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Introduction

Yolk-shell materials have recently attracted interest due to
their particular optical,[1] catalytic,[2] and electrochemical[3]

properties. Importantly, this kind of materials combine high
thermal stability with monodisperse and narrow particle-size
distributions,[2a, b, d] characteristics that make them very inter-
esting for heterogeneous catalysis. These characteristics are
not only interesting from an application point of view, but
can also reduce complexity for kinetic and mechanistic in-
vestigations. In tailored yolk-shell catalysts, the catalytic
properties of the entire catalyst are very homogeneous with

little variation from active particle to active particle. Thus,
the resulting catalytic activity of the system can directly be
associated to the structure of the model particle, and not as
an average of all possible morphologies like in traditional
solid catalysts. In particular, in such yolk-shell materials all
catalytic particles have identical size, and the contact with
the support is similar for each particle. These aspects make
yolk-shell materials powerful model systems for support and
size-effect studies.

During the last decades, gold has been an interesting
active material for several reactions depending on the cata-
lyst support.[4] For CO oxidation, gold nanoparticles sup-
ported on metal oxides have emerged as one of the best cat-
alysts.[5] Despite the unique properties of gold catalysts, it is
still far from being completely understood how they exactly
work. While the role of gold nanoparticles to adsorb CO
molecules on low coordinated Au atoms is generally accept-
ed,[6] the role of the support is not clear yet, although it is
known to be crucial for the catalytic activity. One model as-
sumes the activation of oxygen by adsorption on reducible
metal–oxide supports and its transfer to the metal-support
interface, where the reaction takes place.[7] Another model
proposes that the number of low coordinated Au atoms is
the governing the factor of adsorption of both CO and O2

and thus for the activity.[6] The support would then indirectly
influence activity by inducing different concentrations of
active sites on the gold. A comparison of supported and un-
supported gold catalyst would be desirable, to give insight
into the role of the support. However, the catalytic activity
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of unsupported gold nanoparticles has not deeply been stud-
ied for comparable systems. The published approaches rely
on nanoporous gold[8] and gold powder.[5] However, the
comparability is limited, because gold catalysts are very sen-
sitive to the preparation method and to the size of the gold
particle.[5,9] Additionally, gold is one of the metals with the
lowest melting point and thus sintering of metal nanoparti-
cles becomes a crucial problem at elevated temperatures,[10]

leading to a reduced catalytic activity. This hampers the in-
vestigation of activity of unsupported gold nanoparticles. In
this work, we have synthesized Au, @C through nanocasting,
to obtain sinter stable gold nanoparticles supported on
carbon that is considered to be catalytically rather inert.
This provides insight in how much the support determines
the activity of gold in CO oxidation. Carbon can be consid-
ered the base case for a non-interacting support.

The synthesis of carbon encapsulated gold nanoparticles
was already presented by Kim et al.[11] The authors describe
the covering of gold nanoparticles with a nonporous–meso-
porous double silica shell, which can subsequently be used
as exotemplate for nanocasting of the mesoporous carbon
shell. However, neither the thermal stability nor catalytic
tests of this material were reported. Our strategy for the
synthesis of the Au, @C material is based on our previous
standard synthesis procedure for the Au, @ZrO2 yolk-shell
material.[2b] It combines the encapsulation of gold nanoparti-
cles in a binary nonporous-silica mesoporous-zirconia exo-
template, which is further used for the nanocasting of the
carbon shell.[12] The obtained Au, @C material would allow
the investigation of the activity of gold nanoparticles not
supported on metal oxides. Thus, the effect of oxidic sup-
ports on the activity of gold in CO oxidation can be quanti-
fied without the danger of sintering and superimposed parti-
cle-size effects. First, we discuss the resulting textural prop-
erties and high-temperature stability of the Au, @C materi-
al. Furthermore, the activity of Au, @C nanoparticles in CO
oxidation has been investigated and compared with the stan-
dard Au, @ZrO2 material. Additionally, also the effect of
the size of the gold nanoparticle has been investigated, com-
bining our ex-post size reduction strategy[13] and the encap-
sulation in carbon.

