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’ INTRODUCTION

Systematic control over the assembly of inorganic nanoparticles
into superstructures atmicroscale and nanoscale levels has recently
attracted great interest due to the amazing versatility of such
materials.1 As a uniquemicro-/nanostructure, hollow spheres with
specific features (e.g., low density, high surface-to-volume ratio,
and the effect of void space) have been used in many important
applications (e.g., catalysis, drug delivery, lithium-ion batteries,
solar cells, and controlled release of various substances).2 Many
methods have been developed for preparing hollow spheres, and
they usually require removable or sacrificial templates that are hard
(e.g., monodispersed polymer latex, carbon, silica spheres, and
reduced metal nanoparticles)3 or soft (e.g., micelles, microemul-
sions, macromolecules, oil droplets, and gas bubbles)4 to direct the
formation of inorganic nanoparticles on their surfaces by adsorp-
tion or chemical reactions. Recently, a number of template-free
methods for generating hollow inorganic microstructures and
nanostructures have been developed using Ostwald ripening and
Kirkendall diffusion.5 Thanks to the efforts contributed by many
groups, a variety of hollow spheres could be acquired in a delicately
controlled manner. However, seeking simple approaches that

enable the general fabrication of hollow inorganic spheres is still
a challenge.

As an important semiconductor, titanium dioxide (TiO2) has
been extensively investigated for a vast range of applications (e.g.,
photocatalysis, solar cells/batteries, field emission, and self-cleaning),
due to its peculiar chemical and physical properties.1b,2c,6 Recently,
major research appears to be shifting to create TiO2 hollow
spheres, because they have been evaluated as attractive candidates
for sensors, lithium storage, lithium-ion batteries, solar cells, and
photocatalysts.2c,7 Thus far, TiO2 hollow structures have been
built mostly by subunits of nanoparticles,2c,7 thus present as
polycrystalline or amorphous throughout the spheres, whichmight
influence or even reduce their performance in optical, electrical,
and optoelectronic applications, due to poor crystal quality and
insufficiently close contact between subunits.

In the present study, we demonstrate a one-step laser process
for constructing size-tailored TiO2 hollow spheres, through a
mechanism analogous to the Kirkendall effect. It is noteworthy

Received: May 30, 2011

ABSTRACT: A general synthesis of inorganic single-crystalline
hollow spheres has been achieved through a mechanism analo-
gous to the Kirkendall effect, based on a simple one-step laser
process performed at room temperature. Taking TiO2 as an
example, we describe the laser process by investigating the
influence of experimental parameters, for example, laser wave-
length, laser fluence/irradiation time, liquid medium, and con-
centration of starting materials, on the formation of hollow
spheres. It was found that the size-tailored TiO2 hollow spheres
demonstrate tunable light scattering over a wide visible-light
range. Inspired by the effect of light scattering, we introduced the TiO2 hollow sphere’s scattering layer in quantum dot-sensitized
solar cells and achieved a current notable 10% improvement of solar-to-electric conversion efficiency, indicating that TiO2 hollow
spheres are potential candidates in optical and optoelectronic devices.
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that single-crystalline hollow spheres are produced with this
process due to unique pulsed laser heating, even though the
experiment is performed at room temperature. The size-tailored
hollow spheres demonstrate tunable light scattering over a wide
visible-light range. Inspired by the effect of light scattering, we
introduced the TiO2 hollow sphere’s scattering layer in quantum
dot-sensitized solar cells (QDSSCs) and achieved a notable 10%
improvement of solar-to-electric conversion efficiency. The
wide-range size-related extinction and improved efficiency by
light scattering in solar cells indicate that TiO2 hollow spheres are
potential candidates in optical and optoelectronic devices. Im-
portantly, this method has been found suitable for fabricating
other size-tailored semiconductor hollow spheres, which could
pave the way for the extensive studies on single-crystalline
inorganic hollow spheres.

