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nanomaterial’s size, surface area, and 
light-scattering ability. 

 Recently, multi-shell hollow nano-
particles (MS-HNPs) have been high-
lighted as promising materials for DSSC 
applications, offering a high surface area 
and strong light scattering. MS-HNPs, 
composed of inner and outer shells, have 
a benefi cial confi guration for multirefl ec-
tion (of sunlight) and redox reactions 
with the electrolyte. Moreover, the surface 
area of MS-HNPs is much larger than 
that of single-shell (SS)-HNPs having the 
same size. Various MS-HNPs have been 
developed, such as multilayerd SnO 2  
hollow microspheres coated to TiO 2 , [ 17 ]  
quintuple-shelled SnO 2  hollow micro-
spheres, [ 18 ]  multi-shelled ZnO hollow 
microspheres, [ 19 ]  and shell-in-shell TiO 2  
hollow microspheres. [ 20 ]  These MS-HNPs 
improve the power conversion effi ciency 
of the DSSCs, due to their strong light-
scattering effect and increased surface 

area. However, among the MS-HNPs, the largest surface area 
of multi-shelled ZnO hollow microspheres was only 47 m 2  g −1 , 
which is not suffi cient for light absorption in the sensitizer 
layer. [ 19 ]  Additionally, most MS-HNPs are synthesized using 
a hydrothermal process, which limits the mass production of 
MS-HNPs. In particular, TiO 2 , commonly used as the working 
electrode in DSSCs, has several fabrication issues, including 
diffi culty in controlling the morphology, size, and aggregation, 
due to the fast reaction rate of the TiO 2  precursor. [ 21,22 ]  There-
fore, the development of MS-HNPs with nano-scale size, high 
surface area, and strong light-scattering remains a challenge. 

 Herein, we introduce a fabrication method for nano-sized 
MS-TiO 2 -HNPs using a sol–gel method, combined with cal-
cination and etching processes. The MS-TiO 2 -HNPs used in 
this study were composed of three shells: a small inner shell 
(diameter: 50 nm), a middle shell (diameter: 100 nm), and an 
outer shell (diameter: 160 nm). The fabricated MS-TiO 2 -HNPs 
were expected to be multifunctional, due to their large surface 
area of 171 m 2  g −1 , multi-refl ection capability, and enhanced 
electrolyte diffusion. Specifi cally, the smallest inner shell of the 
MS-TiO 2 -HNPs provided a high surface area. Additionally, the 
multi-shell structure induced multirefl ection for solar devices. 
We observed an increase in the power conversion effi ciency for 
the MS-TiO 2 -HNP-DSSCs of 17.5% (from 8.0% for SS-TiO 2 -
HNP-DSSCs to 9.4% for MS-TiO 2 -HNP-DSSCs). To our knowl-
edge, this is the fi rst report of nano-sized MS-TiO 2 -HNPs with 
a high surface area.  
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  1.     Introduction 

 The ability to capture sunlight is of great importance for high-
performance dye-sensitized solar cells (DSSCs). [ 1–5 ]  Nano-sized 
semiconductors, used as the mesoporous layer in DSSCs, have 
improved the light absorption ability of these solar cells, due 
to their enhanced surface-to-volume ratio compared with bulk 
materials. [ 6–9 ]  However, nanomaterials having a size less than 
≈50 nm, such as those used in the DSSC’s mesoporous layer, 
cannot suffi ciently scatter or refl ect sunlight. [ 10,11 ]  To over-
come these issues, researchers have focused on synthesizing 
light-scattering materials, such as micro-sized particles, [ 12 ]  
core/shell materials, [ 13 ]  hierarchical structure materials, [ 14,15 ]  
and nanofi bers. [ 16 ]  However, these light-scattering materials 
can hinder light absorption in the light-sensitized coating of 
the mesoporous layer, due to their low surface area. There-
fore, effi cient light absorption requires consideration of the 
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  2.     Results and Discussion 

