successful as for the standard material of  ≈ 100 nm, as 
is obvious from Figure  5 . For the 40–60 nm exotemplate, only 
poorly replicated carbon shells are observed over the whole 
material, and only some single yolk–shell structures are present. 
Most of the shells are broken and seem to be agglomerated. 
In the case of the 20–40 nm templates, not even clear carbon 
shells are found, but instead a continuous matrix of carbon is 
observed. The Pt nanoparticles are separated from each other 
by the carbon network, but no single yolk–shell structures are 
visible. The reasons of the poor replication can be either associ-
ated with the strong agglomeration of the exotemplate particles 
when the particle size is signifi cantly reduced, or with the lower 
thickness of the mesoporous silica shell. The impregnation/
carbonization steps were carried out as described above, that 
is, PDVB in the presence of iron compounds as graphitization 
catalysts. As for the samples with the gold-cores, this led to 
the formation of highly graphitic carbon structures. The XRD 
pattern shows similar refl ections characteristic for graphitic 
carbon as given in Figure  3 , in addition, broad refl ections of the 
small Pt-particles are present. 

 Atomic absorption spectroscopy (AAS) was used to analyze 
the platinum concentration in the different samples. For the 
large, rather well developed Pt, @C particles with a size of 
100 nm, the platinum concentration is only 2 wt%, the smaller 
templates lead to materials with platinum contents of 5 wt% 
and 8 wt%, respectively. These concentrations are much too 
low for useful electrocatalysts; commercial fuel cell catalysts 
have platinum concentrations that can exceed 50 wt% in order 
to achieve high activity. Reaching such high platinum load-
ings (and correspondingly high platinum surface areas) by 
reducing the shell size, while maintaining good encapsulation 
of individual particles, does not appear possible following this 
synthesis pathway. In addition, the carbon encapsulation of the 
small platinum particles with a size of 3.5 nm is not straight-
forward and only works in a narrow parameter range. Thus a 
different way of improving the catalysts was investigated, i.e. 
encapsulation of bimetallic Au@Pt core–shell particles of larger 
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have a strong infl uence on the crystallinity of the Au core. The 
patterns of the samples after the carbonization of the polymer 
composite at 1000  ° C under nitrogen atmosphere and after 
leaching of the silica are quite similar: in both powder diffrac-
tion patterns, a set of refl ections associated to a gold phase 
are visible. The refl ections of this Au phase are, however, all 
shifted to higher diffraction angles compared to pure gold, 
which might be associated to the formation of an AuPt alloy at 
the interface of the Au and Pt phases or in the core. Note that 
the graphite refl ections are often not visible at such high metal 
loadings.  

 The different crystalline phases present in the AuPt, @C 
material after heat treatment at 1000  ° C were analyzed by Riet-
veld refi nement. According to this, the bimetallic core is com-
posed of 40 wt% Au and 60 wt% Pt, corresponding well to the 
Au:Pt ratio of 1:1.8 determined by EDX and AAS, considering 
the error margins of the methods. The lattice parameters given 
by the National Bureau of Standards for pure Au and Pt are 
4.0786(9) Å and 3.9231(3) Å, respectively. The lattice parame-
ters determined for the AuPt, @C system are 4.0466(1) Å and 
3.9258(1) Å for Au and Pt, respectively. In the case of Pt, the lat-
tice parameters are in completely agreement with the reported 
value. However, in the case of Au the lattice parameters are 
smaller than expected. This change in the lattice parameters 
of Au can be associated either with the incorporation of Pt in 
the Au fcc crystal structure (alloy formation), an infl uence of 
the particle size, or to strain contributions. [  35  ]  According to lit-
erature results, [  36–38  ]  in the case of a AuPt alloy formation the 

70 nm. Some of the bimetallic cores have bigger particle size, 
which is due to initial encapsulation of two—and, seldom, 
more—bimetallic nanoparticles in the same silica exotemplate 
particle. However, most shells contain only one core. The pores 
in the shell are smaller than the metal particles, so that encap-
sulation is effective to prevent particle coalescence.  