’EXPERIMENTAL SECTION

Materials Synthesis. AnNd:YAG laser (Quanta Ray from Spectra-
Physics; pulse width 10 ns, repetition rate 30 Hz) was used as the
light source for pulsed laser irradiation. Typically, 1 mg of commercial
TiO2 nanoparticles (Aldrich, 25 nm, powder form) was first well
dispersed in 4 mL of acetone (99.5%, Wako) by ultrasonic vibration.
The mixture was then transferred to a sealed reaction cell and irradiated
by an unfocused laser beam (133 mJ/pulse 3 cm

2, third harmonic) for
30 min. After laser irradiation, the powder collected by centrifugation
was washed several times with diluted aqueous HCl solution (3.5 wt %)
and recollected.

To investigate the effect of laser fluence and laser irradiation time on
size evolution, TiO2 colloidal nanoparticles in acetone (0.2 mg/mL)
were irradiated by an unfocused laser beam (67, 83, 100, 117, 133 mJ/
pulse 3 cm

2, third harmonic) for 20 and 30 min. To investigate the
influence of liquid medium on the formation of spherical particles, TiO2

colloidal nanoparticles in water (Millipore, 0.2 mg/mL) were irradiated
by an unfocused laser beam (133 mJ/pulse 3 cm

2, third harmonic) for 20
min. To determine the effect of raw material concentration on the
formation of spherical particles, an unfocused third-harmonic laser (133
mJ/pulse 3 cm

2) was used to irradiate TiO2 colloidal nanoparticles in
acetone (99.5%, Wako) with different concentrations (0.0625, 0.125,
0.25, 0.5, and 1 mg/mL).
Characterization. The phase, morphology, and microstructure of

the collected particles were measured and observed using a powder
diffractometer (Rigaku; Ultima IV/PSK), field-emission scanning elec-
tron microscope (FESEM, Hitachi S4800) and transmission electron
microscopy (TEM, JEOL 2010). Dynamic light scattering (DLS) mea-
surement of spherical particles with different sizes was performed by
Malvern Zetasizer Nano ZS (Malvern, Herrenberg, Germany), and
Dispersion Technology Software version 4.20 from Malvern was used
to collect and analyze the data. The optical extinction properties of
suspensions with dispersed TiO2 submicrometer spheres in acetone were
evaluated using a UV�vis spectrophotometer (Shimadzu UV-2100PC).
Solar Cell Construction and Characterization. Mesoporous

TiO2 film of 10 μm thickness and 5 � 5 mm2 area was prepared by
commercially screen-printing the paste of TiO2 nanoparticles onto the
FTO glass substrates, followed by annealing at 500 �C for 1 h. The SiO2-
modified CdS/CdSe-QDs cosensitized TiO2 films were prepared fol-
lowing ref 8. Briefly, for the CdS/CdSe QDs cosensitized electrodes,
CdS QDs were first deposited on the TiO2 films by repeating five times
of separately immersing TiO2/FTO into aqueous solutions of Na2S
(0.1M) andCdSO4 (0.1M), and thenCdSeQDswere deposited for 5 h in
a chemical bath containing 0.5MCdSO4, 0.7M sodium nitrilotriacetate,
0.2 M Na2SeSO3 with pH value of 11 adjusted by NaOH (0.1 M), and
subsequently a SiO2 thin layer was coated on the QDs-sensitized TiO2

film by dipping the sample in tetraethyl orthosilicate ethanol solution
(0.208 g/10 mL) for 15 min. Finally, scattering layers of TiO2 spheres
(prepared in acetone, 133 mJ/pulse 3 cm

2, third harmonic, 30 min, 0.2
mg/mL) were prepared by dropping different volumes of concentrated
TiO2 colloidal aqueous solution (2.625 mg/mL) onto the QD-sensitized
TiO2 mesoporous film electrode (from 6 to 26.7 μL), followed by
natural drying. A square mask with a central hollow area of 5 � 5 mm2

was used to keep the dropped solution naturally drying on the surface of
the QD-sensitized TiO2 mesoporous film electrode.

The QD-sensitized photoanodes were sealed in a sandwich cell with a
30 μm spacer by using Pt-coated FTO glass as a counter electrode.
Polysulfide aqueous solution containing 0.5 M Na2S, 0.125 M S, and
0.2 M KCl was used as an electrolyte. Electrical characteristics and
photovoltaic properties of each solar cell were measured using simulated
AM1.5 sunlight illumination at 100 mW cm�2. The light source was an
Ultraviolet Solar Simulator (model 16S, Solar Light Co., Philadelphia,
PA) with a 200 W xenon lamp power supply (model XPS 200, Solar
Light Co., Philadelphia, PA).

