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Abstract: Efficient charge separation and light absorption are
crucial for solar energy conversion over solid photocatalysts.
This paper describes the construction of
Pt@TiO,@In,0;@MnO, mesoporous hollow spheres (PTIM-
MSs) for highly efficient photocatalytic oxidation. TiO,—In,0;
double-layered shells were selectively decorated with Pt nano-
particles and MnO, on the inner and outer surfaces, respec-
tively. The spatially separated cocatalysts drive electrons and
holes near the surface to flow in opposite directions, while the
thin heterogeneous shell separates the charges generated in the
bulk phase. The synergy between the thin heterojunctions and
the spatially separated cocatalysts can simultaneously reduce
bulk and surface/subsurface recombination. In,Oj; also serves
as a sensitizer to enhance light absorption. The PTIM-MSs
exhibit high photocatalytic activity for both water and alcohol
oxidation.

P hotocatalytic reactions present a promising solution to
energy- and environment-related issues.!"! For instance, water
oxidation driven by solar energy has long been considered as
the bottleneck of the whole solar water-splitting process.'*?
Light-assisted oxidation has also been widely used for the
synthesis of valuable chemicals (aldehydes and ketones)!!
under mild and environmentally friendly conditions."” Thus
the exploration of highly active photooxidation catalysts is
significant for the development of alternative energy sources
and green chemistry.

Since the seminal work by Fujishima and Honda in 1972,
TiO, has been regarded as a benchmark photocatalyst owing
to its nontoxicity, low cost, and chemical stability.”! However,
when used as a photooxidation catalyst, bare TiO, suffers
from several problems: 1) The large band-gap energy limits
its light absorption to the UV region, which accounts for only
a small fraction of the total solar spectrum.[*! This can be
improved by decorating the material with narrow-band-gap
semiconductors that function as sensitizers.’! 2) Severe
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recombination of photoinduced charges is observed. Various
approaches have been reported to improve charge separation.
The construction of a heterojunction is an effective method.[!
Heterojunctions can be formed between two kinds of semi-
conductors with staggered band structures. For instance, Liul”!
and co-workers have constructed an In,O;/TiO, heterojunc-
tion, and observed enhanced charge separation. However,
charges separated by the heterogeneous interface would still
suffer from severe recombination when transferred to the
surface if their diffusion length is smaller than the depth of the
heterojunction.® Thus the distance between surface and
interface should be decreased. Alternatively, different kinds
of cocatalysts can serve as electron (or hole) traps to promote
charge separation.”) Nevertheless, the simple addition of
cocatalysts with a random distribution may increase the
possibility of recombination and lead to severe back reac-
tions.”® To solve this problem, spatial separation of the
oxidation and reduction cocatalysts has been proposed by
several research groups.”*! However, with these cocatalysts,
only surface separation can be improved effectively. Recom-
bination in the bulk phase cannot be suppressed by cocata-
lysts, as evidenced by time-resolved photoluminescence (PL)
measurements.'” Thus carefully designed catalysts that
simultaneously reduce bulk and surface recombination are
urgently needed.

Herein, we describe the design and synthesis of
Pt@TiO,@In,0;@MnO, mesoporous hollow spheres (PTIM-
MSs; Figure 1), which combine the advantages of spatially
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Figure 1. The PTIM-MS structure and the mechanism for photocata-
lytic oxidation. Pt and MnO, are spatially separated by the TiO,~In,0;
heterogeneous double-layered shell. a) The reaction process. A repre-
sents an electron acceptor; here, NalO; was used. b) Simplified band
structure of the catalyst. The CB positions of In,0; and TiO, are —0.63
and —0.40 eV versus NHE, and the VB positions of In,0; and TiO,
were calculated to be 2.17 and 2.80 eV versus NHE according to the
corresponding band gaps.
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separated cocatalysts (Pt and MnO,) and thin heterojunctions
(TiO,@In,0; shell) to simultaneously reduce bulk and surface
recombination. Spatially separated cocatalysts drive electrons
and holes near the surface to flow in opposite directions,
reducing their recombination. Thin heterojunctions can
effectively separate charges in the bulk phase and enable
their transfer to the surface/subsurface region where they can
be easily trapped by cocatalysts for surface reactions.
Furthermore, In,O; serves as a sensitizer to enhance light
absorption (see the Supporting Information, Figure S1). In
combination with other advantages, such as a large surface
area, long light-scattering path,® and surface reaction
kinetics promoted by cocatalysts, the PTIM-MS system is an
excellent photocatalyst of both water oxidation and selective
benzyl alcohol oxidation.

