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ABSTRACT

A series of Au@Void@TiO; yolk-shell structures were synthesized and characterized, and their catalytic activity was tested for the oxida-
tion of carbon monoxide. The target of this work was to evaluate the effects of (1) the crystallinity of the TiO; shell and (2) the presence
of titanate phases. Transmission electron microscopy and X-ray diffraction data show that increasing calcination temperatures, from 850
to 1250 K, leads to the formation of larger titania crystallites. These crystallites are typically in the form of anatase, but some rutile is also
made at high temperatures. The general yolk-shell nanostructures retain their basic characteristics upon calcination and upon treatment
with HCI (used to remove the titanate phases), but a few structural and chemical changes do take place: (1) the void-space diameter is
reduced by approximately 10% when going from Tc,ic = 850 K to Tcaie = 1250 K, a change that is accompanied by a decrease in the surface
area (estimated from N, adsorption-desorption isotherms); (2) the shell thickness remains unaffected by either calcination or HCI treat-
ment; (3) the pore volume also remains approximately constant with increasing calcination temperature in the catalysts free of titanates
but diminishes significantly in the samples with titanate phases; (4) the mesoporosity is minimal in all yolk-shell nanostructures but more
noticeable with the pure TiO, shells; (5) the titanates have high Na content (measured by X-ray photoelectron spectroscopy), but that
Na is fully removed upon treatment with HCl; (6) no Ti’* was detectable in any of the samples, but silica, together with C and (minor
amounts of) N, was present in all; (7) all Au is in metallic form; (8) two temperature regimes were observed for the catalytic oxidation
of CO, as reported for other similar samples in the past, an Arrhenius regime around or above room temperature, and a cryogenic range
going to temperatures as low as 120 K; (9) the latter regime is only seen with the samples containing titanate phases; (10) the titanates
seem to also aid in the oxidation at higher temperatures; and (11) in general, increasing titania crystallinity leads to a decrease the catalytic
activity.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5132715

I. INTRODUCTION

Titanium oxide, often referred to as titania, is a unique mate-
rial that has found multiple applications in catalysis." Two prop-
erties make the oxide valuable for catalysis and other uses: (1) its
semiconductor nature and (2) the ease with which it can undergo
reversible reduction and oxidation. The uniqueness of titania as a
support for metal nanoparticles (NPs) in catalysis was identified

several decades ago, in particular in connection with a so-called
strong-metal-support-interaction (SMSI) that makes catalysts made
out of metal nanoparticles (NPs) dispersed on titania behave quite
differently than similar materials made out of other oxides such
as silica or alumina.”* Several explanations have been advanced
over the years to explain this phenomenon,”’ but nowadays, most
researchers accept a model where a thin layer of TiO, “creeps
up” and decorates, or even encapsulates, the metal NPs upon the
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reduction of the catalyst; this effect is reversible, and the metal is
exposed back upon oxidation.” "

Titania has also been used as a prototypical material for the
study of photocatalytic processes. Despite the large bandgap in tita-
nia, which limits the range of light from the solar spectrum that it
can absorb, and the rapid recombination rate of the electron-hole
pairs produced via photoexcitation in that oxide, which reduces its
efficiency toward photocatalysis, TiO;, either in pure form'' " or
doped with other elements,””' has been studied extensively as a
prototypical semiconductor for photoconversions and has also been
employed in some water-splitting”” ** and environmental remedia-
tion' "> applications. Multiple studies have explored the optimiza-
tion of its photoactivity via tuning its physical properties, including
its structure,”””* and by adding other elements either as dopants or
as cocatalysts.””*” We have recently reported on the specific effect
of the titania nanocrystallite size on the photocatalytic production
of hydrogen by using unique Au@Void@TiO; yolk-shell nanostruc-
tures:” " larger nanocrystallites were shown to increase the lifetime
of the fluorescence originating from electron-hole pair recombina-
tion (that is, to lower the electron-hole pair recombination rate)
and hence to increase the rate of the competing H, photoproduc-
tion from water.”””® The control of other geometrical parameters
such as the titania shell diameter and thickness were shown to
also be useful for the molecular-level study of the mechanism of
photocatalysis.””**