  Figure    1   shows an illustration of the assembled DSSCs, based 
on the MS-TiO 2 -HNPs as the working electrode. The high sur-
face area of the MS-TiO 2 -HNPs provides additional sites for 
dye adsorption, thus, effectively improving the light-scattering 
ability of the MS-TiO 2 -HNPs, as well as the multiple scattering 
events between shells. Moreover, the intrawall pores of the 
MS-TiO 2 -HNPs facilitate electrolyte diffusion and circulation. 
 Figure    2   presents a schematic diagram of the fabrication proce-
dure for MS-TiO 2 -hollow-HNPs. This approach was introduced 
by our research group in previous studies of SiO 2 /TiO 2  core/
shell nanoparticles (ST-CSNPs). [ 13,23 ]  In brief, SiO 2  colloidal NPs 
were synthesized using the Stöber method. Titanium (IV) iso-
propoxide (TTIP) was then introduced to the SiO 2  colloidal solu-
tion, which was stirred for 12 h at 4 °C. The prepared ST-CSNP 
solution was washed, dispersed in a 50-mL polyvinylpyrrolidone 
(PVP: MW = 10 000, 0.3 g) aqueous solution, and stirred for 12 h 
to allow PVP adsorption to the surface of TiO 2  via hydrogen 
bonding between the carbonyl group of PVP and the hydroxyl 
groups on TiO 2 . [ 24 ]  The PVP-adsorbed ST-CSNPs were then iso-
lated, washed, and redispersed in 79 mL of ethanol under soni-
cation. The redispersed PVP-adsorbed ST-CSNPs in ethanol 
were mixed with tetraethyl orthosilicate (TEOS), ammonia, and 

distilled water for 6 h at 38 °C. This created a SiO 2  shell on 
the TiO 2  surface via a sol–gel reaction, resulting in the fabrica-
tion of SiO 2 /TiO 2 /SiO 2 /TiO 2  (STST)-CSNPs. PVP treatment of 
STST-CSNPs, TEOS mixing with STST-CSNPs, and TTIP drop-
ping to STSTS-CSNPs were performed to fabricate SiO 2 /TiO 2 /
SiO 2 /TiO 2 /SiO 2 /TiO 2  (STSTST)-CSNPs. The STSTST-CSNPs 
were calcinated at 900 °C for 6 h and etched with a NaOH solu-
tion (2.5  M , 5 mL), to obtain the anatase crystalline TiO 2  phase 
without the SiO 2  phase, thus, creating MS-TiO 2 -HNPs.   

  Figures    3  a–c show transmission electron microscopy (TEM) 
images of the SS-, double-shell (DS)-, and MS-TiO 2 -HNPs. The 
SS-TiO 2 -HNPs were readily fabricated by adjusting the size of 
the SiO 2  core template to the size of 130 nm. The double-shell 
(DS) and MS-TiO 2 -HNPs could also be fabricated by iterations 
of SiO 2  and TiO 2  coating processes. The outer diameter of all 
samples was precisely controlled to obtain a uniform size of 
≈160 nm. The red arrows in the Figures indicate the TiO 2  shell 
location (Figure  3 ). Figure  3 a shows uniform, aggregation-free 
SS-TiO 2 -HNPs (diameter: 160 nm; shell thickness: 15 nm). 
The DS-TiO 2 -HNPs, shown in Figure  3 b, exhibited uniform 
spherical structures (inner diameter: ca. 70 nm; outer diam-
eter: ca. 160 nm); the inner shell was not always located in 
the center of the HNPs and tended to move within the outer 
shell. Figure  3 c shows the MS-TiO 2 -HNP structure, with notice-
ably smaller shells (innermost diameter: ca. 50 nm; middle 
shell diameter: ca. 100 nm) inside the outer shell (outermost 
diameter: ca. 160 nm). High-resolution TEM (HR-TEM) shows 
the mesoporous TiO 2  shell composed of small anatase grains 
(Figure  3 d). In the magnifi ed HR-TEM image (inset), the lat-
tice spacing of 0.34 nm matched the anatase crystalline phase 
of [101] TiO 2 . [ 9 ]  The scanning electron microscopy (SEM) image 
(Figure S1, Supporting Information) shows uniform MS-TiO 2 -
HNPs. From these images, the hollow structure of the TiO 2 -
NPs, as well as its highly porous structure and various numbers 
of TiO 2  shells, was confi rmed.  