A hard-templating method was used to synthesize the
PTIM-MSs. The synthetic process begins with SiO, nano-
spheres with Pt anchored on the external surfaces and is
illustrated in the Supporting Information (Figure S2 a, f; these
also include transmission electron microscope (TEM)
images). SiO,-Pt@TiO, (SPT; Figure S2b,g), SiO»-
Pt@TiO,@In,O; (SPTI), and SiO,-Pt@TiO,@In,0,@SiO,
(SPTIS, Figure S2¢,h; the outermost SiO, layer functions as
a protective layer) were then formed successively. Subse-
quently, the SiO, core and protective layer were removed by
NaOH etching at 70°C for 8 h to form Pt@TiO,@In,0;
mesoporous hollow spheres (PTI-MSs; Figure S2d,i). Finally,
MnO, was selectively deposited on the outer surface of the
PTI-MSs by a selective photodeposition method (Figure S3)
to form PTIM-MSs (Figure S2e¢,j). A protective layer was
necessary to prevent the destruction of the thin shells during
synthesis (Figures S2i and S4a). The primary challenge lies in
the uniform coating of TiO, with In,Os;. The precursors of
In,0; (In*" ions) are difficult to adsorb to the positively
charged TiO, surface!™"! because of electrostatic repulsion.”
Thus, without any TiO, surface modification, In,O; will form
individual nanocubes without any contact with the TiO,
hollow spheres (Figure S4b). To overcome this problem,
sodium dodecyl sulfonate (SDS) was added as a mild
sulfonating agent to modify the TiO, surface before the
In,0O; coating, and a uniform In,0O; layer was then formed on
the outer surface of the TiO, shells (TiO,@In,0; mesoporous
hollow spheres, TI-MSs).

Figure 2 shows the evolution of the particle structure. The
structure of the TI-MSs is shown in Figure 2a-d; energy-
dispersive spectroscopy (EDS) area scans confirmed that the
TiO, hollow spheres were encapsulated by In,O; shells. The
structure of the SPTISs is illustrated in the high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) image in Figure 2¢, where the Pt particles
can be seen as bright dots. The structure of the PTI-MSs can
also be seen in the TEM and high-resolution TEM (HRTEM)
images in Figure 2 f and 2 g, which confirmed the shells to be
composed of two layers. The lattice spacings of the outer and
inner layer are 0.293 +0.011 nm and 0.343 £ 0.014 nm, respec-
tively, which are in good agreement with the (222) planes of
In,O; and the (101) planes of anatase TiO,. The 0.235+
0.019 nm lattice spacing of dark particles inside the hollow
sphere could be assigned to the (111) plane of Pt. Combined
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Figure 2. a—d) EDS area scans of TI-MSs. a) The HAADF-STEM image.
Parts (b) and (c) show the signals of In and Ti, respectively. d) Overlay
of the In and Ti signals. e) HAADF-STEM image of SPTIS. f) TEM
image of PTI-MSs. The area highlighted by a dotted box is magnified
in (g). g) HRTEM image of PTI-MSs. h) TEM image of PTIM-MSs. The
area highlighted by a dotted box is magnified in (i). Inset: Schematic
representation of the PTIM-MSs. i) HRTEM image of PTIM-MSs.