The same approach of using well-defined nanostructures to
probe the effect of the structural properties of titania on the catalytic
activity can be, and has been, applied to the characterization of other
thermally activated catalytic processes.”” The ability to control tita-
nia crystallinity while keeping all other parameters the same™’** has
provided a particularly powerful way to address the issue of oxide
crystallinity in catalysis. One initial concern in our research in this
area had been that yolk-shell structures would display limited access
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to the enclosed metal NPs, but studies of the diffusivity of reactants
through the titania shells in both gas"*® and liquid”***"** phases
demonstrated that this is not a limiting factor in their catalytic per-
formance. In our laboratory, we have focused on the promotion
of the oxidation of carbon monoxide and of organic molecules at
low temperatures using metal/titania catalysts. Soon after demon-
strating that Au@Void@TiO; nanostructures are as active but more
stable than regular Au/TiO; catalyst in the promotion of CO oxi-
dation,”*>*" we discovered that NaOH treatment of catalysts with
amorphous titania shells leads to additional unique activity at cryo-
genic temperatures, as low as 120 K;***” we found that in fact reg-
ular Au/TiO; catalysts can also promote CO oxidation at those
temperatures upon similar NaOH treatments.”*”’

In addition to the NaOH treatment mentioned above, our stud-
ies have suggested that higher CO oxidation activity with Au/TiO,
catalysts is obtained with amorphous, or at least less crystalline,
titania supports. A tentative study corroborating this hypothesis
using regular Au/TiO, catalysts was recently published.”” Here, we
expand on this concept by reporting on a more systematic study
carried out using Au@Void@TiO, yolk-shell structures with var-
ious TiO; crystallite sizes, which were controlled by varying the
calcination temperature used during synthesis. The effect of NaOH
treatment was probed as well. The results obtained are presented
below.

Il. EXPERIMENTAL DETAILS

The synthetic procedure for the preparation of the
Au@Void@TiO; yolk-shell catalysts, summarized schematically in
Fig. 1, is a derivative of similar approaches reported by us pre-
viously."”"*** Au colloidal nanoparticles were first grown from a
mixture of HAuCly-3H,O (1.37M, 108 pl), sodium citrate (3 wt. %,

Au@Void@TiO, Synthetic Strategy
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3 ml), and polyvinylpyrrolidone (PVP, M.W. = 40 000, 3 wt. %, 7 ml)
in deionized water (DIW, 97 ml), kept overnight at room temper-
ature [Au NPs, Fig. 1(a)]. Those were then redispersed in DIW
(4.0 ml) and ethanol (23 ml), and coated with SiO, (~200 nm), used
as a sacrificial template for the creation of the void space [Au@SiO,,
Fig. 1(b)], and then with TiO, (20 nm), to form the desired tita-
nia shell [Au@SiO,@TiO», Fig. 1(c)], via sol-gel processes with
tetraethyl orthosilicate (TEOS, 0.85 ml; plus ammonia, 28% solu-
tion, 0.75 ml; 4 h at room temperature) and tetrabutyl titanate
(TBOT; a mixture of acetonitrile, 7 ml, and hydroxypropyl cellulose,
50 mg, was added to a second mixture of hydroxypropyl cellulose,
400 mg, ethanol, 10 ml, and DIW, 0.48 ml, to which an ammonia
solution, 0.2 ml, TBOT, 0.8 ml, and acetonitrile, 1 ml, were added
after; the solution was left to react at room temperature for 2 h),
respectively.

Next, in order to protect the TiO, shells from breaking dur-
ing the calcination step to follow, a partial etching procedure was
applied by stirring the Au@SiO,@TiO, particles (dispersed in 30 ml
of DIW) in a NaOH solution (1.4 ml, 2.5M) at room temperate
for a controlled amount of time (20 min), determined by moni-
toring the etching with transmission electron microscopy (TEM),
and then in HCI (after centrifugation, washing in DIW and ethanol,
and redispersion in 20 ml DIW; added 0.IM HCI until reach-
ing a pH of 1.8, then left soaking for 30 min) to remove any Na
residues [Au@SiO,@Void@TiO;, Fig. 1(d)]. This partial etching was
followed by calcination, carried out at the desired temperatures
(Teae = 850, 1100, or 1250 K) for 16 h [Au@SiO»@Void@TiO,—
Tcale» Fig. 1(e)]. The initial Au@Void@NayTiyO,-Tcqc catalysts
were obtained after fully etching the SiO, templates at 365 K with
a NaOH solution [mixture of 60 ml DIW and 2 ml of 2.5M NaOH;
4 h; Fig. 1(f)]. Finally, a second HCl treatment (pH = 1.8, 30 min),