The synthesis method, following a bottom-up strategy, is
shown in Figure 1. First, a silica covered gold colloid
(Au@SiO2) is prepared as already discussed elsewhere
(step i).[2b, 11] Subsequently, the material is covered with a
mesoporous shell (MS) from either zirconia or silica (step ii)
denoted as zirconia and silica route, respectively. The cover-
ing by a mesoporous shell of zirconia is described else-
where.[2b] The mesoporous silica shell formation follows the
method proposed by B�chel et al. ,[14] that consists of the re-
action of a mixture of TEOS and n-octadecyltrimethoxysi-
lane (OTMS). The resulting exotemplate (diameter
ca. 100 nm) is used for the nanocasting of the carbon shell,
which is based on polymerization of furfuryl alcohol inside
the pores of the mesoporous shell (step iii). Afterwards, the
polyfurfuryl alcohol (PFA) composite is carbonized under
argon (step iv). Finally, the exotemplate is removed by treat-

ment with NaOH or HF (step v) yielding gold nanoparticles
encapsulated in hollow mesoporous carbon spheres. The ex-
post size reduction is carried out after the step i. Basically,
the Au@SiO2 is aged in water and afterwards the gold core
is partially dissolved by the treatment with a leaching agent
as reported elsewhere.[13] We have used sodium cyanide as
leaching agent with the stoichiometry chosen according to
the target size. After, this step the process follows the same
path as described in Figure 1.

Results and Discussion

Figure 2 shows the evolution of the materials during the re-
moval of the exotemplates. After treatment of Au@-
SiO2@ZrO2,C (Figure 2 a) with aqueous NaOH, the siliceous
core is selectively removed, releasing the gold nanoparticle
inside the ZrO2,C composite cage (Figure 2 b). The subse-
quent treatment with HF removes the zirconia shell leading
to the final Au, @C (Figure 2 c) system. Similarly, the final
Au, @C material for the silica route (Figure 2 e) was ob-
tained by treatment of the carbon composite (Figure 2 d)
with NaOH. For both routes, well-separated gold nanoparti-
cles of (13.8�0.2) nm entrapped in monodisperse carbon
spheres were obtained. It was observed that some agglomer-
ation of the carbon shells occurs during the nanocasting
step. However, since the Au nanoparticles are effectively
separated from each other by a carbon shell, this agglomera-
tion is not considered a problem in catalytic applications.
The Au, @C materials exhibit carbon shell thicknesses of
about (9.0�0.3) and (12.8�0.7) nm for the zirconia and
silica route, respectively. However, the shell thickness can
be increased by addition of higher amounts of the respective
precursors. It is also possible to tune the gold core size by a
controlled post-encapsulation leaching step.[13] As an exam-

Figure 1. Scheme of the synthesis pathway to Au, @C yolk-shell materi-
als. I) Gold colloid. II) Silica covered gold nanoparticles Au@SiO2.
III) Exotemplate Au@SiO2@MS (MS= ZrO2 or m-SiO2). IV) Polymer
composite material Au@SiO2@MS,P. V) Carbon composite material
Au@SiO2@MS,C. VI) Yolk-shell material Au, @C.
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ple, Au, @C with a gold core size of 7.2�0.2 nm was pre-
pared (Figure 2 f). Due to the ex-post manner of core size
reduction, this material has a reduced gold content per yolk-
shell particle. However, for catalytic comparison the number
of gold nanoparticles within the entire catalyst sample re-
mains almost constant, which was taken as comparison
basis.

In order to test the thermal stability, the final materials
were heated with a rate of 2 K min�1 to 900 8C under argon
and subsequently compared to the as made materials by
TEM (Figure 3). The materials obtained via the silica route
are stable during this treatment with respect to the shell in-
tegrity and sintering of the gold cores. This is less obvious
for the materials obtained with the zirconia template shell.
This material exhibits a thinner carbon shell, and a higher
fraction of broken spheres was already observed in the as
made material. Nevertheless, in spite of the presence of
broken shells, significant agglomeration of the gold nanopar-
ticles was not observed. Further improvement of the shell
thickness will lead to higher quality of the material, provid-
ing improved thermal stability. However, the coalescence of
the gold nanoparticles was indeed prevented during thermal
treatment at 900 8C under argon (Figure 3 a and b). Since
carbon reacts with oxygen, the thermal treatment had to be
carried out under protective atmosphere, and such catalysts
would only be suitable for high-temperature reactions under

reducing conditions. The stability of the carbon shell in air
was investigated by TGA, showing thermal stability up to
about 350 8C (Figure S1 in the Supporting Information).