’RESULTS AND DISCUSSION

Scheme 1 illustrates the construction of single-crystalline
hollow spheres by pulsed laser irradiation of colloidal nanopar-
ticles (PLICN) of TiO2 at room temperature. Because of the
ultrasmall size of TiO2 nanoparticles (25 nm), the nanoparticles
are strongly agglomerated to form larger congeries. After the
solid particles are dispersed into the liquid, the liquid will
penetrate into the agglomerate and compress the air inside,
and this pressured air acts against further liquid moving in. On
the other hand, numerous nanoscaled spaces among nanoparti-
cles within the agglomerate will form a nanochannel for the liquid
molecules diffusion, and the resulted capillary forces probably do
not allow the deep diffusion of liquid molecules into the inner
part of the agglomerate. Therefore, abundant voids are consid-
ered to exist inside the agglomerates after dispersing them in
liquid (Scheme 1a). Once the TiO2 congeries absorb enough
laser energy upon pulsed laser irradiation, the temperature of out
particles in congeries will increase above the melting point in a
very short time (on the order of nanoseconds). Because the heat
transfer is not as rapid as the energy absorption process, the
process of particles’ melting will start first at the surface of
agglomerate and then propagate to the center. Upon the very
short time laser heating, we will have the liquid layer around not
yet melted particles in the center. This liquid layer will capture
the air inside the agglomerate during its further melting process
(Scheme 1b). Meanwhile, the volumes of inner separated voids
are dramatically expanded due to the fast temperature increase,

Scheme 1. Schematic Illustration of Single-Crystalline TiO2

Hollow Sphere Formation by Bottom-Up Laser Processing
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forcing inner nanoparticles to approach the melted surface. To
reduce the surface energy, the separated voids will gradually
merge to form one larger void (Scheme 1c). After that, molten
particles are cooled by the surrounding liquid medium, during
which the particles recrystallize.9 Because of the unique selective
pulsed heating,10 the congeries surface quickly melts, and the
shape transforms from irregular to spherical. This process is
similar to that of the Kirkendall effect5a and can be schematically
described in Scheme 1b and c: TiO2 nanoparticles diffuse out-
ward, due to the melting of the whole sphere by continuous laser
heating, while there is balancing inward flow of vacancies, finally
forming a stable solid/gas interface. After numerous pulsed-
heating cycles, the sphere will grow up by fusion with nearby
nanospehres and recrystallize into a single crystalline hollow
sphere (Scheme 1d).

Figure 1 compares raw material and the final product by
PLICN of TiO2. A FESEM image of commercial TiO2 nano-
particles (Aldrich, 25 nm) is presented in Figure 1a, where the
nanoparticles are strongly agglomerated. The highlighted single
congeries of nanoparticles is depicted in the inset of Figure 1a.
The corresponding X-ray diffraction (XRD) pattern (Figure 1b)
indicates that the raw nanoparticles have an anatase phase
(JCPDS card no. 21-1272), and the relatively broad width of
the diffraction peaks reveals the small size of the nanoparticles.
Irradiating the raw nanoparticles dispersed in acetone for 30 min
using a 355 nm laser (133 mJ/pulse 3 cm

2) produced many
spherical particles (Figure 1c). A FESEM image of a 500 nm
single particle (left inset of Figure 1c) reveals its spherical shape
and smooth surface, which is morphologically different from
those constructed by nanoparticles.2c,7 A histogram plotted by
analyzing more than 400 particles (right inset of Figure 1c)
indicates that the resultant spherical particles have an average size
of 540 nm. The XRD pattern of these particles is depicted in
Figure 1d, and it can be observed that the phase of the products
becomes rutile after laser irradiation (JCPDS card no. 2-494).
The obviously decreased diffraction peak width (Figure 1d) as
compared to that of raw material (Figure 1b) structurally
indicates that the resultant spheres are no longer constructed
with nanoparticle subunits.