 Since the synthesis of the AuPt, @C yolk–shell particles 
involves several thermal treatment steps (550  ° C for the syn-
thesis of the porous silica shell, 1000  ° C for carbonization/
graphitization), the microstructure of the bimetallic core is 
expected to change during processing. These changes were 
tracked by spatially resolved elemental analysis, XRD and XPS. 
 Figure    7   shows the XRD patterns of a typical sample after dif-
ferent treatment steps, in addition, the pattern of the pure Au, 
@C, discussed in the fi rst section, is given. The diffraction pat-
tern of Au, @C (carbonized at 1000  ° C) presents the typical 
refl ections of the face-centered cubic (fcc) Au crystal structure. 
In contrast, in the powder diffraction pattern of the Au@Pt@
SiO 2 @ m -SiO 2  core–shell particle after calcination at 550  ° C 
(blue trace), the refl ections corresponding to the Au seed can 
not clearly be observed. Instead an asymmetric refl ection cor-
responding to the fcc Pt crystal structure is observed. This 
asymmetric refl ection results from the overlapping of the Pt 
shell refl ections and the Au core, which may be poorly crystal-
line. Alternatively, the Au crystalline domain sizes may be sig-
nifi cantly smaller than the particle size. Here, it is important 
to note than the Au, @C comparison materials was thermally 
treated to 1000  ° C during the carbonization process, which may 

      Figure 6.  TEM images, nitrogen sorption isotherms, and corresponding desorption BJH pore size distributions (inset) of: A,C) Au@Pt@SiO 2 @ m -SiO 2  
core@shell material and B,D) corresponding AuPt, @C yolk–shell material after leaching of the silica. Au:Pt theoretical molar ratio 1:3. 
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Pt (2.48 J m −2 ). [  40  ]  This difference favors the formation of an Au-
enriched outer shell whereas the Pt concentration is enriched in 
the core region, in order to reduce the overall surface energy of 
the system at high temperatures. At high temperature, the gold 
would thus tend to move from the core of the particles to the 
outer surface which could lead to the restructuring observed.   

 Nevertheless, while a pronounced core–shell structure with 
platinum enriched in the outer shell is probably not present 
after high temperature treatment in the AuPt, @C composites, 
the platinum loading of around 30 wt% achieved using this 
synthetic pathway suggested suffi ciently high electrocatalytic 
activity to carry out electrocatalytic studies on these catalysts. 
Moreover, XPS data of the AuPt, @C samples revealed that 
platinum was present in the zerovalent state in the catalysts 
(Figure S5, Supporting Information), a mandatory require-
ment for high electrocatalytic activity. Quantifi cation of the gold 
and platinum concentration on the surface of the particles was 
not possible due to encapsulation in the carbon shell, which 
in spite of its porosity captures a signifi cant fraction of the 
photoelectrons from the metal core. Nevertheless, pronounced 
and intense signals of both gold and platinum were detected.   

  3   .  Electrochemical Stability Investigations 
of AuPt, @C 

 AuPt alloy nanoparticles have recently been investigated in 
the fi eld of electrocatalysis. Some reports have suggested 
improved catalytic properties in the oxygen reduction reaction 
(ORR) [  39,41–45  ]  and methanol oxidation reaction (MOR). [  46–50  ]  
The focus of this work, however, is the possible stabilization 
effect brought about by the encapsulation strategy. In order 

determined lattice parameter 4.0466(1) Å would correspond to 
an incorporation of  ≈ 20% of Pt in the Au crystal structure. 

 The spatial distribution of the gold after the different treat-
ment steps was analyzed by EDX line scans. After the encapsu-
lation in the silica shells, a clear core–shell structure with a gold 
core and a platinum shell can be identifi ed ( Figure    8  ). However, 
after thermal treatment at 1000  ° C to induce carbonization/
graphitization, phase separation between the gold and plat-
inum seems to occur ( Figure    9  ). Many particles were studied 
by EDX, and such a platinum-gold distribution was observed 
for most of them. In few cases, an apparently homogeneous 
distribution was recorded. This, however, is probably due to 
an unfavorable orientation of the particles in the TEM beam. 
The thermally induced phase segregation of 
AuPt alloys has been studied by experimen-
talists and also theoreticians. It has already 
been shown that a carbon-supported gold-
platinum bimetallic catalyst (Au 22 Pt 78 /C) of 
 ≈ 6 nm underwent phase segregation at tem-
peratures higher than 500  ° C, indicated by 
the observation of lattice parameters of single 
phase Pt and Au in XRD. [  39  ]  Thermodynamic 
analyses have correlated this segregation 
behavior to the signifi cant difference in sur-
face free energy between Au (1.50 J m −2 ) and 

      Figure 8.  EDX line-scan profi le of Au@Pt@SiO 2 @ m -SiO 2  core@shell 
particle after thermal treatment to 550  ° C. Color code of EDX line pro-
fi les: blue corresponds to Au, green to Pt, and red to Si. The yellow arrow 
indicates the direction of the scan. 