 To achieve monodisperse MS-TiO 2 -HNPs without side reac-
tions, a silica precursor should selectively react with the PVP-

adsorbed surface of the ST-CSNPs. The 
aggregation of STS-CSNPs was dependent 
on the amount of TEOS added to the solu-
tion containing ST-CSNPs. In  Table    1  , large 
aggregations were observed when more than 
5 mL of TEOS was added to the solution con-
taining PVP-adsorbed ST-CSNPs; whereas, 
no aggregation was evident when less than 
4 mL of TEOS was used in this same solu-
tion.  Figure    4  a clearly shows a large aggrega-
tion of STS-CSNPs when 6 mL of TEOS was 
added to the reaction solution. To prevent 
aggregation of the STS-CSNPs during the 
growth of the SiO 2  shell, the sol–gel reaction 
should be carried out with less than 4 mL of 
TEOS; at higher TEOS concentrations, the 
STS-CSNPs grew together during the sol–
gel reaction. This was attributed to the short 
length of the PVP chain (MW: 10 000; hydro-
dynamic diameter in water: ca. 4 nm). [ 25,26 ]  
After STS-CSNP fabrication, we performed 
the TTIP coating step to obtain STST-CSNPs 
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 Figure 1.    Schematic illustration of a) assembled dye-sensitized solar 
cells (DSSCs) based on multi-shell porous TiO 2  hollow nanoparticles 
(MS-TiO 2 -HNPs) and b) the magnifi ed structure of MS-TiO 2 -HNPs with 
multifunction capabilities.

 Figure 2.    Schematic illustration of polyvinylpyrrolidone (PVP) surface modifi cation, SiO 2  and 
TiO 2  coating process, and calcination and etching processes for MS-TiO 2 -HNP fabrication.
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without side reactions (i.e., TTIP reacted only with the surface 
of the STS-CSNPs). The amount of TTIP added was adjusted 
depending on the expected thickness of the TiO 2  shell. If 
the surface area of the STS-CSNPs per volume was not large 
enough, compared with the added amount of TTIP, then the 
formation of small TiO 2  nanoparticles from side nucleation 
of TTIP could be promoted. To overcome side nucleation, 
Yin et al. reported that the thickness of the TiO 2  shell can be 
controlled by carrying out repeated coating steps. [ 27 ]  In con-
trast, we used a simpler method to control the thickness of the 

TiO 2 -coated STS-CSNPs, by adjusting the 
amount of H 2 O. Table  1  provides information 
on the solutions containing variable amounts 
of H 2 O in ethanol. In this process, 5-mL 
TTIP was introduced to a solution containing 
STS-CSNPs. Side reactions formed small 
TiO 2 -NPs when the amount of H 2 O was 
greater than 2.4 mL (Figure  4 b). The nuclea-
tion of small TiO 2 -NPs (ca. 20 nm) occurred, 
due to the fast reaction rate originating from 
the increased amount of H 2 O under the sol–
gel reaction. [ 28 ]  Thus, the amount of TEOS 
and H 2 O play an important role in the fabri-
cation of well-defi ned STST-CSNPs.   

 X-ray diffraction (XRD) analysis was car-
ried out to investigate the crystallinity of 
SS-, DS-, and MS-TiO 2 -HNPs.  Figure    5  a 
shows that the DS-TiO 2 -HNPs calcinated 
at 600 and 700 °C for 6 h exhibited a broad 
anatase phase. When calcinated at 800 °C 
for 6 h, the DS-TiO 2 -HNPs showed sharp 
anatase crystalline peaks at 2 θ  = 25.3°, iden-
tifi ed as the anatase [101] phase (JCPDS No. 
21–1272). We also investigated the optimized 
calcination temperature to obtain anatase 
crystallinity of SS-, DS-, and MS-TiO 2 -HNPs 
(Figure  5 b). For MS-TiO 2 -HNPs, anatase 
crystallinity took place at 900 °C; this temper-
ature value was signifi cantly higher than that 
for the SS- or DS- TiO 2 -HNPs. In general, the 
pure anatase phase TiO 2  can be obtained in 
the temperature range of 400–600 °C, while 
the TiO 2  region of SS-, DS-, and MS-TiO 2 -