TEM was used to further investigate the microstructures of
the resultant spherical particles. Interestingly, these spherical
particles are mainly hollow structures (Figure S1), and the
hollow parts of the spheres are always randomly situated, rather
than being centrally located (Figure 2a). Because the spherical
particles are several hundreds of nanometers in size, we can
observe only the high-resolution TEM (HRTEM) image of
their edges. The lattice fringes from the edge of the spheres
(Figure 2b) correspond to the interplanar d-spacing of rutile
TiO2 (110). The clear lattice fringes and the corresponding fast
Fourier transform pattern depicted in the inset of Figure 2b
indicate the single crystalline nature of the resultant TiO2

hollow spheres. We randomly checked several points of the
edge of the hollow sphere, and coherent fast Fourier transform

Figure 1. (a) FESEM image and (b) XRD pattern of TiO2 raw
nanoparticles. (c) FESEM image and (d) XRD pattern of TiO2 spherical
particles by PLICN (355 nm, 133 mJ/pulse 3 cm

2, 30 min, in acetone).
Insets in (a) and (c) are FESEM images of highlighted single congeries
and spherical particle.

Figure 2. (a) TEM image of a single TiO2 hollow sphere. (b�d)
HRTEM images and corresponding fast Fourier transform patterns
(insets) of the areas labeled in (a).

Figure 3. (a) Laser fluence/irradiation-time-dependent size change of
products by PLICN. (b) Typical FESEM image of a product by PLICN
in acetone using 532 nm laser (20 min, 333 mJ/pulse 3 cm

2). (c) FESEM
image of a product formed by PLICN in water using 355 nm laser
(10 min, 133 mJ/pulse 3 cm

2). (d) FESEM image of a product formed by
PLICN in acetone using 355 nm laser (1 mg/mL, 20 min, 133 mJ/
pulse 3 cm

2).
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patterns and lattice fringes (Figure 2c and d) confirmed its
single crystalline feature.

Further study reveals that we can easily control the sizes of the
resultant TiO2 spherical particles by simply tuning the input laser
fluence. Figure 3a illustrates the laser fluence-dependent size
evolution of the TiO2 spherical particles, where the average sizes
of the particles are recorded from dynamic light scattering (DLS)
measurement. Because no morphological change is observed
after the laser irradiation of TiO2 nanoparticles using a fluence of
50 mJ/pulse 3 cm

2 (Figure S2), we assume the average particle
size is 25 nm, the same as that of raw nanoparticles. Irradiating
with a 355 nm laser (67�133 mJ/pulse 3 cm

2) for 20 min results
in spherical particles with an average size ranging from 255 to
442 nm. When other conditions are unchanged and the irradia-
tion time is extended to 30 min, the sizes of the obtained
spherical particles range from 295 to 483 nm, a slight increase
over those irradiated for 20 min. This fluence/time-dependent
size increase is in agreement with our previous studies.11

The adopted laser wavelength, liquid medium, and raw nano-
particles concentration also influence the synthesis of TiO2

spherical particles. With a 355 nm laser, even low laser fluence
(e.g., 67 mJ/pulse 3 cm

2) can result in the formation of spherical
particles. However, with a 532 nm laser, only fluence exceeding
333 mJ/pulse 3 cm

2 can lead to the formation of TiO2 spheres
(Figure 3b). This is reasonable when one considers the band gap
of TiO2, which is 3.2 eV for anatase and is thus favorable for the
absorption of UV laser (355 nm). We also performed laser irra-
diation in pure water. After dropping and drying the resultant
colloidal solution on a siliconwafer, we always obtained a thin layer
covering the spheres (Figure 3c). This thin layer is assumed to be
titanium hydroxide gel because it is easily formed during laser
irradiation when the solvent contains a certain amount of water.12

This thin gel layer can be removed by dilutedHCl solution (3.5wt%,
Figure S3). Therefore, even with highly pure acetone, the ob-
tained TiO2 spheres still need HCl washing due to the small
amount of water in acetone. The concentration of raw nanopar-
ticles also affects the morphology of the spherical particles. With
increased concentration, spherical particle size increases. How-
ever, when we used a raw colloidal solution with a much higher
concentration (e.g., 1 mg/mL, see Figure 3d), irregular non-
spherical structures that seemed to result from particle fusion
were always produced.

