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A Highly Active Titanium Dioxide Based Visible-Light Photocatalyst
with Nonmetal Doping and Plasmonic Metal Decoration™**

Qiao Zhang, Diana Q. Lima, Illkeun Lee, Francisco Zaera, Miaofang Chi, and Yadong Yin*

Since the discovery of its photocatalytic activity under UV
light, TiO, has been widely studied as a photocatalyst in
applications such as water splitting and purification."! As
pristine TiO, only absorbs UV light, much effort has been
devoted to developing visible-light-active TiO, photocatalysts
that can make use of both UV and visible radiation. Many
strategies, including metal-ion®® and nonmetal doping,”*! have
been proposed to extend the absorption of TiO, to the visible
spectrum, but, to date, new materials have typically suffered
from low doping concentration and/or low stability against
photocorrosion.’®* Noble-metal nanoparticles such as Au
and Ag have also been used to enhance the activity of
photocatalysts in visible light because of their plasmonic
properties.”! In any case, an improved absorption of photons
may not necessarily guarantee significantly better photo-
catalytic performance because the efficiency of a photo-
catalyst is also determined by charge separation and trans-
port. As most excited charges may recombine and quench
before reaching the surface, small grain size and high
crystallinity would be desirable for enhancing charge-separa-
tion efficiency that would result in a reduced migration
distance of charges and, consequently, in a lower recombina-
tion rate.! Additionally, metal decoration has also been
shown to enhance charge separation in TiO, photocatalysts by
serving as an electron reservoir.”) It is therefore expected that
a composite of small doped TiO, nanocrystals decorated with
metal nanoparticles may be a powerful photocatalyst, as all
the features discussed above are combined. However, the
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incompatibility between the synthesis, doping, and decoration
procedures means that the production of such nanocompo-
sites has remained a great challenge.

We report herein the design and synthesis, by combining
simple sol-gel and calcination processes, of a highly efficient,
stable, and cost-effective TiO,-based photocatalyst with the
desired properties mentioned above. The new catalyst has a
sandwich structure that comprises a SiO, core, a layer of gold
nanoparticles (AuNPs), and a doped TiO, nanocrystalline
shell. The sol-gel process allows for the convenient incorpo-
ration of AuNPs into the catalyst with controlled loading and
location. TiO, is doped with both N and C using an
unconventional method that involves introducing 3-amino-
propyl-triethoxysilane (APTES), which originally acts as a
ligand for immobilization of AuNPs on the surface of the SiO,
support, but upon subsequent decomposition at high temper-
ature serves as a source of both N and C for doping.
Compared to traditional Auw/TiO, composites, in which
AuNPs are loosely attached to the surface of TiO, such that
they are unstable during calcination and subsequent photo-
catalysis, the sandwich structures with the AuNPs embedded
inside a TiO, matrix protects the former from moving
together and coagulating.® The encapsulation also increases
the contact area between the AuNPs and the TiO, matrix, and
therefore allows for more efficient electron transfer. A third
advantage of our nanoarchitecture is that the precontact of
Au with a TiO, surface can significantly increase the N
loading by stabilizing the doped N inside the oxide, and the
doped N in turn can enhance the adhesion of AuNPs on the
oxide surface through an electron transfer process.”! As
discussed later, only a relatively small quantity (ca. 0.1 wt %)
of AuNPs are required for optimal catalytic performance,
thus making this catalyst feasible for large-scale practical
applications. Herein we demonstrate the excellent perfor-
mance of the new photocatalysts in degradation reactions of a
number of organic compounds under UV, visible light, and
direct sunlight.

The fabrication of the sandwich structures is depicted in
Figure 1a. SiO, particles with a diameter of approximately
400 nm were first synthesized through the Stéber method,™”
then surface-modified with a monolayer of the coupling agent
APTES by heating the mixture in isopropanol at 80°C.
Citrate-stabilized AuNPs could then be adsorbed onto the
silica surface by a strong chemical affinity towards primary
amines, as confirmed by the color change of the original Au
suspension from red to colorless after extraction by APTES-
modified SiO, spheres. In the presence of hydroxypropyl
cellulose (HPC), the Au/SiO, composite colloids were over-
coated with a layer of amorphous TiO, by hydrolyzing
tetrabutyl orthotitanate (TBOT) in ethanol solution.®!
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Figure 1. a) Schematic illustration of the fabrication process of the
sandwich-structured SiO,/Au/TiO, photocatalyst. b) Typical TEM
image of the composite photocatalyst. c) Elemental mapping of a
single particle with the distribution of individual elements shown in
the bottom row.