      Figure 9.  EDX line scan of AuPt, @C yolk–shell particle after thermal treatment at 1000  ° C. 

      Figure 7.  XRD powder patterns of the different materials involved in 
the synthesis of the AuPt, @C yolk–shell material. The maximum tem-
perature at which each material was treated corresponds to the value in 
parenthesis. 
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 For an average particle size of 20 nm with a loading of 
30  μ g Pt  cm −2  on the electrode (0.196 cm 2  area of the electrode), 
a theoretical ECSA of 14 m 2  g −1  is calculated, assuming spher-
ical nanoparticles and the average of the densities of Au and Pt 
(neglecting the contact area with the support). This theoretical 
value for the ECSA is in good agreement with the maximum 
surface area obtained after the activation process. One may 
thus conclude that after the activation process of 10 800 poten-
tial cycles a substantial fraction of the surface is accessible for 
electrochemical reaction. 

 In order to understand the electrochemical behavior of the 
AuPt, @C yolk–shell catalyst, identical-location transmission 
electron microscopy (IL-TEM) investigations were conducted 
to detect changes of the single yolk–shell particles during 
electrochemical cycling. The IL-TEM measurements were per-
formed at the beginning of the aging experiments and after 
10 800 start–stop cycles, because this should reveal the most 
pronounced changes. IL-TEM measurements were carried out 
on multiple locations in order to draw statistically meaningful 
conclusions. 

  Figure    11   shows one particular location where signifi cant 
changes can be observed after 10 800 potential cycles. The TEM 
images in the top row show the AuPt, @C yolk–shell particles 
before the electrochemical degradation test, and in the bottom 
row the corresponding identical locations after 10 800 poten-
tial cycles between 0.4–1.4  V  RHE . In this particular spot, it can 
be observed that the main effect of the potential cycling is the 
degradation of the carbon shell. The shrinkage of the carbon 
shells and the reduction of the thickness in some regions of the 
carbon shells can clearly be detected, if one compares with the 
corresponding pristine states. On the other hand, no obvious 
change in the size or morphology of the bimetallic core is 
observed.  

 Higher magnifi cation TEM images of the yolk–shell particle 
in Figure  11 A,D are shown in Figure  11 B,E. Although the con-
trast between the carbon fi lm of the TEM grid and the carbon 
shell is rather poor, due to the low thickness of the carbon 
shells, it is possible to observe that after electrochemical deg-
radation treatment the carbon shells are even thinner, up to 
the point that in some areas they seem to be indistinguishable 
from the carbon fi lm (zones pointed at with the blue arrow). 
The same effects are observed for the particle in the middle, 
magnifi ed in Figure  11 C,F. Near this particle it is also possible 
to see that the carbon zone where the AuPt particle is located, 
has completely vanished after the degradation test (red arrows). 
These results strongly suggest that during the fi rst 10 800 acti-
vation/degradation cycles the accessibility to the AuPt core is 
promoted by the partial degradation of the carbon shell. 

 One should note, however, that there are other regions of the 
sample where the apparent differences before and after degra-
dation are much less pronounced (Figure S7, Supporting Infor-
mation). In some spots, also bimetallic particles are present 
which are located outside of the carbon shells. However, their 
concentration seems to be so low that they do not determine 
the overall macroscopic behavior of the samples. 

 It is unfortunately impossible to synthesize a suitable refer-
ence catalyst in order to compare the degradation behavior of an 
encapsulated and non-encapsulated AuPt catalyst. The carbon 
shells are mechanically so stable that they can not be destroyed 

to test for possible advantages of the carbon shell, a series 
of electrochemical degradation tests were performed for the 
AuPt, @C yolk–shell material described in the previous sec-
tion. The accelerated electrochemical degradation tests were 
performed in a three-electrode electrochemical cell under the 
conditions given in the Experimental Section. The degradation 
protocol consisted in a series of potential cycles between 0.4 
and 1.4  V  RHE  (without rotation of the RDE) with a scan rate 
of 1 V s −1 , which is intended to simulate the detrimental start-
stop conditions of a fuel cell under operation (note that in the 
literature the upper threshold for stability tests often is only 
1.0 V), and which included periodical determination of the 
platinum electrochemical surface area (ECSA) by electrochem-
ical oxidation of a pre-adsorbed CO monolayer (CO-stripping 
measurements). 