» (a) Au NPs .
® ® "

i0,

() Au@void@ ™
Na,Ti,0,~Tca ’

(9) Au@Void@
TioZ_TCalc

(c) Au@Si0,@Ti0, l
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followed by washing with DIW, was applied to remove any residual
Na and to convert the shells into pure titania [Au@Void@TiO,-
Tcale> Fig. 1(g)]. Survey X-ray photoelectron spectroscopy (XPS)
data were acquired after synthesis to make sure that the final
samples contained no significant amounts of chlorine (data not
shown).

The yolk-shell nanostructures were imaged by using a Philips
Tecnai 12 TEM instrument and also characterized by X-ray diffrac-
tion (XRD), using a Bruker D8 Advance diffractometer and Cu
K, radiation (A = 1.5406 A). Additional X-ray photoelectron spec-
troscopg (XPS) analysis was performed by using a Kratos AXIS-
Ultra®® system equipped with an Al K, monochromated X-ray
source, a 165-mm mean radius electron energy hemispherical ana-
lyzer, and a delay line detector. The powders were mounted on
double-sided adhesive carbon tapes, and a low-energy electron neu-
tralizer was employed to compensate for sample charging during the
measurements. N adsorption-desorption isothermal measurements
were carried out using a Quantachrome NOVA@2000e gas sorption
system.

The catalytic oxidation of carbon monoxide was followed as
a function of time by diffuse reflectance infrared absorption spec-
troscopy (DRIFTS), using a Bruker Tensor 27 FTIR interferome-
ter and a variable-temperature (with cryogenic cooling capabilities)
Praying Mantis DRIFTS reaction chamber (CHC-CHA, Harrick),
attached to a gas manifold and a rotary pump to function as a batch
reactor. The powder catalysts (40 mg) were placed in the sample cup
of the reactor, pumped overnight, and pretreated by exposure to 200
Torr of H, (775 K, 2 h), O, (675 K, 2 h), and H; again (475 K, 2 h).
After pretreatment, background spectra were recorded under vac-
uum (2 x 1072 Torr) at the desired temperatures. Sample spectra
were then acquired at the same temperatures after the reaction gases

—

FIG. 2. TEM images of the nanostruc-
tures made in this study at different
stages of the synthesis according to the
steps indicated in Fig. 1. (a) Initial Au
NPs, (b) after deposition of the sacrificial
silica layer; (c) following the deposition of
the titania layer, (d) after partial etching
of the silica layer, (f) after calcination at
three different temperatures (from left to
right: Tearc = 850, 1100, and 1250 K) and
full silica removal using NaOH; and (g)
after HCI treatment to remove the resid-
ual Na and titanate phases (same three
calcination temperatures).
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(CO, 0Oy, or CO + O, mixtures) were introduced into the reaction
chamber. For the steady-state experiments, a CO + O, mixture was
premixed in the gas manifold prior to its introduction. Sample spec-
tra were recorded at 1 min intervals for the first 60 min and at 5 min
intervals afterward, up to 360 min.

