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Metal oxides loaded with noble metal nanoparticles, like gold
and platinum on titanium and tin dioxide have received

much attention for decades. They have been found to have wide
ranging applications in the chemical industry from heteroge-
neous catalysis to photocatalysis to chemical sensors and solar
cells.1 Interest in these composite materials originates from the
combination of a catalytically active noble metal and a semi-
conductor metal oxide material.2 Recently, metal oxide materials
like nanocrystalline titania, ncTiO2, self-assembled as inverse
opals i-ncTiO2-o have been used for slow-photon optical ampli-
fication of photochemical reactions,3 where the reduction in the
group velocity of light at the photonic band edge can be arranged
to enhance the optical absorption of TiO2 at the electronic
absorption edge. This results in a photocatalytic enhancement
that can be further increased by the synergistic catalytic effect of
Pt nanoparticles deposited on the surface of i-ncTiO2-o.

4 Ad-
ditionally, TiO2 can be successfully sensitized to visible light by
doping with Sb providing a donor or acceptor level in the
electronic bandgap of TiO2.

5 Thus, the effect of Sb doping, as
well as enabling a significantly higher level of metal loading, also
allows one to extend the active wavelength range of photo
catalytic reactions into the visible spectral region.6 For certain
heterogeneous catalytic reactions, it is desirable to prepare very
high loadings up to 60 wt % metal nanoparticles,7 e.g., for
Reforming, FT (Fischer-Tropsch) synthesis or water-gas shift
processes on hierarchically structured metal oxides like periodic
mesoporous titania or macroporous titania or titania thin films8

in which the metal nanoparticles have a uniform coverage,
controllable size and a narrow nanoparticle size distribution. It
was furher shown that deposition of higher loadings of noble
metals on metal oxides can improve sensing properties9 as well
DSSC performance10 of employed cathode materials by a higher
density of catalytic sites. In the past, several approaches for the
preparation of noble metal/metal oxide composites have been
reported, including impregnation and deposition-precipitation,
photodeposition, electrodeposition, sputtering and colloidal
chemistry techniques.11,12 Although these approaches are rela-
tively straightforward, it is often challenging to control metal
particle size, distribution, and loading.13

Herein, we present a general method to dramatically increase
the loading of noble metal nanoparticles in inverted metal oxide
opals through Sb doping of the metal oxide. In this study the
method is exemplified by the growth of some noble metal
nanoparticles on Sb doped i-ncSb:TiO2-o and i-ncSb:SnO2-o
films. As precursors we employed SnCl4 and Ti(OtBu)4 with
Sb(OAc)3 as the Sb doping source.14 Growth of noble metal
nanoparticles was performed using the deposition-precipitation
technique in the pH range 8.9-9.1 and simple metal salt
precursors (10-4 mol) at 80 �C for 2 h.13 Detailed information
for the synthesis and characterization of Sb doped i-ncSb:TiO2-o
and i-ncSb:SnO2-o supported noble metal nanoparticles is in-
cluded in the Supporting Information, see Figures S3 and S4.

The method reported herein has certain advantages: (i) the
noble metal nanoparticles are uniformly distributed over the
metal oxide support with an average size that ranges from3.7 - 6.7 nm
and a narrow size distribution, see Table 1; (ii) an additional
reducing agent is not required to generate the metal nanoparti-
cles, avoiding the introduction of adventitious impurities; (iii)
the method works well under mild conditions and can be
extended to a range of transition metal nanoparticles on the
two kinds of Sb doped metal oxides mentioned above. STEM
measurements showed that in all as-synthesized samples of Sb
doped i-ncSb:TiO2-o and i-ncSb:SnO2-o (with, Sb doping
around ∼2 wt %) all surfaces appeared to be uniformly and
densely covered with noble metal nanoparticles (M NPs) in
contrast to the less uniform sparse coatings observed for the
nondoped samples Figure 1a-c (also see the Supporting In-
formation, Figures S6-S16). It should be mentioned that M NP
formation occurs only after calcination at 350 �C under N2 for
4 h. STEMmeasurements show noMNPs from the noncalcined
samples after the deposition process. In the case of Au or Ag NPs
the characteristic Surface Plasmon Resonance SPR bands were
detected only after the calcination treatment, see the Supporting
Information, Figures S6 and S17-19.
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It is believed that the formation of noble metal NPsmost likely
begins with the anchoring of the as-deposited light yellow-orange
ionic gold species [Au(OH)x]

15 to the abundance of free OH
groups on the oxide surface, see the Supporting Information,
Figures S20 and S21. Powder X-ray diffraction, PXRD, measure-
ments and Rietveld refinement phase analysis confirmed the
existence of the nanocrystalline Anatase in i-ncTiO2-o, in com-
bination with nanocrystalline Au at a loading level of 40.5 wt %,
see the Supporting Information, Figure S1. Mean sizes for Au
NPs are 8.8 ( 1.2 nm. Confirmation of these high Au NP
loadings comes from quantitative gold analysis on five samples
using AAS which defines a loading of 40-49 wt % and represents
a roughly 3-fold increase of the Au loading for the Sb-doped
i-ncSb:TiO2-o compared to the undoped i-ncTiO2-o samples, see
the Supporting Information, Table S2.

XPS measurements define a monotonic increase of the Sb
dopant concentration in the samples based on the increase of the
Sb3d3/2 peak, as well the formation of a new Au(OH)x species
seen from theO1s and Au4f peaks during the desposition process
and the formation of Au(0) NPs during the calcination process

see Figure 2 and the Supporting Information, Figures S20 and 21.
In this context, I-V measurements, discussed below show an
increase in the electrical conductivity of i-ncSb:TiO2-o films due
to an increase in the Sb dopant concentration.