  Figure    10   shows the evolution of the electrochemical surface 
area (ECSA) as a function of the number of degradation cycles 
during standard (10 800 cycles) and long-term (39 200 cycles) 
stability tests. In both cases, a rather slow increase in ECSA is 
observed in the initial phase, then—particularly in the long-
term stability test—the ECSA reaches a plateau. This long-term 
activation behavior is quite intriguing, since after 10 800 cycles 
standard Pt/Vulcan materials, of smaller particle size, would 
have already lost  ≈ 70% of the Pt surface area under the same 
potential cycling conditions. [  26  ]  This long activation process is 
also refl ected in the CO-stripping curves at different stages of 
the degradation test (Figure S6, Supporting Information). Only 
after 1080 cycles it is possible to detect a small peak, suggesting 
that until that point the catalyst is completely shielded from CO 
adsorption and consequently does not show electrochemical 
activity. The highest CO-stripping peak is detected after 18 000 
cycles and only after 39 200 cycles the ECSA slightly decreases. 
If the potential cycles needed for the activation of the catalyst 
(10800 CVs) are subtracted from the total number of potential 
cycles, the catalyst has completely stable activity during the 
remaining 28 400 start–stop cycles.  

      Figure 10.  Electrochemical stability test under ex-situ conditions (RDE 
measurements). Pt surface area change for AuPt, @C yolk–shell mate-
rial during the ex-situ degradation test (with 30  μ g Pt  cm −2  at the working 
electrode). 
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metal particles to make them accessible. After this activation, 
the catalysts show exceptional stability for almost 30 000 harsh 
degradation cycles between 0.4 V and 1.4  V  RHE . 

 While the synthetic pathway used, due to its complexity, is 
certainly not applicable for the production of practically useful 
electrocatalysts, and the platinum size needs to be reduced 
further in order to achieve high platinum mass activity, the 
results demonstrate that encapsulation of the catalytically active 
metal particles in porous, graphitic shells is a suitable method 
for the generation of stable electrocatalysts. Future work along 
these lines will require simplifi cation of the synthesis protocols 
(continuously operated tubular reactors or gas phase processes 
could be suitable approaches), reduction of the platinum par-
ticles sizes, and/or the use of base metal core/platinum shell 
nanoparticles to achieve high platinum surface area while mini-
mizing overall platinum consumption. The materials discussed 
in this work could provide the blueprint for such advanced cata-
lyst systems.  

  5   .  Experimental Section 
  Synthesis of Au, @C Yolk–Shell Material (Standard Material with 

Approximately 100 nm Size) : In a typical preparation, 212.5 mL of 
millipore water (18.2 M Ω  cm −2 ) was vigorously stirred under refl ux 
and a HAuCl 4  solution (0.5 mL of Au 3+  solution ( ≈ 0.25  M ) in 24.5 g of 
millipore water) was added. Once the boiling point of the solution was 
reached again, a sodium citrate solution (0.250 g citric acid trisodium 
salt bihydrate dissolved in 12.5 g of millipore water) was added. The 
system was refl uxed for 30 min, and fi nally the resultant colloidal 
solution was allowed to cool down to room temperature, followed by 
the addition of a PVP solution (1.35 mL, 6 mg mL −1 ; solvent millipore 
water). The resultant mixture was stirred for 24 h to allow complete 

by milling or pressing. An AuPt/Vulcan catalyst can also not 
be synthesized as a reference, since the metal particles are not 
stable at the sintering temperature of 1000  ° C which is part of 
the synthetic protocol for the core–shell catalyst. Nevertheless, 
the almost complete absence of any indication of activity/sur-
face area loss during almost 30 000 harsh accelerated degra-
dation cycles demonstrates that the encapsulation concept for 
fuel cell catalysts contributes to the exceptional stability against 
degradation.  