Ill. RESULTS AND DISCUSSION

Before testing the yolk-shell catalyst to determine and contrast
the performance during the catalytic oxidation of CO, an exten-
sive characterization of the structural, compositional, and electronic
properties of the different samples was carried out to make sure that
any possible trend in the catalytic activity observed could be prop-
erly accounted for. Typical TEM images of the samples obtained at
the different stages of the synthesis are provided in Fig. 2. The first
row depicts the initial Au NPs, as synthesized using the colloidal
chemistry described above [Fig. 2(a)], after adding the sacrificial
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silica layer [Fig. 2(b)] and the titania shell [Fig. 2(c)], and after partial
etching using NaOH [Fig. 2(d)]; a small gap can be seen in the latter
case between the silica and titania phases, created to accommodate
the volume changes induced by calcination later in the synthesis. The
second and third rows of Fig. 2 show the TEM images of the nanos-
tructures after sequential calcination and full silica removal using
the NaOH solution [Fig. 2(f)] and after HCl treatment to remove the
residual Na and any titanate phase that may have formed [Fig. 2(g)].
Three samples are shown in each of the last two rows, for nanostruc-
tures calcined to three different temperatures, namely (from left to
right), Tcac = 850, 1100, and 1250 K. It is clear from these images
that increases in the calcination temperature lead to the forma-
tion of larger titania crystallites within the titania shells. This trend
was quantified by using X-ray diffraction (XRD) data, as reported
below.

On the basis of TEM images such as that in Fig. 2(a), the
average size of the Au NPs was estimated to be 11 + 3 nm.

220 35
Void Space Diameter Shell Thickness 20 1 Grain Size
| nm 30 ] nm nm
200{ (@ 1 (b) (c)
] 25 ]
] 15 A
180 1 20 _
1 10 1
160 - 15 1
] 10 ]
140 A ] ° ]
] 51
120 : — : 0 4 : 0
400 0.5 0.5
Surface Area Pore Volume Na/Ti (XPS)
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1 0.4 0.4
300 A
0.3 0.3 -
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FIG. 3. Structural characterization of the Au@Void@Nay TiyO;~Tcac and Au@Void@TiO2—Tcai Samples. (a) TiO, shell void-space diameter, (b) TiO, shell thickness, (c)
average TiO, crystallite diameter, (d) total surface area, (e) total microporous volume, and (f) Na/Ti atomic ratio.

J. Chem. Phys. 151, 234706 (2019); doi: 10.1063/1.5132715
Published under license by AIP Publishing

151, 234706-4


https://scitation.org/journal/jcp

The Journal
of Chemical Physics

Because the same colloidal Au NPs were used for the synthesis of all
six Au@Void@NaxTiyO,-Tcac and Au@Void@TiO0;-T gyl samples,
that size distribution applies to all of those cases (a fact corrobo-
rated by the other TEM images in Fig. 2). The void spaces were
estimated at between 160 and 185 nm in diameter, with dispersions
within a given batch of nanostructures of approximately +10 nm.
This void-space diameter was seen to decrease slightly with increas-
ing calcination temperature [Fig. 3(a)]. Moreover, a slight increase in
void-space volume also appears to take place upon removal of the Na
containing species, in going from the Au@Void@NaxTiyO,-Tcac to
the Au@Void@TiO2-Tcy samples [Fig. 3(a)]. On the other hand,
the measured shell thicknesses appear to remain approximately con-
stant in all cases, at a value of approximately 22 + 2 nm within
the experimental error of the measurements [Fig. 3(b)]. A metal
loading of approximately 0.3 wt. % was estimated for all the final
samples by using the geometrical values derived from these TEM
images.

The degree of crystallinity attained after calcination at the three
temperatures reported here was also evaluated by XRD. Figure 4
shows the XRD traces for the Au@Void@TiO,-Tcy catalysts. Only
marginal crystallinity is seen in the sample calcined at 850 K, but
increased crystallinity is observed upon increasing that temperature.
In addition, the dominant crystalline phase that forms is anatase,
but, upon calcination at Ty = 1250 K, some rutile formation is
detected as well (peaks labeled in green). The anatase grain aver-
age sizes ((d)anatase), calculated by using Scherrer’s formula and the
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Au@Void@TiO,-T . XRD
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FIG. 4. XRD data for the Au@Void@TiO,-Tcg Samples after calcination to (from
bottom to top) T, = 850 (blue trace), 1100 (orange), and 1250 (red) K.

full-width-at-half-maximum (FWHM) of the (101) peak at 25.35°,
are reported in Fig. 3(c). On the basis of the relative intensities
of the peaks in the XRD data, it can be concluded that rutile is a
minor component even in the samples annealed to Ty = 1250 K,
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which makes the measurements of their crystallite average size less
accurate, but larger dimensions, of approximately (d)gyeie ~ 40 nm,
were estimated [from the (110) peak at 27.44°]. Similar results were
obtained with the Au@Void@NayTiyO,-Tca. samples, indicating
that the final HCI treatment does not affect the crystallinity of the
titania shell.