j) EDS line scan of PTIM-MSs. Curves (1)—(4) refer to the signal of Ti,
In, Mn, and Pt, respectively. k) Magnified EDS line scan of PTIM-MSs.
The signals that are due to In and Mn are not shown.

with the EDS line scan (Figure S5a), the PTI-MS structure
has thus been unambiguously confirmed. The structure of the
PTIM-MS:s is displayed in Figure 2h,i. After the addition of
MnO,, a spine-like layer appears. The lattice spacing of the
spine-like layer is 0.272 £+ 0.009 nm (Figure 21i), which could
be assigned to an oxide of manganese. This morphology was
further confirmed by an EDS line scan through the center of
an individual PTIM-MS particle (Figure 2j,k, inset). The
EDS line scan shows strong signals corresponding to Ti, In,
and Mn at the edge of the nanoparticle, revealing a typical
hollow structure (Figure 2j). Every signal peak represents the
position of the corresponding oxide shell. The relative shell
position confirms the TiO,@In,0;@MnO, structure. The
overall thickness of the heterogeneous shell is about 20 nm.
In the magnified EDS line scan (Figure 2k), the relative onset
position of the Pt signal suggests that the Pt particles are
distributed on the inner surface of the shell. Statistical
analysis of the particle size distribution showed that the Pt
particles have a uniform size distribution with an average size
of 2.57 nm (Figure S5c¢). Such a small size improves the
dispersion of the Pt clusters.

X-ray diffraction (XRD; Figure S6a) analysis also indi-
cated that the shells consist of In,0;, TiO,, and MnO,, where
x is between 1.0 and 2.0. The intensities of the XRD peaks
corresponding to Pt were very weak owing to the low loading
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(0.8 wt% by ICP)."”! The pore size and Brunauer-Emmett—
Teller (BET) surface area of the PTIM-MSs were determined
to be 5.3 nm (average pore size) and 288 m*g ', respectively,
by nitrogen adsorption measurements (Figure S6b). These
results indicate a mesoporous structure, which allows for the
penetration and transportation of reactants and products.

To highlight the synergy between the thin heterojunctions
and the spatially separated cocatalysts, reference catalysts,
such as pure TiO, mesoporous hollow spheres (T-MSs;
Figure S5d), pure In,O; mesoporous hollow spheres (I-MSs;
Figure S5¢), Pt@TiO,@MnO, mesoporous hollow spheres
(PTM-MSs),’  and TiO,@In,0,/Pt/MnO, mesoporous
hollow spheres (TI/P/M-MSs; Figure S5b), were synthesized
by similar methods. For instance, TI/P/M-MSs were synthe-
sized by directly impregnating TI-MSs in H,PtCl; and MnSO,
solutions to form a hollow sphere with Pt and MnO,
distributed randomly on both the inner and outer surfaces.

Charge recombination can be analyzed by PL spectros-
copy;*¥ catalyst excitation with monochromatic light leads to
photoluminescence as a result of the recombination of
photogenerated charges. Figure 3a shows that T-MSs and
I-MSs exhibit strong fluorescence, indicating severe charge
recombination.™ However, the intensity of the TI-MS
fluorescence is weakened upon formation of thin hetero-
junctions between TiO, and In,O; because of the inhibition of
charge recombination. The PL intensity further decreased
upon addition of suitable cocatalysts (Pt and MnO,). The
critical role of spatially separated cocatalysts in directing the
charge carrier pathways was further confirmed by the fact that

TI/P/M-MSs (Figure 3a, curve 3) with randomly distributed
cocatalysts showed a much higher PL intensity than PTIM-
MS:s. It should be noted that compared with PTM-MSs, the PL
intensity of the PTIM-MSs is weaker, indicating the efficient
synergy between thin heterojunctions and spatially separated
cocatalysts, which will be further discussed below.