  4   .  Conclusions 

 An encapsulation strategy for the stabilization of noble metal 
electrocatalysts is described, in which pre-formed nanopar-
ticles are incorporated fi rst in a solid/mesoporous silica shell 
which is subsequently used as hard template for the formation 
of graphitic carbon. Leaching of the silica results fi nally in the 
yolk–shell catalyst. The carbon shell production was fi rst opti-
mized for the known 15 nm gold cores. Then the synthesis was 
extended and optimized for 3.5 nm platinum nanoparticles as 
cores. Since the synthesis window for these catalysts was rather 
narrow, and the achievable loading was relatively small (only 
about 2% Pt for well preserved core–shell particles), coating of 
the 15 nm gold particles by a platinum shell was fi nally used 
for the production of the electrocatalysts. Although separation 
of the platinum and the gold phase occurred after 1000  ° C 
treatment for graphitization/carbonization, the catalysts were 
shown to be electrochemically active in  ex-situ  measurements 
after an unusually long activation period. This activation period 
is probably due to removal of carbon on the surface of the 

      Figure 11.  IL-TEM images of AuPt, @C yolk–shell in A–C) the pristine state and D–F) after 10 800 electrochemical degradation cycles between 0.4 and 
1.4  V  RHE  with a scan rate of 1 V s −1  in argon saturated 0.1  M  HClO 4  at 25  ° C. 
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  Synthesis of AuPt, @C Yolk–Shell Material : In a typical preparation 
212.5 mL of millipore water (18.2 M Ω  cm −2 ) was vigorously stirred 
under refl ux and a HAuCl 4  solution (0.5 ml of Au 3+  solution ( ≈ 0.25  M ) 
in 24.5 g of millipore water) was added. Once the boiling point of the 
solution was reached again, a sodium citrate solution (0.250 g citric 
acid trisodium salt bihydrate dissolved in 12.5 g of millipore water) was 
added. The system was refl uxed for 30 min, and fi nally the resultant 
colloidal solution was allowed to cool down to room temperature. 
Afterwards, 0.2145 g of hexachloroplatinic acid hexahydrate dissolved in 
1 mL of millipore water was added to the Au colloid (for the ratio of 
Au:Pt of 1:3) and was left under stirring for 1 h. Afterwards, the solution 
was refl uxed for 1 h more for the reduction of the Pt precursor. In this 
step, the colloidal solution changes from dark red to deep violet-reddish 
color. Subsequently, the Au@Pt colloid was cooled down naturally to 
ambient temperature, and fi nally 1.35 mL of PVP solution (6 mg mL −1 ; 
solvent millipore water) was added and was left under stirring overnight. 

 The resulting Au@Pt colloid was centrifuged (10000 rpm; 50 min), 
the supernatant was removed, and the concentrated colloid was then 
adjusted to 12 g by addition of millipore water. The colloidal solution 
was vigorously stirred for 10 min, followed by addition of ethanol 
(50 g) premixed with concentrated ammonia solution (1.68 mL, 28–30%). 
Afterwards, 2.37 mL of TEOS (98%) was added. The reaction mixture 
was then stirred for additional 12 h at room temperature. Afterwards, 
a mixture of TEOS and OTMS was added drop wise during 20 min 
(1.41 mL of TEOS, 0.57 mL OTMS; molar ratio TEOS/OTMS  =  5). After 
the addition of the precursors the stirring was stopped and the system 
was allowed to react for 6 h. Subsequently, the solvent was removed 
by centrifugation (8000 rpm; 10 min) and the product was dried at 
75  ° C overnight. Finally, the material was calcined in air by heating the 
system from room temperature to 550  ° C with a heating rate of 2  ° C 
min −1  followed by natural cooling to room temperature. The resulting 
Au@Pt@SiO 2 @ m -SiO 2  exotemplates were used for the nanocasting of 
the carbon shell following the same protocol as described above for the 
Au@SiO 2 @ m -SiO 2  system, using DVB as carbon precursor. 

 For a graphitized sample, 1 g Au@Pt@SiO 2 @ m -SiO 2  exotemplate 
(with total pore volume of  ≈ 0.33 cm 3  g −1  at P/Po  =  0.95) was 
impregnated with 0.66 mL of a solution of iron (III) nitrate nonahydrate 
Fe(NO 3 ) 3 ·9H 2 O 2  M  in ethanol. The slurry was dried for 12 h at 75  ° C. The 
resulting exotemplate/catalyst material was used for the nanocasting of 
the carbon shell following the same protocol as described for the Au@
SiO 2 @ m -SiO 2  system, using DVB as carbon precursor. 