HNPs initiates transformation to the anatase phase at higher 
temperatures. According to previous research results, the TiO 2  
crystallization temperature of the SiO 2 /TiO 2  composite nano-
material signifi cantly increased up to 900 °C. [ 24 ]  The existence 
of SiO 2  at the TiO 2  interface acts as a barrier to the diffusion 
of Ti atoms, leading to delays in nucleation and growth of TiO 2  
crystallites. [ 29–31 ]   

 To confi rm the etching process, we also carried out TEM 
and SEM/energy dispersive X-ray (SEM/EDX) spectroscopy on 
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 Figure 3.    Transmission electron microscopy (TEM) images of a) single shell (SS), b) double- 
shell (DS), and c) MS- TiO 2 -HNPs. d) High-resolution TEM (HR-TEM) images of MS-TiO 2 -
HNPs (inset: d-spacing of the outer shell of MS-TiO 2 -HNPs).

  Table 1.    Summary of sample notation, amount of tetraethyl orthosilicate 
(TEOS), H 2 O, and sample morphology of prepared SiO 2 /TiO 2 /SiO 2 /
TiO 2  (STST).  

Sample notation TEOS a)  
[mL]

H 2 O b)  V  
[mL]

Morphology

ST-TEOS3 3 1.2 No aggregation

ST-TEOS4 4 1.2 No aggregation

ST-TEOS5 5 1.2 Middle aggregation

ST-TEOS6 6 1.2 High aggregation

ST-H 2 O2.4 4 2.4 TiO 2  NPs with side rxn

ST-H 2 O6 4 6 TiO 2  NPs with side rxn

    a) TEOS solution (25 vol% in EtOH).  b) TTIP/H 2 O mixture (vol/vol). rxn: reaction.   

 Figure 4.    TEM images of SiO 2 /TiO 2 /SiO 2 -core/shell nanoparticles (STS-
CSNPs) prepared by a) 6 mL of tetraethyl orthosilicate (TEOS) added to 
a solution containing PVP treated ST-CSNPs and b) 5 mL of titanium 
(IV) isopropoxide (TTIP) added to ethanol-based STS-CSNPs colloidal 
solution containing 2.4 mL of H 2 O.
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anatase crystalline STST-CSNPs, having undergone etching in 
a NaOH aqueous solution for different periods of time. The 
OH −  ions from the NaOH solution can etch SiO 2  by coordi-
nating the weakened Si-O bonds and Si atoms, resulting in the 
formation of a water-soluble silicate species. [ 32 ]  Figure  5 c shows 
TEM images of STST-CSNPs with uniform diameters of 160 
nm. Due to the less compact network of SiO 2  at the interface, 
etching occurred near the TiO 2  shell; the inner silica part was 

more slowly etched, as shown in Figures  5 d–f. After 36 h of 
SiO 2  etching, Figure  5 f clearly shows pure porous DS-TiO 2 -
HNPs, due to the removal of SiO 2 . The inset of Figures  5 d–f 
indicated an atomic ratio of Si to Ti of 28:72 (12 h of SiO 2  
etching), 10:90 (24 h of SiO 2  etching), and 3:97 (36 h of SiO 2  
etching), from SEM/EDX results. In  Table    2  , the low anatase 
phase of STST-CSNPs (due to calcination at low temperature) 
did not etch completely, despite 36 h of SiO 2  etching. Therefore, 
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 Figure 5.    X-ray diffraction (XRD) pattern of calcinated samples a) before and b) after NaOH etching. TEM images of the etching process of STST-
CSNPs, calcinated at 800 °C for 6 h according to the following etching times: c) 0, d) 12, e) 24, and f) 36 h (500 mg STST-CSNPs in a mixture of 20-mL 
water and 5-mL NaOH solution (2.5  M ) (Inset: Scanning electron microscopy/energy dispersive X-ray (SEM/EDX) spectra of each sample.)
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the calcination temperature and etching hours were important 
factors in obtaining pure, porous DS-TiO 2 -HNPs, as well as SS- 
and MS-TiO 2 -HNPs.  