In addition to the void volumes defined by the titania shells,
extra porosity may exist within the oxide material that consti-
tutes those shells. This possibility was evaluated by performing N,
adsorption-desorption isotherm measurements. The shape of the
measured isotherms (Fig. 5) corresponds to type II according to
the TUPAC classification, typical of physisorption on nonporous or
macroporous adsorbents. A minor hysteresis is seen in some cases,
indicative of a small amount of mesoporosity. That mesoporosity
increases slightly upon treating the samples with HCI, presumably
because of the removal of the titanate phase and any residual silica
embedded within the shell material, but the volume associated with
such pores is small in all cases.

The surface areas and total pore volumes were estimated by
using the BJH (Barrett-Joyner-Halenda) desorption method; the
results are reported in Figs. 3(d) and 3(e), respectively. It can be seen
that the total surface areas decrease significantly with the increase in
calcination temperature, an expected result that is a consequence of
the increase in crystallinity discussed above. Interestingly, though,
the grain sizes and total areas are almost the same for the sam-
ples annealed to any given temperature before vs after the final
HCI treatment, but the total pore volumes increase after the HCI
treatment.

ARTICLE scitation.org/journalljcp

The elemental composition and oxidation states of the dif-
ferent elements in our catalysts were evaluated by XPS. The data
for the Ti 2p (far-left), Na 1s (center-left), Au 4f (center-right),
and O 1s (far-right) are reported in Fig. 6. First to note is the
sharp nature of the Ti 2p features, indicating that the titanium is
all present as TiO, (Ti*"); indeed, the binding energy (BE) of the
Ti 2p3/2 peak is in all cases centered at a binding energy (BE) of
BE = 459.1 eV, within the expected range for Ti0,.”"* No evidence
for Ti** was obtained in any of the samples studied here (expected
at a BE(Ti 2pss2) ~ 455 eV).”" Second, significant amounts of Na*
(BE = 1071.7 eV) were detected in the Au@Void@NaxTiyO,~Tcalc
catalysts, amounting to approximately 5 mol. % of the total surface
composition and to a Na/Ti atomic ratio of somewhere between 0.2
and 0.4 [Fig. 3(f)]. However, all the Na* was completely removed
by the final HCl treatment; no evidence for titanate species was seen
in the final Au@Void@TiO,-Tc,lc samples. This is again consistent
with results reported in previous publications.”*’

A third observation derived from Fig. 6 is that some Au is seen
in some of the spectra. This is surprising, because the Au NPs are
supposed to be encased inside the titania shells, which are >20 nm
thick, and XPS is a surface sensitive technique that can only pene-
trate a few nanometers into most solids. We believe that the Au 4f
XPS signal seen here comes from Au NPs exposed after the cracking
of a few of the titania shells; shattered shells can be clearly seen in
Fig. 2 [in particular, in the farthest bottom-right panel in Fig. 2(g)].
This may be a consequence of strain added to the titania shells dur-
ing the calcination process, and seems to be aided by the final treat-
ment with HCL It should be noted that XPS is quite sensitive to Au

XPS, Ti 2p XPS, Na 1s XPS, Au 4f XPS, 0 1s
Ti 2p5, Light Traces: Au@Void@Na, Ti,0,~ T,
Dark Traces: Au@Void@TiO,—T ¢,
AU 45, AU 4f,, 10000
2000
8 250 K %0
2 M
w
P-4
Teae = 850 K

470 460 1080 1070 95 90 85 80 530 520

Binding Energy / eV Binding Energy / eV Binding Energy / eV Binding Energy / eV

FIG. 6. Ti 2p (far-left), Na 1s (center-left), Au 4f (center-right), and O 1s (far-right) XPS data for the Au@Void@Nay TiyO2-Tca (light traces) and Au@Void@TiO2—Tcyi (dark
traces) samples calcined to the three temperatures reported, Tcy = 850 (blue; bottom), 1100 (green; center), and 1250 (red; top) K.
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and that the peaks reported in Fig. 6 are fairly weak. After proper cal-
ibration, we estimate the Au XPS signal to correspond to less than
1 mol. % of the titanium signal, or <0.2 mol. % of the total surface
composition. The Au 4f;; peak is centered at 84.0 eV, indicative of
metallic gold; no evidence for the oxidation of the Au NPs was ever
seen in our experiments.