  Electron Microscopy : TEM images were obtained on Hitachi H-7500 
and HF-2000 instruments. The H-7500 microscope was operated at a 
maximum acceleration voltage of 120 kV. The HF-2000 instrument is 
equipped with a cold fi eld emitter and can be operated at a maximum 
acceleration voltage of 200 kV. Typically, the samples were placed on a 
Lacey carbon fi lm supported by a copper grid. HR-SEM, BF-STEM, and 
EDX line profi les were measured on a Hitachi S-5500 ultra-high resolution 
cold fi eld emission scanning electron microscope. The instrument was 
operated at a maximum acceleration voltage of 30 kV. The samples were 
prepared on Lacey carbon fi lms supported on a 400 mesh copper grid. 
IL-TEM measurements were carried out using a 5 mL drop of 1:5 dilute 
catalyst suspension deposited on a gold fi nder grid (NHA7, Plano) 
coated with a carbon fi lm (Quantifoil R2/2). The catalyst deposited on 
the TEM grid was treated electrochemically by immobilizing the gold 
fi nder grid on the glassy carbon disc working electrode with the help of a 
Tefl on cap. The experiment was designed analogous to the macroscopic 
degradation study with a total of 10800 cycles between 0.4 and 1.4  V  RHE  
at a sweep rate of 1 V s −1  without rotation and without intermediate CO 
stripping experiments. A more detailed description of IL-TEM studies is 
given in ref. [  30  ]  

  Ex-Situ Half-Cell Electrocatalytic Measurements : The electrochemical 
measurements were conducted at room temperature in a 150 mL Tefl on 
three-compartment electrochemical cell, using a rotating disk electrode 
(RDE) setup, a Gamry Reference 600 potentiostat, and a Radiometer 
Analytical rotation controller. The potentiostat, the rotator and the gas 
fl ow were automatically regulated using an in-house-developed LabVIEW 
software. [  51  ]  A graphite rod was employed as the counter electrode (CE), 

adsorption of the PVP on the gold surface. Afterwards, the solution was 
centrifuged (10 000 rpm; 50 min), the supernatant was removed, and the 
concentrated colloid was then adjusted to 12 g by addition of millipore 
water. The colloidal solution was vigorously stirred for 10 min, followed 
by addition of ethanol (50 g) premixed with concentrated ammonia 
solution (1.68 mL, 28–30%). Afterwards, a solution of 2.37 mL of TEOS 
(98%) was added. The reaction mixture was then stirred for additional 
12 h at room temperature. Afterwards, a mixture of TEOS and OTMS 
was added drop wise during 20 min (1.08 mL of TEOS, 0.44 mL OTMS; 
molar ratio TEOS/OTMS  =  5). After the addition of the precursors 
the stirring was stopped and the system was allowed to react for 6 h. 
Subsequently, the solvent was removed by centrifugation (8000 rpm; 
10 min) and the product was dried at 70  ° C overnight. Finally, 
the material was calcined in air by heating the system from room 
temperature to 550  ° C with a heating rate of 2  ° C min −1  followed by 
natural cooling to room temperature. 

 The resulting Au@SiO 2 @ m -SiO 2  exotemplate (total diameter 
 ≈ 100 nm) was evacuated under vacuum for 1 h. After the evacuation 
the material was kept under argon for 30 min. Afterwards, the pore 
structure was fi lled with DVB/AIBN (35:1 molar ratio) mixture via the 
incipient wetness method. The volume of the DVB/AIBN solution added 
to the solid was exactly the total pore volume of the sample calculated 
from the nitrogen sorption isotherm of the exotemplate at 0.95 relative 
pressure. To the degassed material, placed in a glass fl ask, the total 
amount of DVB/AIBN solution was added in three steps. In every step 
the solution was added drop wise and the solid was vigorously shaken 
by hand and forcefully crushed with a spatula against the internal 
wall of the glass fl ask for about 10 min. The closed glass with the 
impregnated exotemplate was placed in a Schlenk fl ask with Ar, where 
the polymerization of the monomer was carried out for 24 h at 75  ° C. 
Afterwards, the polymer composites were carbonized in a tube-oven 
under nitrogen at 1000  ° C with heating rate of 5  ° C min −1 . 

 The silica exotemplate was removed by leaching out with an aqueous 
solution of 1  M  NaOH for 24 h under stirring at 50  ° C. The resulting 
yolk–shell material was washed four times with distilled water and once 
with ethanol using centrifugation to separate the solid from the liquid 
phase (9000 rpm; 15 min) each time. Finally, the material was dried in 
air overnight at 70  ° C. 