In addition to the TEM studies, the final and intermediate
products were characterized by XRD and nitrogen sorption
measurements. The XRD results are shown in Figure S2 in
the Supporting Information). It was observed, that the zirco-
nia shell is composed by grains, which build a porous net-
work. The zirconia crystallite size of (2.4�0.7) nm was cal-
culated with the Whole Pattern Powder Modelling method
(WPPM)[15] from the (101) reflection (ca. 308 2q). Elemental
composition of the intermediate materials and final materi-
als was investigated by EDX (Table S1 in the Supporting In-
formation).

The evolution of the pore structure of the materials, from
both the zirconia and silica route, was investigated by nitro-
gen physisorption measurements (Figure 4 and Table S1 in
the Supporting Information). The pore-size distribution was
calculated by the BJH method. Both exotemplates (material
III, Figure 1) show a type IV adsorption isotherm typical for
mesoporous materials. The pore volume of the material
from the silica route is higher than that of the solid resulting
from the zirconia route. This can be explained by the bigger
pores and the thicker mesoporous silica shell. In contrast,
after the filling of the pore system with the polymer, the po-
rosity of the composite materials (Au@SiO2@MS,PFA) is re-
duced for both routes towards similar pore volumes (for p/
p0 <0.9). During carbonization, microporosity is generated
due to shrinkage of the polymer. The resulting type I iso-
therms of the carbon composites (material IV, Figure 1)
show a similar behavior for both routes, with a slightly
higher pore volume for the silica route. The slight difference
can be explained by an increased shrinkage of the higher
polymer volume (due to higher pore volume) for the silica
route during carbonization.

The removal of the silica core in the zirconia route leads
to only a slightly increased nitrogen uptake (material Au,

Figure 2. TEM images of the intermediate and final materials. a)–c),
f) Zirconia route. d)–e) Silica route. a) Carbon composite material Au@-
SiO2@ZrO2,C. b) Yolk-shell composite Au, @ZrO2,C. c) Yolk-shell Au,
@C 14 nm gold core from zirconia route. d) Carbon composite material
Au@SiO2@m-SiO2,C. e) Yolk-shell Au, @C 14 nm gold core from silica
route. f) Yolk-shell Au, @C 7 nm gold core from zirconia route.

Figure 3. TEM images of Au, @C material after thermal treatment at
900 8C for 3 h under argon. a, b) Zirconia route. c), d) Silica route.
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@ZrO2,C). This may be explained by the fact, that the re-
moval of the nonporous silica core introduces no additional
micro- and mesoporosity into the material, except the inter-
nal surface of the spherical shell. The hysteresis between ad-
sorption and desorption branch is consistent with the yolk-
shell structure of the material.[16] It can be attributed to the
space inside the spheres that is accessible by window pores
in the shell. The desorption branch of the Au, @ZrO2,C ma-
terial shows a step at a relative pressure of about 0.48,
which could suggest a narrow pore-size distribution at about
4 nm according to BJH model. However, as the zirconia
shell is filled with carbon, mesopores of about 4 nm are not
expected, since the pore size of the exotemplate is between
2.7 and 3.7 nm. As consequence, this step should probably
not be attributed to the presence of mesopores with 4 nm
size. It is rather due to filling of internal voids by nitrogen
at high pressure. These inside voids can only be emptied
through narrow pores in the shells, and this occurs at a pres-
sure where the meniscus becomes unstable, which is also

known as critical instability of the meniscus or as the Tensile
Strength Effect (TSE).[17]

Further removal of the zirconia from the ZrO2,C compo-
site shell leads to a significant increase of the pore volume
and thus in nitrogen uptake. This is caused by the porosity
opened up in the remaining C matrix during removal of the
zirconia grains. The desorption branch of the isotherm of
the final Au, @C material shows the same drop at relative
pressure of about 0.45, but steeper. In this case, the presence
of mesopores cannot be discarded completely by considering
the TSE. Taking into account that the grain size of ZrO2 in
the exotemplate is about 2.4 nm, after its removal pore sizes
around this value may be formed in the carbon replica after
zirconia removal. However, also the TSE may partially be
responsible for this drop, which is suggested by the position
of the desorption step at a relative pressure close to p/p0 =