In experiments conducted with a Nd:YAG laser, the heating�
melting�evaporation mechanism is responsible for the size
change.13 If a nanoparticle absorbs sufficient laser beam energy, it
melts and/or evaporates. With high enough input laser fluence,
the temperature of TiO2 nanoparticles dispersed in solvent rises

dramatically, up to the melting point, due to absorption of the laser-
beam energy, and the resultant particles are believed to exist in the
form of spherical liquid droplets.14 At temperature exceeding the
melting point, TiO2 nanoparticles recrystallize into rutile phase, a
high-temperature stable phase. After pulsed heating (within
10 ns), quenching occurs, usually in less than 10�4 s.13b,15 Such
rapid cooling helps inhibit the reorientation of surface atoms on a
spherical particle, thus maintaining the spherical shape; that is
why spherical particles can be formed with our technique. In
addition, fast quenching helps maintain the high temperature
rutile phase.

Actually, separate nanoparticles always exist together with
agglomerates. Both large agglomerates and isolated nanoparticles
are melted completely to form spherical particles when enough
energy is absorbed from the pulsed laser (Figure 4a). After
continuous laser irradiation, the nearby melted nanospheres fuse
together and then remelt into a sphere with a size increase
(Figure 4b).

As described above, the laser power, laser wavelength, starting
particles concentration, and dispersion media were found experi-
mentally influence the formation of spherical particles. All
theoretical calculations were made for individual spherical par-
ticles of different diameter in our study; we assume that all laser
energy absorbed by the particle will be spent on heating the
nanoparticles, leading to the start melting, full melting, start
evaporation, and full evaporation of the particles,10 in which for
the first approximation we do not consider some secondary
effects like possible pyrolysis of solvent around a particle and
interaction of product of this pyrolyzed product with particle
surface. As described in eq 1, the required laser energy Qabs for
particles of different sizes, which will heat a particle from T0

(298.15 K) to the melting point Tm (starting melting), to
complete melting (plus melting heat), can be determined. Here-
in, we define start melting as the melting of particles surface,
while full melting ismelting of the whole particle. Once the whole
particle is full melted, we believe that its shape is spherical, which
could be retained after the fast quenching process. Therefore,
spherical particles we finally obtain are those full-melted during
laser irradiation. The physical and thermodynamic constants
used in eq 1, that is, the density Fp, the heat capacities Cp

s for
solid, and the melting heat ΔHm, were adopted from JANAF.16

Qabs ¼ Fpðπd3=6ÞfCs
pðTm � T0Þ þ ΔHmg ð1Þ

On the other hand, the absorbed laser energy by the spherical
particles with the size dp can be determined by eq 2, in which J is
the laser fluence, and σabs

λ is the absorption cross section. We
used Mie theory to calculate the absorption cross section σabs

λ,

Figure 4. FESEM images of products by PLICN of TiO2 with different
irradiation times (0.2 mg/mL, 355 nm, 133 mJ/pulse 3 cm

2). (a) 1 min.
(b) 10 min. The labeled area in (a) indicates sphere formation from
isolated nanoparticles. The labeled areas in (b) indicate the fusion of
isolated nanospheres with submicrometer spheres.

Figure 5. Particle size dependence of the required laser fluence J for
anatase TiO2 to heat an individual spherical particle to the melting point
(start melting) and to full melting, using the pulsed laser (355 nm).
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for particles with different sizes dp, and then the specific laser
fluence that results in the full melting of particles with given sizes
can be determined. To make such a Mie calculation, we input
together with laser wavelength λ and particle diameter dp two
other parameters: refractive index and extinction coefficient of
TiO2, which were defined experimentally.17