 The synthesized MS-TiO 2 -HNPs are expected to provide dual 
functioning: strong light scattering by the multi-layered hollow 
structure, and increased dye adsorption by the small inner shell. 
To confi rm the light-scattering effi ciency of the anode fi lm, dif-
fuse refl ectance of SS-, DS-, and MS-TiO 2 -HNPs was investi-
gated.  Figure    6  a shows that the DS- and MS- HNPs exhibited 
more effective light refl ectance than SS-TiO 2 -HNPs due to 
enhanced light scattering, creating strong optical confi nement 
for DSSC anode applications. Previous studies reported that 
hollow or MS-hollow nanomaterials provided enhanced light 
scattering due to multirefl ections. [ 5,17–20 ]  Recently, Dong et al. 
determined that the distance between the inner and outer shell 
of the DS-HNPs infl uenced their light-scattering effi ciency; 
the closed exterior double shells presented stronger light scat-
tering capability than the normal double shells. [ 19 ]  Given this 
outcome, the prepared MS-TiO 2 -HNPs used in this study had 
relatively closed shells, compared with the DS-TiO 2 -HNPs. The 
slightly higher light-scattering effi ciency of MS-TiO 2 -HNPs 
may be infl uenced by the close distance between the inner and 
outer shell, compared with DS-TiO 2 -HNPs. We also measured 
the Brunauer–Emmett–Teller (BET) surface area of SS-, DS-, 
and MS-TiO 2 -HNPs using nitrogen adsorption and desorp-
tion isotherms (Figure  6 b). The BET surface area of MS-TiO 2 -
HNPs was 171.3 m 2  g −1 , nearly 2.7 times higher than that of 
SS-TiO 2 -HNPs (63.6 m 2  g −1 ). The surface area of DS-TiO 2 -
HNPs was 128.4 m 2  g −1 . The high surface area originated from 
the inner shell of DS- and MS-TiO 2 -HNPs, which may facili-
tate large amounts of dye adsorption on the TiO 2  surface. In 
Figure S2 (Supporting Information), we also measured the pore 
volume distribution of MS-TiO 2 -HNPs. The diameter of the 
intrawall pores in the shells of MS-TiO 2 -HNPs was 4.09 nm. 
These pores facilitated electrolyte circulation and diffusion 
during the oxidation reaction. Figure  6 c shows the desorption 
of dye (N719) from the anode fi lm, composed of SS-, DS-, and 
MS-TiO 2 -HNPs, by NaOH. The amount of dye loading on the 
TiO 2  surface increased with increasing surface area of the sam-
ples. The amount of desorption of N719 from the surface of 
MS-TiO 2 -HNPs was the largest among the samples. From these 
data, we confi rmed that the MS-TiO 2 -HNPs have the highest 

light-scattering ability, BET surface area, intrawall pores, and 
dye loading on the surface of TiO 2 .  

 To better understand the infl uence of SS-, DS-, and MS-TiO 2 -
HNPs on the power conversion effi ciency (PCE,  η ) of the 
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  Table 2.    Summary of sample notation, calcination temperature, crystal-
line phases, etching hours, and the atomic ratio of Ti:Si.  

Sample notation a) Calcination temperature 
[°C]

Crystalline 
phase

Ti:Si weight ratio

1L_600 600 Anatase 99:1

2L_600 600 Low anatase 72:28

2L_700 700 Low anatase 90:10

2L_800 800 Anatase 97:3

3L_700 700 Low anatase 70:30

3L_800 800 Low anatase 90:10

3L_900 900 Anatase 97:3

    a) The samples were etched for 36 h in a NaOH aqueous solution.   