When used in photooxidation reactions, the PTIM-MSs
exhibited high activity for both water oxidation (Figure 3b)
and selective benzyl alcohol oxidation (Figure 3¢,d).™* The
O, evolution rate (466.6 umolg™'h™") was higher than for
conventional TiO,-based catalysts without decoration (typi-
cally 67-180 umolg'h™").”*3 For benzyl alcohol oxidation,
the apparent quantum efficiency (AQE) reached 49.2 % and
24.2% under UV (254 nm) and visible (435 nm) irradiation,
which is also higher than that of bare TiO, (typically 17 %—
39% under UV light and 4.3%-20% under visible light).['¢)
Notably, the photooxidation activity of the catalysts
decreased in the same order as the PL intensity increased
(activity: PTIM-MSs > PTM-MSs > TI/P/M-MSs > PTI-
MSs > TI-MSs > T-MSs or [-MSs). Their activity in photo-
catalytic oxidation was obviously increased by the reduction
of charge recombination and improved light absorption.

To further investigate the synergy between the thin
heterojunctions and the spatially separated cocatalysts,
time-resolved PL spectroscopy was employed to monitor
the fluorescence decay. Samples with efficient charge sepa-
ration would show slow PL decay owing to the long lifetimes
of the electrons and holes.'”! The decay curves were obtained
by fitting the observed data (the dots in Figure 4a) according

to the extended exponential
function!'®!
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Figure 3. a) PL spectra (A, =260 nm) of the catalysts. b) The activity of the various photocatalysts

(0.06 g) in water oxidation under simulated sunlight irradiation (UV/Vis irradiation). c) The activity of
the various photocatalysts in alcohol oxidation under simulated sunlight irradiation. d) The correspond-
ing kinetics. Traces (1)—(9) in Figure (c) and (d) refer to PTIM-MSs, PTM-MSs, TI/P/M-MSs, PTI-MSs,
TI-MSs, T-MSs., I-MSs, and PTM-MSs under dark conditions and no catalyst, respectively. Traces (1)—(7)
and (9) were obtained under simulated sunlight irradiation. Catalyst amount: 0.06 g.
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heterojunction between TiO,
and In,0s;.

To investigate the charge
recombination in the bulk
phase and the surface region
separately, the catalysts were
subjected to time-resolved PL

Angew. Chem. 2016, 128, 13938 —13942


http://www.angewandte.de

a b c
\——T-MSs
. {——PTM-MSs . .
3 {——T-MSs-sca. ¢ 7]
8 H = -
§' l—PTIM-MSs | X BB :: @B ¥: ' F— G
@ %Y——PTIM-MSs-sca, LB (} 10.83nmj pL+
£ ‘ 4,, I ;.....s.hqtlihic.kngs.s..é
q,"'(l'npi “\‘9 20+3 nm
0 2 4 6 8 10 12 14 16
d Time /ns —> f
T-MSs €  pTmM-Mss PTIM-MSs
g o
224nm 475 n ¢ 10.72 nmd.
........................... B (b o
.89 nm /8.22nm Q ) 10.83 nm Q
T-MSs-sca. h PTM-MSs-sca. i PTIM-MSs-sca.
> g
C C
e e
J10.32nm - J1061nm XA C ) 1388 nm A

Figure 4. a) Time-resolved PL spectra of T-MSs, PTM-MSs, and PTIM-
MSs. Catalysts in scavenger solutions are denoted by -sca. The
samples were excited at 355 nm, and the photoluminescence was
monitored at 480 nm. Observed data points are indicated by dots,
while the fits are shown as smooth curves. b) PTIM-MSs. c) The
average shell thickness and the synergy between the thin heterojunc-
tions and the spatially separated spatial cocatalysts. d—f) Nominal
diffusion lengths of the catalysts without scavengers. g—i) Nominal
diffusion lengths of the catalysts in the presence of scavengers.

Table 1: Fitting of the time-resolved PL spectra of the catalysts in the
presence and absence of scavengers and the nominal charge diffusion
lengths.