The main peak in the O 1s XPS is centered at 530.3 eV, char-
acteristic of TiO,, but a minor shoulder is also evident at approxi-
mately BE = 532.0 eV. We believe that the latter is indicative of the
presence of some silica on the surface, an interpretation supported
by two additional observations: (1) the intensity of the BE = 532.0 eV
O 1s XPS feature diminishes upon HCI treatment and (2) Si is also
seen in the XPS, at BE(Si 2p) = 102.5 eV (data not shown). The
silicon content in the Au@Void@NaxTiyO,-Tc,lc samples was esti-
mated at 10-15 mol. % of that of titanium, and although it is reduced
after the HCI treatment, it is still visible in the Au@Void@TiO,-
Tcalc catalysts. Both carbon and a small amount of nitrogen are seen
in all samples as well, presumably because of the incomplete removal
of the PVP surfactant during synthesis.

Finally, the catalytic activity of our samples toward the oxi-
dation of carbon monoxide was evaluated. The product accumula-
tion in the batch reactor vs reaction time after the introduction of
a 200 Torr CO + 200 Torr O, mixture was followed at the indi-
cated temperatures by using the DRIFTS signal intensity for CO,
and plotted in terms of turnover numbers (TONs, in units of CO
molecules consumed per Au surface atom) after appropriate calibra-
tion. Typical results are shown in Fig. 7, for runs carried out with
all catalysts at 120 (left) and 300 (right) K. First to note is the fact
that, after an initial accumulation of CO, the curves tend to flatten
up and reach a maximum asymptotic value. As discussed in previous
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publications, we believe that this may be the result of an experimen-
tal artifact, especially at cryogenic temperatures (120 K), in which
case CO; condenses inside the pores of the solid.”’ Indeed, similar
kinetic results were recorded in the initial stages of the conversion by
following the CO consumption, but the two deviated after approxi-
mately 1 h of reaction or less, at which point the CO signal continued
to decrease in intensity, well past the flattening of the CO, curves.
The CO, DRIFTS signals were nevertheless chosen here to follow
the kinetics of the CO oxidation because the DRIFTS signal for CO
is much noisier (since the kinetic runs start with a high CO partial
pressure).

Estimates of the initial reaction rates were calculated by using
the total CO; production after 1 h of reaction. The resulting aver-
age turnover frequencies (TOF = TON/time, in units of s1) are
plotted as a function of reaction temperature in Fig. 8. Two reac-
tion regimes are clearly seen there: (1) an Arrhenius type behav-
ior, with reaction rates increasing with reaction temperature, above
250 K, and (2) a second cryogenic regime where oxidation is some-
times seen at temperatures as low as 120 K, the lowest that could be
probed with our setup. Note that the cryogenic activity is only seen
with the Au@Void@Nax TiyO,-Tc,lc catalysts; the Au@Void@TiO,-
Tcalc samples, obtained after the removal of all of the Na-containing
(titanate) species via HCI treatment, are totally inactive below 250 K.
This is an effect that we have reported and discussed extensively
before.”*””*"** A new mechanism involving two CO intermediates
adsorbed on the oxide surface and requiring titanate and amorphous
titania sites was proposed on the basis of DRIFTS studies to explain
this new cryogenic reaction regime.”“"”“mﬂ

What the results in Fig. 8 contribute to this discussion is a
way to directly compare the effects of titania crystallinity and Na
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FIG. 8. TOFs for CO oxidation vs reaction temperature with all the
Au@Void@Nay TiyOz-Tczi and Au@Void@TiO2—Tcac Samples studied here.