 Figure 6.    a) Diffuse refl ectance spectra and b) nitrogen adsorption/des-
orption isotherms of SS- TiO 2 -HNPs (square), DS-TiO 2 -HNPs (circle), 
and MS-TiO 2 -HNPs (triangle). c) Dye desorbed from an anode electrode, 
based on SS-, DS-, and MS-TiO 2 -HNPs using a NaOH solution (ethanol/
water = 1:1, v/v).
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DSSCs, we measured the current density–voltage ( J–V ) char-
acteristics and incident photon-to-electron conversion effi cien-
cies (IPCEs) of SS-, DS-, and MS-TiO 2 -HNPs-based DSSCs. 
 Figure    7  a shows the short-circuit current density ( J  sc ) and PCE 
of DSSCs containing MS-TiO 2 -HNPs (20–40 wt% content) in 

the anode fi lm. The PCE of DSSCs increased with increasing 
MS-TiO 2 -HNP concentration, up to 30 wt%. However, when 
the MS-TiO 2 -HNP concentration was greater than 30 wt%, 
the PCE decreased slightly. Figure  7 b shows an exceptionally 
high PCE for MS-TiO 2 -HNPs ( η  = 9.4%), compared with SS- 
and DS-TiO 2 -HNP-based DSSCs, with a  J  sc  of 16.54 mA cm −2 ; 
this  η  value was ca. 17.5% greater than that for SS-TiO 2  HNP-
DSSCs ( η  = 8.0%). In case of MS-TiO 2 -HNPs, inner shell and 
outer shell slightly separate because remained small quantity 
of silica in HNPs support the separted strucutres. It could be 
considered that the dye adsored in the inner shell may be deliv-
ered to wordking electrode because of the adsence of intercon-
nection. However, MS-TiO 2 -HNPs were coated with TiO 2  thin 
layer through TiCl 4  post-treatment on the photoanode, and the 
SiO 2  bridge could be also coated with TiO 2  thin layer, leading 
to electron transfer between the inner shells and the outer 
shells.  Table    3   summarizes the photovoltaic parameters from 
the  J–V  curves. As the number of shells increased from 1 to 
3, the  J  sc  and PCE values also increased. The improved perfor-
mance of the MS-TiO 2 -HNPs was attributed to two main fac-
tors. First, the multi-shell hollow structure made it possible to 
provide superior light scattering within the DSSC anode, due to 
multirefl ection. Second, the surface area of the MS-TiO 2 -HNPs 
was 2.7 times higher than that of SS-TiO 2 -HNPs, providing suf-
fi cient dye loading to the surface of TiO 2  for light harvesting. 
To further investigate an effect of TiO 2 -HNPs on DSSCs, the 
electrochemical impedance spectroscopy (EIS) was performed 
as shown in Figure S3 (Supporting Information). The Nyquist 
plots for DSSCs were measured at −0.77V forward bias in dark 
condition with a frequency range of 0.1 Hz to 100 kHz. The 
larger semicircles in Nyquist plots reveal that electron recombi-
nation resistance at TiO 2 /dye/electrolyte interface. The recom-
bination resistance slightly decreased in order of SS-, DS- and 
MS-TiO 2 -HNPs, but not quite different. Because MS-TiO 2 -
HNPs has not only an increased surface area which provides 
more recombination sites, but also has more silica contents 
retarding charge recombination. [ 33 ]  Namely, the charge recom-
bination from high surface area offsets the effect of enhancing 
charge collection by insulating silica contents. Thus, the  V  oc  of 
the three cells are almost same. As shown in Figure  7 c, IPCEs 
were measured to confi rm the effect of SS-, DS-, and MS-TiO 2 -
HNPs on the spectral response. The DS- and MS-TiO 2 -HNPs 
exhibited enhanced quantum effi ciency at both short and long 
wavelengths, compared with SS-TiO 2 -HNPs. The IPCE of 
MS-TiO 2 -HNPs increased from 48.3 to 65.4% at 400 nm (short 
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 Figure 7.    Photovoltaic characteristics of a) MS-TiO 2 -HNPs with different 
content and b) current density–voltage characteristics ( J–V  curves) and 
b) incident photon-to-electron conversion effi ciencies (IPCE) of SS-, DS-, 
and MS-TiO 2 -HNP-based DSSCs.