The reddish composite was finally calcined at 500°C for 2 h
under ambient conditions to produce a blue powder consist-
ing of uniform spheres with an average diameter of approx-
imately 430 nm, as shown in the transmission electron
microscopy (TEM) image in Figure 1b. Energy dispersive
X-ray (EDX) elemental mapping of a single sphere (Fig-
ure 1¢) clearly confirms the expected sandwich structure.
Observation by TEM at higher magnification reveals that the
outer TiO, shell is composed of small nanoparticle grains with
sizes of 8-15nm, which are optimal for anatase photo-
catalysts.®*'?l  Nitrogen adsorption-desorption isotherm
measurements on this sample suggest an average BET surface
area of approximately 45.1 m*g ', thus confirming the porous
nature of the TiO, shell.

Figure 2 shows X-ray diffraction (XRD) data used to
identify the crystallographic phases of the titania in the as-
prepared sandwich-structured catalysts, along with two refer-
ence samples including commercial anatase TiO, powder and
P25 aeroxide. As shown in Figure 2 a, the sandwich structures
show all the characteristic diffraction peaks also found in
commercial anatase TiO,, with cell parameters a = b =3.78 A,
¢=9.51 A (JCPDS card no. 73-1764). The peak broadening of
the sandwich structures suggests that the shells are composed
of small nanocrystalline grains, as is consistent with our TEM
observation. No characteristic peaks of crystallized gold can
be found in our sample because of its very low concentration.
As expected, P25 was found to be a mixture of anatase and
rutile phases.[*

Diffuse reflectance UV/Vis spectroscopy was used to
study the optical properties of the sandwich-structured
photocatalyst and contrast those with the reference samples
(Figure 2b). While the commercial anatase sample strongly
absorbs light only in the UV region, noticeable absorption in
the visible region can be observed for all SiO,/APTES/TiO,
structures, even in the absence of AuNPs. This result confirms
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Figure 2. a) XRD patterns of the SiO,/Au/TiO, photocatalyst, commer-
cial anatase TiO, and P25 aeroxide. * denotes rutile phase TiO,.

b) UV/Vis diffuse reflectance spectra of the three TiO,-based photo-
catalysts and a control sample of AuNP-decorated silica particles.

doping of TiO, with N and/or C as reported by Sato, and
Giamello and co-workers.'¥) Moreover, with AuNPs, another
absorption band at around 650 nm appears, which can be
mainly ascribed to the surface plasmon resonance of AuNPs.
Compared to a reference sample consisting of AuNP-deco-
rated SiO, spheres, which shows an absorption band at around
590 nm, the new absorption band in the SiO,/APTES/Au/
TiO, structure (simply denoted as SiO,/Au/TiO, in later
discussions) is red-shifted by approximately 60 nm, a differ-
ence that can be attributed to the high refractive index of the
TiO, (n=2.488 for pure anatase TiO,) that surrounds the
AuNPs.PY This result also suggests a good contact between
AuNPs and TiO, grains.

X-ray photoelectron spectroscopy (XPS) was used to
investigate the C and/or N doping in the TiO, shells. Without
doping, for the simple TiO,-coated SiO, sample, Ti exhibits a
2ps, peak at 458.5eV, which corresponds to the binding
energy of Ti*" in TiO, (Figure 3a)."! Once APTES is
introduced between the SiO, core and the TiO, shell,
however, the Ti 2p peak shifts to a lower binding energy of
458.2 eV. This shift is indicative of the incorporation of N and/
or C into the TiO, lattice.”™ The low loadings used and the
TiO, overcoating result in relatively weak XPS signals for N
and C, thus making it difficult to identify the exact nature of
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Figure 3. XPS measurements for the as-obtained SiO,/Au/TiO, photo-
catalyst: a) Ti 2p, and b) N 1s. All the XPS data have been calibrated
with the binding energy of Si—O from SiO, at 103.4 eV.

the doped species. As shown in Figure 3b, all the samples
display a weak and broad N 1s XPS peak around 400.5-
401.0 eV, which can be attributed to adsorbed N, molecules.!'®!
The N 1s XPS data of nitrogen-doped TiO, have recently been
reported to exhibit a peak at 396 eV,'*'" which arises from
the substitutionally doped N*~ component of Ti-N, but we
could not detect any signal at this position with our SiO,/
APTES/TiO, and SiO,/Au/TiO, samples, probably because of
the limited doping at the vicinity of SiO,/TiO, interface.
Instead, we observed a peak at 399.0 eV which may be
produced by jointly bonded C-N in TiO, , ,N,C, films."* The
existence of additional C resulting from the decomposition of
APTES has also been confirmed by the C 1s spectra (see the
Supporting Information)."s*!