Qabsðλ, dpÞ ¼ Jσabs
λðdpÞ ð2Þ

Figure 5 depicts our calculation result (355 nm), in which both
larger and smaller particles need high energy to start melt and full
melt, similar to the case of CuO system.11 For particles with size
larger than 250 nm, it can be observed that higher laser fluence
will result in the full melting of much larger particles; that is, the
size of spherical droplet increases at higher laser fluence, and this
could explain why experimentally increasing the laser fluence
leads to the increase of the sizes of resultant spherical particles
(Figure 3a). At a given laser fluence, spherical particles cannot
grow by fusion with nearby nanoparticles endlessly because the
maximum of the full-melted particles is already defined by the
input laser fluence. However, for the case of raw materials with
higher concentration, the same input laser fluence will only result
in start melting instead of full melting of the larger agglomerate,
thus leading to the formation of irregular shaped product
(Figure 3d). For the using of second harmonic laser (532 nm),
a much higher fluence threshold is obtained for start melting and
full melting according to our calculation (Figure S4), as com-
pared to that of the third harmonic; thus a much higher laser
fluence is required for spherical particles formation (Figure 3b).
One important reason that the liquid medium affects the forma-
tion of the spherical particles is that the refractive index of liquid
medium is one parameter that determines the cross section of
σabs

λ, which determines the laser fluence required for the full
melting of particles.

Figure 6a presents the UV�vis extinction spectra of the
obtained TiO2 spherical particles of different sizes depicted in
Figure 3a. For an easy comparison of the absorption peaks shift,
we normalize each extinction spectrum by fixing the maximum
extinction value in visible light range as 1. Absorption below

410 nm, corresponding to a bandgap energy of 3.02 eV,
represents the intrinsic optical absorption of rutile TiO2. The
extinction peaks of the resultant particles clearly demonstrate a
red shift from 440 to 760 nm with increased particle size;
meanwhile, the extinction peaks gradually broaden. For nano-
particles, both the red shift and the peak-broadening of the
band-edge absorption can result from the size increase of the
nanoparticles.18 However, the red shift of the extinction peaks
indicated in Figure 6a is not a shift of band-edge absorption
because the extinction peaks of the resultant TiO2 spheres are
much higher than 410 nm. One reasonable explanation is that
resonant scattering occurs when the particle size is comparable to
the wavelength of the incident light.19 This also explains why the
peak positions demonstrate a red shift: larger particles scatter
light with a longer wavelength.20 The broadening of the peak
width is assumed to come from the wide size dispersity of
the resultant submicrometer spheres. Figure 6b demonstrates
the relationship between the extinction peaks and the average
particle sizes, which is roughly linear. A slope of 1.5 can be
obtained from the linear fit indicated in Figure 6b. Thus, particles
with an average size of dp can result in resonant scattering peaked
at 1.5dp, which is smaller than that of the theoretical result of
2dp.

20 The reason is not yet clear, but one possible reason may be
the wide size distribution of the spherical particles.

In a typical QDSSC configuration, thickness and light pene-
tration depth are very important for constructing efficient solar
cell device. Thin film device has an advantage for the efficient
charge transfer of photogenerated carriers and diffusion of redox
couples in electrolyte, but the visible light cannot be fully
absorbed by QDs in thin film layer. The remnant light reaches
to the counter electrode, leading to an insufficient utilization of
the input sunlight. Inspired by the light scattering of TiO2

submicrometer spheres, we introduced a scattering layer of
TiO2 spheres (average size 483 nm) in QDSSCs. As demon-
strated in Figure 7a, TiO2-sphere-covered QD-sensitized TiO2

mesoporous film is sealed in sandwich cells using Pt-coated glass
and FTO glass as counter electrodes. After sunlight passes
through the QD-sensitized TiO2 mesoporous film, the remnant
light is scattered back for secondary absorption of QDs due to the

Figure 6. (a) Normalized UV�vis extinction spectra of products
formed by PLICN with different laser fluences and irradiation times
depicted in Figure 3a. (b) Relationship between extinction peaks and
average sizes of spherical particles.