0.42. A reliable pore size can thus not be extracted from
these sorption data. The sorption isotherm of the Au, @C
material from the silica route shows significantly higher ni-
trogen uptake compared to the zirconia route (Figure 4).
The higher mass fraction of polymer in the composite would
lead to increased shrinkage of the polymer during carboni-
zation and thus to increased porosity. The broad hysteresis
loop with a long plateau and a prominent steep step in the
desorption branch at relative pressures of about 0.46 is due
to emptying of the internal void through the narrow pores
in the shell. This effect is most pronounced for the Au, @C
material from the silica route, in line with the TEM observa-
tions. Such an isotherm is expected for a sample consisting
of fully intact shells, which is found by TEM in this sample
(Figure 2 e). The materials obtained from the zirconia route
contain a significant fraction of defective spheres for which
no intact internal void exists and thus a more conventional
sorption isotherm is expected.

Catalytic investigation : Figure 5 shows the results of the cat-
alytic tests for oxidation of carbon monoxide as a model re-

Figure 4. Nitrogen sorption isotherms of exotemplate and composite ma-
terial before carbonization for the zirconia (top) and silica (middle)
route; (bottom) composite material after partial and complete exotem-
plate removal.

Figure 5. Conversion-temperature curves for CO oxidation on different
materials (a–d: Au core=14 nm). a) Au, @ZrO2. b) Au, @ZrO2,C. c) Au,
@C silica route. d) Au, @C zirconia route. e) Au, @C zirconia route (Au
core=7 nm). 50 mg of catalyst in a gas mixture of 1% CO in air. Flow
rate of 67 cm3 min�1 corresponding to a space velocity of
80 000 cm3 h�1 gcat

�1.
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action. Comparison of the activity of the already known Au,
@ZrO2 system and the composite yolk-shell material Au,
@ZrO2,C shows similar activity normalized to the Au,
@ZrO2 mass. The carbon thus only adds weight to the
system without further influencing the catalytic activity. Inci-
dentally, this also means that the gold nanoparticles can be
reached without diffusion limitation even across the compo-
site ZrO2,C shell. If mass transfer limitations were present,
the composite shell with the smaller pores would lead to
lower catalytic activity. Since this is not observed, mass
transfer limitations can be excluded for these samples.

In contrast to the catalytic performance of the composite
samples, the activity of the materials based on pure carbon
supports is much lower. The half conversion temperature
obtained for the Au, @C material is much higher (315 8C)
than for the Au, @ZrO2 material. The activity of the carbon-
based catalysts is at least one order of magnitude lower than
that of the oxide-based systems. Thus, carbon as a support
material does lead to catalysts with low activity. The activity
observed here may in fact be the intrinsic activity of the
gold nanoparticles without positive influence from a sup-
port. To rule out the deactivation of the gold from F� ions
during the zirconia removal by HF, the Au, @C material ob-
tained via the silica route was also investigated by catalytic
measurements. In line, also for this material the activity was
rather low with a half conversion temperature of 285 8C.
This difference between both routes is relatively small, and
thus significant deactivation by the HF treatment can be ex-
cluded.

Furthermore, the pronounced difference in half conver-
sion temperature between Au, @C, and the corresponding
Au, @ZrO2 material proves the strong effect of the oxidic
support in the catalytic activity of gold for the CO oxida-
tion. For investigation of the particle-size effect, catalytic
measurements were also conducted for the Au, @C obtained
via the zirconia route with a Au core diameter of about
7 nm. T50 % for this material was slightly higher than for the
corresponding 14 nm Au, @C materials. The Au, @C materi-
al of 7 nm core presents a lower gold content and overall
smaller gold surface area (roughly by a factor of four), how-
ever the number of particles is kept ideally constant in both
catalyst. The activity of the 7 nm core material is by about a
factor of two higher than for the 14 nm material. Although
the size effect is visible, it is not comparable with the effect
of oxidic supports instead of carbon, which improves the ac-
tivity dramatically even for gold particle sizes above 5 nm.
The findings of this study thus strongly support the pub-
lished proposals that there is a strong synergistic effect be-
tween the gold nanoparticles size and the nature of the sup-
port for activity in CO oxidation.[9]