  Table 3.    Summary of the current density–voltage characteristics of SS, 
DS, and MS-TiO 2 -HNP-based anode electrode of DSSCs.  

Sample a)  J  sc  b)  
[mA cm −2 ]

 V  oc  c)  
[V]

FF d)  η  e)  
[%]

SS TiO 2  HNPs 14.23 0.77 0.74 8.0

DS TiO 2  HNPs 15.57 0.77 0.74 8.9

MS TiO 2  HNPs 16.52 0.77 0.73 9.4

    a) Active area of the assembled DSSC samples is 0.16 cm 2 ;  b) Short-circuit current 
density;  c) Open-circuit voltage;  d) Fill factor;  e) Power conversion effi ciency;     SS: 
single-shell; DS: double-shell; MS: multi-shell; DSSC: dye-sensitized solar cell; 
MS-TiO 2 -HNPs: multi-shell TiO 2  hollow nanoparticles.   
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wavelength), corresponding to ≈35.5%, compared with SS-TiO 2 -
HNPs. Additionally, at 650 nm, the IPCE of MS-TiO 2 -HNPs 
improved from 45.7% to 53.3% at 650 nm (long-wavelength). 
The improved light absorption at short wavelengths was attrib-
uted to the increased surface area; whereas, light absorption 
at long wavelengths was induced by enhanced light scattering 
by the multi-shell hollow structure of DS- and MS-TiO 2 -HNPs. 
Thus, our results indicate the suitability of MS-TiO 2 -HNPs for 
the full spectrum of solar energy.    

  3.     Conclusions 

 In summary, MS-TiO 2 -HNPs were successfully fabricated using 
the sol–gel reaction, calcination, and etching with a NaOH 
solution. The amount of TEOS and H 2 O was adjusted to fab-
ricate well-defi ned MS-TiO 2 -HNPs. The calcination tempera-
ture also played an important role in the formation of anatase 
crystallinity of the TiO 2  region. The temperature for the anatase 
phase of SiO 2 /TiO 2  composite materials was much higher than 
that of TiO 2 , due to the barriers to Ti-atom diffusion by the SiO 2  
region. The etching conditions were optimized to obtain the 
pure TiO 2  phase. Additionally, MS-TiO 2 -HNPs provided multi-
refl ectance, high surface area, and facile electrolyte diffusion 
and circulation, leading to an increased current density in the 
anode electrode. As a result, the PCE of MS-TiO 2 -HNP-based 
DSSCs improved to 9.4%, compared with 8.0% for SS-TiO 2 -
HNP-based DSSCs (ca. 17.5% improvement). The MS-TiO 2 -
HNP confi guration is expected to play an important role in 
photocatalyst, lithium-ion battery, supercapacitor, drug delivery, 
and electrorheological fl uid applications.  