Figure 7. (a) Schematic illustration of a scattering layer of TiO2 hollow
spheres involving QDSSCs. (b) Cross-section FESEM image of a TiO2

sphere-covered QD-sensitized TiO2 mesoporous electrode. (c) Solar-
to-electric efficiency and (d) IPCE spectra of QDSSCs with and without
a scattering layer of TiO2 hollow spheres.
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light-scattering effect. Figure 7b depicts the cross section of the
TiO2 sphere-covered QDSSC, in which a 6 μm thick mesopor-
ous TiO2 film sensitized by CdS/CdSe QDs is covered with a
1.5 μm layer of TiO2 spheres. The resultingQDSSCs with a TiO2

sphere scattering layer were characterized by measuring current�
voltage characteristics in an aperture area of 0.25 cm2 under
standard AM 1.5 simulated sunlight. It was found in our ex-
periments that the current�voltage (CV) characteristics of the
prepared QDSSCs were much sensitive to the measuring proce-
dures (see Figure S5), in which refreshing electrolyte and
increasing illumination time can gradually enhance the solar cell
performance, which is in agreement with previous report.21

Therefore, each CV curve presented in this Article was obtained
by numerously refreshing electrolyte and increasing CV-curve
measuring times to get the finally best performance. For each
condition, at least three cells were tested at each condition to
validate the obtained trends. Typical current�voltage curves
for the samples with and without a scattering layer are depicted
in Figure 7c. The TiO2 electrode without a scattering layer had a
short-circuit current density of 11 mA cm�2 and an energy
conversion efficiency of 2.31%; the TiO2 electrode with a
scattering layer achieved a current density of 11.5 mA cm�2

and a conversion efficiency of 2.58%. This result indicates a
10% increase in conversion efficiency. The incident photon-
to-current conversion efficiency (IPCE) spectra from both mate-
rials were further collected to compare the photovoltaic perfor-
mance of TiO2 electrodes with and without a scattering layer. A
solar cell with a scattering layer had much higher IPCE
(Figure 7d). In addition, the IPCE spectrum of a solar cell with
a scattering layer had a tail broadened to the infrared area, which
originated from the broad light scattering of TiO2 submicrom-
eter spherical particles.

Further studies reveal that the adopted volumes of TiO2

colloidal sphere solution dropped on a QD-sensitized TiO2

mesoporous film electrode affect solar cell efficiency (see
Figure 8). As different volumes of the adopted colloidal solutions
result in scattering layers of different thicknesses, it can be clearly
observed that too thick scattering layer coating (for cases of 20
and 26.7 μL) will result in the decrease of short-circuit photo-
current density. As is seen in the inset in Figure 8, when the
scattering layer of TiO2 spheres was introduced, with the
increasing of thickness of scattering layer, the resulted solar-
to-electric conversion efficiency first drops (6.7μL), then increases
to the highest value (15 μL), and finally drops again. Further
structural characterization of the QDSSCs reveals that the whole
coverage of the coating layer over the surface of QDSSCs cannot

be formed until using more than 10 μL of TiO2 submicrometer
spheres colloidal solutions (Figure S6); therefore, we consider that
the using of 6.7 μL of coating solution cannot cause an effective
back scattering. On the other hand, the utilization of the scattering
layer could obstacle the charge transfer to the redox couples (S2�/S)
in electrolyte solution. The above two reasons could explain why
for the 6.7 μL case the efficiency drops as compared to that of
QDSSCs with no coating. Table 1 provides a detailed comparison
of the photovoltaic characteristics of the QDSSCs with those of
coated by scattering layers, in which we ignored the data of
QDSSCs coated by 6.7 μL of TiO2 spheres solution because it
cannot provide an effective back scattering. Previous studies on
QDSSCs reveal that the VOC values are sensitive with the adopted
quantum dot species and their chemical bath deposition cycles,
which could result in a 0.1�0.2 V difference.22 In the present
study, as seen in Table 1, the open-circuit voltages (VOC) of the
different QDSSCs are around the same value, which could also be
observed from Figure 8, indicating that for the construction of
those QDSSCs in our experiments, the procedure of CdS/CdSe
quantum dots preparation is in a good manner of reproducibility.