Conclusion

The nanocasting/sacrificial templating method presented in
this paper offers the possibility to prepare sinter-stable
carbon supported gold catalysts. Two different exotemplates

are presented for production of well separated gold nano-
particles inside spherical carbon shells. Yolk-shell materials
are not only interesting from the material synthesis point of
view, but also are highly attractive for mechanistic studies.
This was demonstrated for the study of the effect of oxidic
supports in gold catalyzed CO oxidation. Oxidic supports
always have a decidedly positive effect on activity, even for
zirconia as relatively inactive support. An additional inter-
esting feature of our results is the possibility to prepare a
composite shell from carbon and transition-metal oxides
without mass-transfer limitations in the reaction tested. This
can open a way to new applications, like for instance bifunc-
tional supported catalysts. The functionalization of the
carbon or the oxidic surface could be attractive for many ap-
plications. Since both educts and products have to pass the
shell, this could improve the catalyst performance. For ex-
ample, a functionalized shell could eliminate catalyst poi-
sons or refine the products when passing the shell, leading
to improved selectivity towards the intended product. Fur-
thermore, the presented approach could also be applied to
other core materials.

Experimental Section

Au@SiO2@ZrO2 exotemplate preparation : This material is prepared ac-
cording to our previous protocol.[2b]

Au@SiO2@m-SiO2 exotemplate preparation : The exotemplate prepara-
tion is based on literature information.[2b] Specifically, an aqueous ammo-
nia solution (3.29 mL, 28–30 %) was mixed with absolute ethanol
(65.33 g) in a 100 mL flask first. Then the Au@SiO2 colloid, prepared as
described elsewhere,[2b] was dispersed in 6.6 g of millipore water and
added to the ammonia solution. The flask was sealed with a septum and
stirred at room temperature for 30 min. Afterwards, a mixture of TEOS
and octadecyltrimethoxysilane (OTMS) (1.08 mL TEOS, 0.44 mL OTMS)
was added dropwise within 20 min. The molar ratio of the mixture
TEOS/OTMS was fixed at 4.7. After the addition of the precursors, the
stirring was stopped and the system was allowed to react for 6 h. Subse-
quently, the solvent was removed by centrifugation (8000 rpm; 10 min)
and the product was dried at 70 8C overnight. Finally, the material was
calcined in air by heating the system with a heating rate of 2 K min�1

from room temperature to 550 8C followed by natural cooling to room
temperature.

Carbon composite preparation : The synthesis of both composites consists
basically of four steps. In the first step, the exotemplates (Au@-
SiO2@ZrO2, Au@SiO2@m-SiO2) were evacuated under vacuum at 250 8C
overnight to remove adsorbates from the porous material, and subse-
quently kept under argon for 30 min. Afterwards, the pore volume, deter-
mined by nitrogen sorption, was filled with a mixture of monomer (FA,
furfuryl alcohol, liquid at ambient conditions, 98%) and catalyst (oxalic
acid, anhydrous, 98 %) via the incipient wetness method (FA/catalyst:
100/1). The FA/catalyst solution was added dropwise in three steps under
vigorous shaking by hand. During this infiltration, the solid was forcefully
crushed with a spatula against the internal wall of the glass flask for
about 10 min. The monomers inside the pore system were left to diffuse
at 50 8C for 24 h. Afterwards, the system was heated to 90 8C for 24 h
under air to allow the polymerization of the monomer. Finally, the poly-
mer was thermally carbonized under argon by heating the sample with a
heating rate of 5 K min�1 to 850 8C and kept at the final temperature for
3 h.

Removal of the exotemplates : The siliceous part of the exotemplate was
removed by treatment of the composite with NaOH (1 m) for 24 h under
stirring at 50 8C and the zirconia was removed by the treatment of the
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material with stoichiometric amounts HF (40 % in water) for 6 h at room
temperature. The final material was washed five times with water and
once with absolute ethanol by centrifugation (9000 rpm; 15 min) and
dried overnight at 70 8C.

Ex-post size reduction : This material was prepared according to our pre-
vious protocol.[13]

Catalytic test : The activities of the catalysts for the oxidation of CO were
measured in a plug-flow reactor using 50 mg of catalyst in a gas mixture
of 1 % CO in air (from Air Liquide, 99.997 % purity) at a flow rate of
67 cm3 min�1, which corresponds to a space velocity of 80
000 cm3 h�1 gcat

�1.
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