  4.     Experimental Section 
  Synthesis of Multi-Shell (MS)-TiO 2 -HNPs : Silica nanoparticles 

were synthesized via the Stöber method. A mixture of titanium (IV) 
isopropoxide (TTIP), ethanol, and acetonitrile was added to the prepared 
colloidal silica solution, initiating a sol–gel reaction at 4 °C for 6 h. The 
TTIP-added silica nanoparticles were transformed into silica/titania 
core/shell nanoparticles (ST-CSNPs). The resulting product, ST-CSNPs, 
was obtained by centrifugation at 10 000 rpm for 30 min, and then 
redispersed in 40 mL of deionized water. The solution containing fully 
dispersed ST-CSNPs was stirred with polyvinylpyrrolidone (PVP) (MW: 
10 000; 300 mg) overnight to allow PVP to adsorb to the surface of the 
ST-CSNPs, which were then centrifuged and redispersed in 79 mL of 
ethanol. The solution was then mixed with 0.7 mL of deionized water 
and 1 mL of ammonia solution. Tetraethyl orthosilicate (TEOS) (4.5 mL) 
was added to the above colloidal solution and stirred at 38 °C for 12 h. 
After the formation of the SiO 2  shell on the surface of the ST-CSNPs, 
4.5 mL of TTIP, 9 mL of ethanol, and 3 mL of acetonitrile were added to 
the colloidal solution. The sol–gel reaction produced silica/titania/silica/
titania core/shell nanoparticles (STST-CSNPs). To obtain silica/titania/
silica/titania/silica/titania core/shell nanoparticles (STSTST-CSNPs), 
the coating process of silica and titania was repeated once more; the 
resulting product (STSTST-CSNPs) was obtained by centrifugation 
at 10 000 rpm for 10 min, which was then washed with ethanol and 
oven-dried under vacuum. The STSTST-CSNPs were then calcinated at 
900 °C for 6 h. The prepared STSTST-CSNPs were etched by various 
concentrations of NaOH solution to obtain multi-shell (MS)-TiO 2 -
HNPs. To obtain the anatase crystalline TiO 2  phase, the SiO 2  part of 
the anatase-phase STSTST-CSNPs, dispersed in 20 mL of distilled water, 
was etched with an NaOH solution (2.5  M , 5 mL). 

  Assembly of Dye-sensitized Solar Cells (DSSCs) : SS-, DS-, or MS-TiO 2 -
HNPs were added to a terpineol-based paste, and then mixed using a 
mortar and pestle (paste: sample 70:30 wt/wt) to make a sample paste. 
Fluorine-doped tin dioxide (FTO) glass substrates were cleaned by 
successive sonication in deionized water, acetone, and 2-propanol for 
60 min each, and then treated with oxygen plasma for 30 s. The FTO 
glass substrate was pretreated with a 40-m M  TiCl 4  solution and heated 
at 450 °C for 30 min. The photoanode was fabricated by applying the 
previously prepared SS-, DS-, or MS-TiO 2 -HNPs paste to the FTO 
substrate, using a screen print. The photoanodes were sintered at 
450 °C for 30 min, and then treated with TiCl 4  and sintered again as 
above. The resulting TiO 2  fi lms were immersed in absolute ethanol 
containing 5 × 10 −4   M  of N719 and kept at room temperature for 18 h. 
Pt counterelectrodes were prepared on the FTO substrates using a 5-m M  
H 2 PtCl 6  solution, followed by heating at 400 °C for 30 min in air. The 
electrolyte in the sealed cell was an I − /I 3−  redox couple containing 0.60- M  
BMII, 0.1- M  LiI, 0.05- M  I 2 , and 0.5- M  t -butylpyridine in acetonitrile. 

  Instruments : The morphology of the SS-, DS-, and MS-TiO 2 -HNPs 
was investigated by transmission electron microscopy (TEM, JEM-
200CX; JEOL) and fi eld-emission scanning electron microscopy (FE-
SEM, 6700; JEOL, Tokyo, Japan) equipped with an energy dispersive 
X-ray spectroscopy (EDS) system. X-ray diffraction (XRD) data were 
measured using an M18XHF-SRA (Mac Science Co., Yokohama, Japan) 
with a Cu-K α  radiation source ( λ  = 1.5406 Å) at 40 kV and 300 mA 
(12 kW). Brunauer–Emmett–Teller (BET) surface areas of HNPs were 
obtained using a Micromeritics surface area analyzer (ASAP 2000; 
Micromeritics Co., Norcross, GA). Ultraviolet-visible (UV–Vis) diffuse 
refl ectance spectroscopy (DRS) and UV–Vis absorption spectroscopy 
were performed using the Lambda 35 system (Perkin-Elmer). The 
photocurrent–voltage ( I – V ) characteristics of the assembled SS-, DS-, 
and MS-TiO 2 -HNP-based DSSCs were measured using a 500-W xenon 
lamp (XIL model 05A50KS source units). The incident photon-to-current 
effi ciency (IPCE; PV Measurements, Inc., Boulder, CO) was evaluated 
over the range of 300 to 800 nm, under a global AM 1.5 solar emission 
spectrum.  
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