The photocatalytic activity was evaluated by monitoring
its characteristic absorption band at 553 nm to measure the
degradation rate of rhodamine B (RhB) under light irradi-
ation. Unlike many previous reports in which the incorpo-
ration of a metal into TiO, degrades catalytic performance in
the UV region,? the sandwiched structures show perfor-
mance comparable to P25 under UV irradiation, thus attest-
ing to the overall positive impact of the nonmetal doping and
gold decoration on the catalytic activity. Moreover, under
visible light irradiation (4 > 400 nm), the SiO,/Au/TiO, nano-
structures display significantly higher efficiency than that of
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P25. As shown in Figure 4a, the sandwich-structured photo-
catalyst can decompose approximately 96 % of RhB in 5h,
while P25 containing an equivalent amount of TiO, can
convert only about 42% of RhB under identical conditions.
Commercial anatase is essentially inactive.

To investigate the origin of the enhanced photocatalytic
activity, we also compared the performance of the SiO,/Au/
TiO, photocatalyst to SiO,/TiO, and SiO,/APTES/TiO,
composites synthesized under similar conditions by using
silica cores of the same size and TiO, shells of the same
thickness. Before catalysis, the TiO, in all samples was
identified as pure anatase by XRD. As shown in Figure 4a,
without the modification of APTES, the SiO,/TiO, core-shell
structures show very low activity under visible light irradi-
ation. However, after C/N doping, the core-shell photo-
catalyst becomes active and shows 48 % degradation of RhB
in 5h. This is already an improvement over the widely
recognized P25 aeroxide photocatalyst, which shows consid-
erable visible-light activity because of the presence of rutile
phase.’!! Additional decoration of the SiO,/TiO, interface
with 0.1 % of AuNPs further doubles the decomposition rate.

Chronoamperometry (CA) measurements were per-
formed to characterize the photogenerated current density
under a potential of 0.8 V and periodic illumination of visible
light (A > 400 nm). As indicated in Figure 4b, photogenerated
currents were seen for all samples, but SiO,/Au/TiO, showed a
significantly higher value (ca.0.80 uAcm™?) than P25
(ca. 0.45 pAcm™?) and SiO,/APTES/TiO, (ca. 0.40 pA cm?).
The shape of the CA curves is well maintained after many
cycles of light illumination, thus implying very good photo-
catalytic stability.

It is clear that decoration of titania-based photocatalysts
with AuNPs is an important factor to achieve the high
catalytic efficiency. A systematic study was carried out to
assess this effect by varying the loading of AuNPs from 0 to
0.5wt% in six otherwise identical samples (Figure 4c).
Interestingly, the visible-light activity of the samples peaks
at 0.1 wt % loading of AuNPs. It is generally understood that
AuNPs supported on TiO, have three probable functions in
photocatalysis: 1) to help harvest the visible-light energy by
their plasmonic properties,* 2) to enhance charge separation
by serving as an electron reservoir,"?? and 3)to act as a
recombination center, which negatively affects catalytic
activity.””! When the loading of AuNPs is low, their primary
function is to enhance the charge separation and hence
promote the oxidation of organic molecules under visible
light. However, excessive amounts of metal particles may also
deteriorate the catalytic performance by increasing the
occurrence of exciton recombination,’” with the reaction
rate gradually decreasing when the loading of AuNPs exceeds
0.1 wt%. The low loading (0.1 wt %) of the AuNPs required
for achieving high catalytic performance also has practical
significance in terms of cost: many prior reports on Au/TiO,
composite photocatalysts require Au loading of approxi-
mately 1-5 wt%, which has prevented their large-scale
application.?!