content on catalytic activity. As mentioned above, the samples with
titanate surface species, before washing with HCI, are the only
ones capable of cryogenic catalysis. They are also in general more
active at higher temperatures, in the room-temperature-and-above
regime. In addition, a higher degree of crystallinity, obtained by
calcining to higher temperatures, tends to lead to a reduction in
catalytic activity (although some exception to this trend can be
seen in Fig. 8). This is the most clear in the high-temperature
regime; the Au@Void@NayTiyO,-850 K sample seems to buck the
trend at cryogenic temperatures, but that could be the result of
an experimental artifact, given the uncertainty in the measure-
ment of the TOFs at low temperatures because of CO, condensa-
tion: the data on CO consumption shows higher cryogenic activity
with Au@Void@NayTiy0,-850 K that with Au@Void@NayTi,O,-
1250 K. Another factor to be considered when interpreting the data
in Fig. 8 is that the T¢, = 1250 K samples are the only ones con-
taining both the anatase and rutile phases of titania. It is not possi-
ble to disentangle the contribution from each phase from the data
available.

IV. CONCLUSIONS

In this work, a series of Au@Void@TiO> yolk-shell structures
were synthesized and characterized, and their catalytic activity was
tested. The synthetic procedure used, a derivative of the methodol-
ogy already reported by us in the past, was adapted specifically to
tune two properties of interest: (1) the crystallinity of the TiO, shell
and (2) the content of titanate phases (Fig. 1). The structural param-
eters of the samples, both during synthesis and after being finalized,
were characterized by TEM (Fig. 2) and XRD (Fig. 4). Increasing
calcination temperatures, from Ty = 850 K to Tcye = 1250 K,
clearly led to the formation of larger titania crystallites, going from
average diameters of about 5 nm after calcining at Tcye = 850 K
to over 15 nm if Tcye = 1250 K was used instead [Fig. 3(c)]. In
addition, although the crystalline titania was, in most cases, in the
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form of anatase, some rutile was made at the highest calcination
temperature.

The general yolk-shell nanostructures retain their basic char-
acteristics upon calcination and upon treatment with HCI (used to
remove the titanate phases), but a few structural and compositional
changes do take place. First, the shell void space shrinks by approxi-
mately 10% in going from Tyl = 850 K to Tcqc = 1250 K [Fig. 3(a)],
approximately the same regardless of the presence or absence of
titanates. The shell thickness, on the other hand, is hardly affected by
either calcination or HCl treatment [Fig. 3(b)]. Additionally, surface
areas and pore volumes were estimated by performing N, isother-
mal adsorption-desorption experiments (Fig. 5). The pore volume
remains approximately constant with increasing calcination temper-
ature in the catalysts free of titanates but diminishes significantly if
the titanate phases are retained [Fig. 3(e)]. The surface area, on the
other hand, decreases considerably as the calcination temperature is
increased, the same with or without titanates [Fig. 3(d)]. All these
trends may reflect contribution from microporosity or mesoporos-
ity within the titania phase in the shells, but the contribution from
mesoporosity cannot be too high since the adsorption-desorption
experiments show minimal hysteresis (a little more with the pure
TiO; shells; Fig. 5).

In terms of chemical composition, XPS data indicated that the
titanium atoms in all shells are fully oxidized; no Ti** species were
ever detected [Fig. 6 (center-left)]. Significant amounts of Na* were
seen before HCI treatment, reflective of the presence of titanate
species, but those are completely removed upon washing with HCI
[Figs. 3(f) and 6 (center)]. A small amount of Au was detected in
some cases because of the shattering of a minor fraction of the yolk-
shell nanostructures (apparently facilitated by the HCI treatment);
that Au is always in the metallic form [Fig. 6 (center-right)]. A full
XPS analysis also indicated the presence of silica, even after NaOH
and HCl washing, and of C and N impurities.

Finally, the catalysts were tested for the promotion of the oxi-
dation of CO. Two temperature regimes were observed, as reported
with other similar samples in the past: (1) an Arrhenius regime
around or above room temperature and (2) a cryogenic range going
to temperatures as low as 120 K. This latter regime was only seen
with the samples containing titanate phases. The titanates seem to
also aid in the oxidation at higher temperatures, and increasing
titania crystallinity in general decreases the catalytic activity.
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