The scattering effect of the coating layers can be clearly
observed in Figure 9, which shows the IPCE spectra as a function
of wavelength for the QDSSCs coated with and without TiO2

submicrometer spheres. It can be seen that all of the spectra from
QDSSCs with scattering layers exhibit broadened tails to the
infrared region, as compared to that of without scattering layer
(the blue dotted curve), arising from the scattering effect of the
submicrometer spheres layer. Careful examination reveals that
the thickness of the scattering layer also determines the scattering
effect at infrared region: with the increase of the layer thickness,
the IPCE value at the range of 650�680 nm first enhanced and
then decreased, indicating that the too thick scattering layer is not
good for the effective scattering. In addition, the too thick
scattering layer is also not favorable for the obtaining of high

Figure 8. C�V characteristics of the solar cells based on QDSSCs
coated with TiO2 scattering layers prepared by dropping concentrated
TiO2 colloidal sphere solution (2.8 mg/mL) with different volumes.
Inset is the scattering-layer-thickness-dependent efficiency of QDSSCs.

Table 1. Comparison of Short-Circuit Photocurrent Density
(JSC), Open-Circuit Voltage (VOC), Fill Factor (FF), and
Conversion Efficiency for Quantum-Cots-Sensitized Solar
Cells with and without Scattering Layers

volume (μL) Jsc (mA cm�2) Voc (mV) FF η (%)

0 11.02 0.46 0.45 2.31

10 11.12 0.49 0.45 2.44

15 11.49 0.47 0.48 2.58

20 9.38 0.49 0.49 2.25

26.7 9.08 0.47 0.47 1.97

Figure 9. IPCE of the solar cells based on QDSSCs with and without
TiO2 scattering layers.
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current intensity, which is in agreement with the tendency shown
in Figure 8.

Both the CV curves and the IPCE spectra shown above
demonstrated that use of different volumes of the adopted
colloidal solutions results in an optimized solar cell performance,
and this phenomenon can be qualitatively explained by a balance
between the backscattering-enhanced light trapping and the
barrier of charge transfer to the redox couples (S2�/S) in
electrolyte solution caused by the scattering layer: a thick
scattering layer has a strong backscattering effect but also
strongly blocks the photoinduced electron transfer to the elec-
trolyte, and vice versa. Besides, we assume that the broad size
distribution of TiO2 facilitates wide-range visible-light harvesting
and that its single-crystalline feature facilitates photoinduced
electron transfer. Further, our preliminary calculation indicates
that hollow spheres could demonstrate an enhanced scattering
effect as compared to those of solid spheres with comparable
sizes (see Figure S7), indicating the potential applications of
the coating layer using hollow spheres. It is highly anticipated
that efficiency can be further improved in future work by tuning
sphere size in the scattering layer and optimizing the preparation
of quantum dots.

Importantly, the synthesis method presented in this study for
hollow spheres fabrication was revealed to be suitable for
synthesizing many other metals and semiconductors (e.g., Fe, Co,
Ni, Co3O4, NiO, WO3, and Fe2O3) (see some typical examples
in Figure 10). A similar phenomenon with TiO2 raw nanopar-
ticles was observed for these materials (i.e., these raw nanopar-
ticles are also strongly agglomerated), further confirming our
proposed mechanism in this Article. Therefore, one possible way
to extend this approach to fabricating a much broader range of
hollowmaterials is to induce agglomeration of raw nanoparticles.
However, one disadvantage of the present technique is the
incapability of the void size control because we consider that
the voids come from the gas randomly existing between the
nanoparticles, which is currently beyond our control.

In summary, we have demonstrated a facile laser process for
producing single-crystalline TiO2 hollow spheres at room tem-
perature. Rapid quenching after instantaneous melting of TiO2

agglomerates or nanoparticles is necessary for forming TiO2

spherical particles. The diffusion analogous to the Kirkendall

effect after the surfacemelting of TiO2 congeries is assumed to be
responsible for forming hollow spheres. Experimental para-
meters (e.g., laser wavelength, laser fluence/irradiation time,
liquid medium, and concentration of starting materials) were
found important for synthesizing TiO2 spherical particles.
A wide-range size-related extinction of TiO2 spherical particles
was observed and further used to increase the light-harvesting
capability of QDSSCs, and a current 10% improvement has been
achieved. This method was also found suitable for fabricating
other size-tailored semiconductor hollow spheres. We thus
believe that our study is of great use for extensive research on
inorganic single-crystalline hollow spheres.
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