Catalyst & B Lo-tio, [d] Lo-tio, [e] Lo-in,0, f
[ns] [nm] [nm] [nm]
T-MSs 0.42 1.10 3.89 2.24 3.85
T-MSs-sca. 2.96 3.37 10.32 5.96 10.21
PTM-MSs 1.88 1.04 8.22 4.75 8.14
PTM-MSs-sca. 3.13 3.03 10.61 6.13 10.50
PTIM-MSs 3.26 2.99 10.83 6.25 10.72
PTIM-MSs-sca. 5.13 1.96 13.58 7.84 13.45

[a] Catalysts in scavenger solutions are denoted by -sca. The scavenger
solutions were prepared by dissolving 0.9 g NalO; and 3 mL butanol in
18 mL deionized water. [b] Charge lifetime. [c] Shape factor. [d] Nominal
diffusion length of electrons in polycrystalline TiO,. [e] Nominal diffusion
length of holes in polycrystalline TiO,. [f] Nominal diffusion length of
holes in polycrystalline In,Os.

analysis in a mixed NalOj; (e~ scavenger) and butanol (h*
scavenger) solution.”*?! The scavengers can greatly promote
the surface reactions, leading to the rapid consumption of
charges on the surface, inhibiting surface recombination and
quenching the surface fluorescence.”!! Whereas it has been
shown that charge transfer from a nanoparticle (ca. 20 nm) to
its surface occurs on the picosecond timescale for a TiO,
film,? the transportation time will be prolonged to the
nanosecond timescale for our sintered TiO, powder as the
numerous interfaces in polycrystalline shells act as recombi-
nation centers and obstacles for charge movement.®'! Thus,
in the scavenger solution, the fluorescence decay on the
nanosecond timescale is mainly caused by bulk recombina-
tion. Catalysts in scavenger solutions are denoted as -sca. As
shown in Figure 4a and Table 1, the decay times for PTM-
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MSs are very similar in the absence and presence of the
scavengers, and very close to that of T-MSs-sca., indicating
that spatially separated cocatalysts cannot suppress the
recombination of charges in the bulk phase. However, for
PTIM-MSs-sca., the decay time is obviously longer than for
either PTM-MSs-sca. or T-MSs-sca., suggesting effective
electron and hole separation in the bulk phase of the PTIM-
MSs.

The nominal diffusion lengths of the electrons and holes
were calculated using a widely used method according to the
lifetime and mobility of charges (see the Supporting Infor-
mation).'"?! Although longer diffusion lengths have been
reported for crystalline TiO, films,**! nanometer diffusion
lengths are normal for sintered TiO, powder as the numerous
interfaces in the polycrystalline shells act as recombination
centers and obstacles for charge movement.['”) The addition of
cocatalysts can increase the nominal charge diffusion length
to some extent while electrons and holes deep in the bulk
phase still cannot migrate to the surface (Figure4e,h).
However, when a heterogeneous interface between TiO,
and In,O; is constructed in shells, the nominal diffusion
length increases greatly. Combined with the thinness of the
heterogeneous shell, charges generated deeply in the bulk
phase can be transferred to the surface/subsurface region and
are easily trapped by the cocatalysts (Figure 4c). Thus, for
PTIM-MSs, charges generated in both the bulk and surface/
subsurface regions can migrate to the corresponding cocata-
lysts (Figure 4 f,i) and take part in redox reactions, greatly
enhancing the separation efficiency.

In summary, we have described the synthesis of PTIM-
MSs catalysts with Pt particles and MnO, on the inner and
outer surfaces of TiO,-In,O; thin heterogeneous double-
layered mesoporous hollow spheres. Owing to the synergy
between the thin heterojunctions and spatially separated
cocatalysts, charge recombination in both bulk and surface/
subsurface regions can be efficiently reduced. Furthermore,
In,0; extends the absorption spectrum of TiO, to the visible
region (up to ca. 510 nm). In view of the enhanced light
absorption, charge separation, and surface reaction, the
PTIM-MS structure can provide inspiration for other photo-
catalytic systems, for example, for light-assisted CO, reduc-
tion.
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