In addition to the effects on light harvesting and charge
separation, the AuNPs may also contribute to the enhance-
ment in nonmetal doping for TiO,. Sanz and co-workers have

Angew. Chem. Int. Ed. 2011, 50, 7088-7092


http://www.angewandte.org

a) 400 A

80 -

60
CICyI%
40 4
20 4
0 T r T T T T T T T T T T T
0 50 100 150 200 250 300
£/ MiN c—
by 41
Si0/AUTIO,

24 SiO,/APTES/TIO,
14 _“L—J——L P25 aeroxide
0 L] 1 ) T T L] T L]
20 30 40 50 60 70 80 90 100
t/s ——=
© 100
A
80 .<A\
60 T——oe
®. e
CICy!% \
40 \.\
'\0\
20 \: L 2
. |
0 B

T T T T
150 200 250 300

t/min —p

v 1
50 100

Figure 4. a) Photodegradation of RhB by using commercial anatase
TiO, (4), Si0,/TiO, (1), P25 aeroxide (), SiO,/APTES/TIO, (e), and
SiO,/Au(0.1%)/TiO, (¥) as photocatalysts under visible-light illumina-
tion (4>400 nm). b) Chronoamperometry measurements of P25,
SiO,/APTES/TiO,, and SiO,/Au/TiO, under periodic illumination with
visible light. c) Influence of AuNP loading (e 0.00, « 0.05, ¥ 0.10,
«0.20, m 0.30, A 0.50% Au) on the catalytic activity of SiO,/Au/TiO,
sandwich structures studied by using the decomposition of RhB as the

model system.
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Figure 5. a) Photodegradation of RhB without catalyst () and with
anatase TiO, (¢), P25 (0), and SiO,/Au/TiO, (A) as the photocatalysts
under direct sunlight illumination. b) Photodegradation of RhB (4),
R6G (¥), methylene blue (@), and 2,4-dichlorophenol () with SiO,/
Au/TiO, sandwich-structured catalyst under direct sunlight illumina-
tion. c) Seven cycles of the photodegradation of RhB with SiO,/Au/
TiO, photocatalyst under sunlight illumination. The duration of sun-
light exposure in each cycle is 30 min.
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demonstrated both theoretically and experimentally that Au
preadsorption on TiO, surfaces can significantly stabilize
implanted N, increase the reachable amount of N loading in
the oxide, and enhance Au surface adhesion energy by
electron transfer from the Au 6s orbitals to the partially
occupied N 2p orbitals.”! As the nonmetal doping process
usually requires annealing at elevated temperatures, which
may cause the AuNPs to sinter, the unique sandwich structure
proposed in this work represents an ideal system to overcome
sintering: AuNPs are unable to move within the TiO, matrix,
and thus coagulation during calcination is prevented, high
stability is ensured, and Au/TiO, surface contact is improved.

To explore the photocatalytic activity of our samples for
real applications, the photodegradation of organic com-
pounds was investigated under natural sunshine, which
contains both UV, visible, and IR light. As shown in Fig-
ure 5a, sunlight can completely decompose RhB molecules
within 40 min with the aid of sandwich-structured photo-
catalysts, while the conversion only reaches approximate
values of 38% with P25 and 27% with the commercial
anatase sample during the same period. We also tested the
SiO,/Au/TiO,-catalyzed degradation of other organic mole-
cules under sunlight, including rhodamine 6G (R6G), meth-
ylene blue (MB), and 2,4-dichlorophenol (2,4-DCP) at the
same initial concentration. As shown in Figure 5b, all of those
molecules can be decomposed almost completely (>93 %)
within 40 min. As shown in Figure 5c, these photocatalysts
are also mechanically robust and chemically stable: they can
be recovered and reused to catalyze multiple cycles of
degradation reactions under direct sunlight.

In summary, we have demonstrated a sandwich-structured
SiO,/Au/TiO, photocatalyst that shows high efficiency in
catalyzing decomposition of organic compounds under illu-
mination of UV, visible light, and natural sunlight. The
structural design of the photocatalyst takes advantage of the
synergetic interaction between adsorbed gold and implanted
nitrogen, and produces stable nonmetal-doped anatase nano-
particles with precisely controlled AuNPs decoration. The
excellent photocatalytic efficiency can be attributed to the
interfacial nonmetal doping, which improves visible light
activity, to the plasmonic metal decoration, which enhances
light harvesting and charge separation, and to the small grain
size of anatase nanocrystals, which reduces the exciton
recombination rate.
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