An explanation of the aforementioned Sb doping effect is
based on a model16 of a uniform substitution of Sb5þ (60.0 pm)5

for Ti4þ (60.5 pm)16 into the TiO2 lattice; also see the Support-
ing Information, Figure S5 and S6. The Sb5þ species are formed
in the calcination step through oxidation of the incorporated
Sb3þ (76.0 pm)16 to Sb5þ. The Sb3d3/2 XPS peak at 540.5 eV is
symmetrical, Figure 2, and devoid of fine structure, from which
we deduce the existence of a dominant Sb5þ species17 from
different thermal treatments. This finding provides the basis of
formulating a model for the observed uniform M NP coating
on Sb doped i-ncSb:TiO2-o. For detailed information, see the
Supporting Information, Figures S2-S16.

The proposal is that Sb5þ ions can be isomorphously sub-
stituted into the TiO2 lattice to create [Ti-OH-Sb, HO-Ti-
O-Sb, Ti-O-Sb-OH] sites bearing terminal and bridging
OH groups, which under basic synthesis conditions (pH∼9) can
be deprotonated to generate a local negative charge. Anchoring
of the M(OH)x precursor can occur by coordination to surface
Sb5þ sites (higher Lewis acidity than Ti4þ) or with Sb-OH
species (higher Brønsted acidity than Ti-OH species on metal
oxide surfaces, pKa [Sb(V)Oxides]≈ 0.4, pKa [Ti(IV)Oxides]
4-8).18 This could explain the effect of Sb doping on the
enhanced loading of noble NPs by favoring the binding of the
M(OH)x precursor on the Sb-doped relative to the undoped
i-ncTiO2-o surface. Another explanation is based on making the
i-ncTiO2-o surface “more electron rich” by introducing Sb
dopants that are expected to function as n-dopants (see
Figure 3) and therefore helping to more efficiently anchor
M(OH)x precursor and/or the reduction/calcination process.
Also as the precursor is reduced to M(0) in the calcination step,
the stronger Lewis acidity of the incorporated Sb5þ surface
species results in a stronger interaction with M(0) and therefore
impedes its diffusion and agglomeration to M NPs, thereby

Figure 1. (a) Au NPs on a fragment of i-ncSb:SnO2-o, (b) Au NPs on
Sb doped i-ncSb:TiO2-o, (c) Au-NPs on undoped i-ncTiO2-o.

Table 1. Different Noble Metal Nanoparticles M NPs Sup-
ported on Sb-Doped i-ncSb:TiO2-o and i-ncSb:SnO2-o

nobel metal

nanoparticles

metaloxide

support

STEM median

diameter (nm)

(σ range (nm))

1 Au-NPs i-ncSb:SnO2-o 5.80 ( 1.31 (4.3-7.4)

2 Ag-NPs i-ncSb:SnO2-o 5.50 ( 1.67 (2.8-6.9)

3 Pt-NPs i-ncSb:SnO2-o 3.82 ( 0.84 (2.0-5.3)

4 Au-NPs i-ncSb:TiO2-o 6.21 ( 1.47 (4.1-8.7)

5 Ag-NPs i-ncSb:TiO2-o 4.38 ( 1.26 (2.6-6.2)

6 Pt-NPs i-ncSb:TiO2-o 3.68 ( 0.70 (2.3-4.8)

7 Ag/Au-NPs i-ncSb:TiO2-o 6.71 ( 1.20 (4.2-8.2)

Figure 2. XPS results: Sb doping dependence (0.2-5 mg; c[Sb] ≈
0.2-5 wt %) in the O1s and Sb3d3/2 region of i-ncTiO2-o. The broad
peak at 531-534 eV represents the TiOH groups on the TiO2 surface,
whereas the higher-energy O peak at 528-532 eV indicates the lattice
oxygen.
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keeping them small and well-dispersed on the metal oxide
surface, see Table 1, Figure 1a,b and the Supporting Information,
Figures S6-S16 and S19.

We have performed current-voltage measurements on our
Sb-doped i-ncTiO2-o films, Figure 2, and Au NP-loaded Sb-
doped i-ncTiO2-o as seen in Figure 1b and Table 1. Specifically,
i-ncSb:TiO2-o doped with varying levels of Sb were prepared on
highly resistive glass slides (corning 1737). Two rectangular
coplanar aluminum contacts (0.25 cm� 0.5 cm), spaced apart by
400 μmwere then deposited onto each sample via physical vapor
deposition. The current through these films was then measured,
using a Keithley 6517 electrometer, as different voltage biases
were applied across the pair of aluminum contacts, for further
details see the Supporting Information.

The I-V measurements, shown in Figure 3, imply that Sb5þ

dopant atoms are incorporated into the TiO2 lattice. The con-
ductivity of the i-ncSb:TiO2-o films prepared with 5 mg of dopant
precursor is greater than that of undoped films and the i-ncSb:
TiO2-o films with 10 mg of dopant precursor exhibit the largest
conductivity. The Sb dopants are expected to function as n-
dopants thereby increasing the electron carrier concentration in
the host TiO2 matrix, increasing the conductivity of the i-ncSb:
TiO2-o films. Furthermore, as the i-ncSb:TiO2-o films are doped
to a greater extent, their I-V curves become more Ohmic.

In conclusion, we have found and explained that Sb n-doping
dramatically increases noble metal NP loading on titanium and tin
dioxide structured as inverted opals. The method seems to apply
equallywell to other transitionmetal nanoparticles, likeRh, Ir, Ru, Pd,
Pt on these Sb-doped metal oxide surfaces. High metal nanoparticle
loading nanostrutured metal oxides of the kind described in this
report provide interesting opportunities for heterogeneous catalysis,
photocatalysis, chemical sensors, and solar cell applications.
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