  Synthesis of Pt, @C Yolk–Shell Material with a Size of Approximately 
80–100 nm : In a typical preparation 90 g of ethanol (analytical grade), 
6 mL of H 2 PtCl 6 ·xH 2 O solution (2.52 × 10 −2   M ) and the corresponding 
amount of a PVP solution [6.25 × 10 −3   M ; 3.4 g PVP ( M  w : 55 000 g mol −1 ) 
dissolved in 10 mL of millipore water under strong ultrasonication] were 
vigorously stirred and heated under refl ux for 4 h. After the dark brown 
colloid was left to cool down to ambient temperature, 450–650 mL of 
acetone (technical grade) were added for the precipitation of the colloid. 
First 450 mL were added and the mixture was centrifuged (13 000 rpm, 
20 min). If the supernatant presented a strong brown color, additional 
of 50 mL was added to improve the precipitation process. The 
precipitated colloid consisted of a solid stuck to the centrifuge tubes. To 
re-disperse the colloid, 16 g of water was added to the colloid and the 
mixture was vigorously ultrasonicated until complete redispersion of 
the solid particles. The aqueous colloidal solution was mixed with 100 g 
of ethanol (analytical grade), 3.36 mL ammonia (28–30%), and fi nally 
4.74 mL of TEOS (98%) were added under stirring. The reaction was left 
to proceed at room temperature for 12–16 h (overnight). Afterwards, a 
mixture of TEOS/OTMS (for a molar ratio equal to 5, 3.46 mL of TEOS 
and 1.32 mL of OTMS were used) was drop-wise added to the reaction 
vessel for ca. 20 min. When the addition was fi nished, the stirring 
was stopped and the reaction was continued for 4 h. Subsequently, 
the solvent was removed by centrifugation (8000 rpm; 10 min) and 
the product was dried at 70  ° C overnight. Finally, the material was 
calcined in air by heating the system from room temperature to 550  ° C 
with a heating rate of 2  ° C min −1  followed by natural cooling to room 
temperature. The resulting Pt@SiO 2 @ m -SiO 2  exotemplates were used 
for the nanocasting of the carbon shell following the same protocol 
as described above for the Au@SiO 2 @ m -SiO 2  system, using DVB as 
carbon precursor. 
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and a saturated Ag/AgCl Electrode (Metrohm) served as reference (RE). 
However, all potentials are given with respect to the reversible hydrogen 
electrode (RHE) potential, which was experimentally determined 
for each measurement. The reference electrode compartment was 
separated from the main compartment with a Nafi on membrane to 
avoid contamination with chlorides during activity and stability tests. 

 Stability measurements were performed in 0.1  M  HClO 4 . The 
electrolyte was prepared with ultrapure water and conc. HClO 4  (Merck, 
Suprapur). Solution resistance was compensated in all electrochemical 
measurements via positive feedback. The residual uncompensated 
resistance was less than 4  Ω  in all experiments. The catalyst powders 
were dispersed ultrasonically in ultrapure water (18 M Ω , Millipore) for 
at least 45 min initially and again for at least 10 min prior to pipetting 
onto the working electrode (WE) glassy carbon discs (5 mm diameter, 
0.196 cm 2  geometrical surface area). The catalysts were dried under air 
or under mild vacuum. 

 Measurements were performed at a loading of 30  μ g Pt  cm −2  at 
the electrode in order to obtain thin and well dispersed catalyst 
fi lms. Ex-situ aging tests consisted of 10 800 or 39 200 potential 
cycles (triangular wave) between 0.4 and 1.4  V  RHE  with a sweep rate 
of 1 V s −1 . Cleaning of the catalyst surface was not performed before 
starting the degradation test, in order to follow the changes of the Pt 
surface area from the beginning. The surface area was determined via 
electrochemical oxidation of adsorbed carbon monoxide (CO-stripping). 
In each CO-stripping experiment, carbon monoxide was adsorbed 
on the catalyst in a potential region (e.g., 0.05  V  RHE ) at which no CO 
oxidation occurs, until the saturation coverage was reached. Afterwards 
the electrolyte was purged with argon again until all remaining carbon 
monoxide was removed from the electrolyte, while the same potential 
was held. Finally, pre-adsorbed CO was electrochemically oxidized and 
the charge corresponding to the CO oxidation was measured by the area 
of the oxidation peak. A more detailed description of general features of 
CO-stripping curves can be found in the literature. [  52  ]  

 Experimental details on XRD and sorption analysis can be found in 
the Supporting Information.  
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