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TiO2 hollow nanoparticles (HNPs) and their light scattering effect which influences on the photoelectric

conversion efficiency of a dye-sensitized solar cell (DSSC) were investigated. When only HNPs were

employed in DSSC as the anode layer material, the conversion efficiency (e.g., 0.96%) was the lowest, possibly

due to scattering loss of incident light. However, DSSC fabricated by using HNPs as a scattering overlayer on

the TiO2 nanoparticles (P-25), showed higher conversion efficiency (4.02%) than that without using HNPs

(3.36%).
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Introduction

Dye-sensitized solar cells (DSSC) have attracted much

attention as the next generation solar cell because of its low

production costs and high energy conversion efficiency.1,2

Therefore, many research groups have focused on how to

improve the photo-current of DSSC and/or how to optimize

electrolyte components and structures.3-8 Such improvements

of the light harvesting efficiency of the DSSC can be

achieved by enlarging the specific surface area of the TiO2

electrodes and/or by inserting light scattering structures.

Particularly, some light-scattering structures such as large-

size of TiO2 spheres and/or rods showed that the light

trapping within the DSSC was available.9-12 However, by

inserting the large-sized scattering layer, the total specific

surface area of electrode is decreased.9 In other words, the

low dye-adsorption due to the large size of materials still

remains as a problem to overcome in order to enhance the

electricity conversion efficiency. 

In this respect, a recent report by H. J. Koo and colleagues,

regarding a DSSC electrode consisting of nano-embossed

hollow spherical TiO2 particles, gives a notable message that

conversion efficiency is possibly enhanced (21% increase)

by changing particle shape.13 Moreover, the enhancement is

attributed to the light scattering of nano-embossed hollow

spheres occurred in the longer wavelength region and the

higher dye adsorption compared to the large-sized TiO2.

However, it should be noted that the nano-embossed hollow

structure still has lower dye adsorption than nanocrystalline

TiO2 does. Especially, the effect of TiO2 HNPs in DSSC has

not been studied. For this reason, TiO2 hollow nanoparticles

less than 30 nm in particle size, were applied to increase the

dye adsorption for the application of DSSC.14-17 

Thus, the effect of the hollow nanostructure of TiO2

particles on the performance of DSSC was evaluated. In

order to achieve the goal, we synthesized TiO2 hollow nano-

particles (HNPs) by the gas phase synthesis route and ap-

plied the HNP samples to the anode of DSSC. In addition,

three different anode structures of HNPs, commercial TiO2

particles (P-25), and the mixture of HNPs and P-25, were

prepared and tested to understand the effect of hollow nano-

structure on the conversion efficiency. 

Experimental

Titanium oxide acetylacetonate, TiO(C5H7O2)2 (Sigma-

Aldrich), was used as a precursor for the synthesis of TiO2

hollow nanoparticles (HNPs). Detailed process condition

including gas flow rate to prepare TiO2 HNPs was described

in the previous study.17 As-received TiO2 HNPs and com-

mercial TiO2 nanoparticles, (Degussa P-25) were made into

paste using ethyl cellulose and α-terpineol. Then, the paste

was screen-printed on the transparent conducting oxide

(TCO) glass substrate (F-doped, Nippon Sheet Glass Co.)

with a thickness of 16 μm and subsequently sintered at 500
oC in air atmosphere. Diluted N-719 dye (3 × 10−4 mole,

Solaronix Co.,) was chemisorbed on the surface of the thin

TiO2 film.

The crystal phase and crystallite size of the TiO2 samples

were analyzed by X-ray Diffraction (XRD, Rigaku Denki,

D/MAX-2500 PC). And specific surface area was measured

by nitrogen adsorption (Autosorb-1) using BET method.

Morphologies of the samples were observed using trans-

mission electron microscopy (TEM, Model No. JEOL Co.,).

Finally, the incident photo-to-current conversion efficiency

was measured by solar simulator (SERIC Co.,) under A.M.

1.5 (96.102 mW/cm2). 

Results and Discussion

Figure 1(a) shows the XRD patterns of TiO2 HNP and P-

25 nanoparticle samples. It is clearly found that the two

samples commonly consist of an anatase-dominant anatase/

rutile mixed phase. The relative ratio of anatase and rutile
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phases was estimated to be 77% in vol. (anatase) and 23% in

vol. (rutile) using HNPs, 86% (anatase) in vol. and 14%

(rutile) in volume using P-25 only. The crystallite size of

HNPs and P-25 calculated according to the Scherrer equation,

was found to be 17 nm and 22 nm, respectively. 

Figure 1(b) shows TEM micrographs of the HNPs and P-

25 samples. First the P-25, which is a sample consisted of

dense TiO2 nanoparticle, has a uniform size distribution in

the range of 20-30 nm, which is in good agreement with the

crystallite size as shown in XRD pattern in Figure 1(a). On

the other hand, the sample consisting of HNP showed a

typical hollow nanostructure with a shell thickness of 3-5

nm and a narrow particle size distribution ranging from 20 to

25 nm. As shown in the previous study,17 it is reconfirmed

that the HNPs have shells and the pores inside. Also, the

shell of each HNP with no open pores was found to consist

of several grains with different crystallographic orientations.

Thus, the calculated crystallite size of the HNPs (17 nm),

which is smaller than the observed size by TEM (20-25 nm),

might be due to the nano grains consisting of the shell

structure of the HNPs.

The photo-to-current conversion efficiency of the DSSC

substantially depends on the dye adsorption rate on the

surface of the TiO2 film. Also, TiO2 nanoparticles used as

the scattering layer, necessarily require a unique particle

shape that can provide larger specific surface area. However,

the surface area was measured to be 60 m2/g for the HNPs

and 62 m2/g for the P-25, respectively. Table 1 shows that

there is nearly no difference in surface area between both

nanoparticle samples within an error range. As described

above, the apparent size of both nanoparticles estimated

from TEM observation looks nearly the same in the range of

20 nm and also the surface of HNPs have closed structure

without open pores. Accordingly, it is believed that increase

in surface area has no effect on the dye adsorption rate

between both nanoparticle samples. 

Figure 2 shows the optical transmittance of the HNP and

P-25 samples in the range of 300-800 nm in wavelength.

The transmittance of the P-25 nanoparticles is over 85% in

the visible light region, while the HNPs is less than 20%. It

is thought that this low transmittance of HNP sample results

from the light scattering of the hollow nanostructure. It has

been known that different refractive index materials induce

the light scattering.18 From this point of view, the light

scattering at the boundary between the shell and inner pore

might be more vigorous for HNP sample than that for dense

nanoparticles. Moreover, the multi-refraction inside of the

hollow structure and/or hollow structure layer can addi-

tionally increase the number of light scattering and the path

length of incident light, resulting in enhanced scattering

intensity19. It is thus expected that the photo-current density

can increase due to the scattering effects without degradation

of the amount of adsorbed dye molecule when the HNPs are

employed in the DSSC as the material for scattering layer.

Figure 1. X-ray diffraction patterns (a) and TEM micrographs (b)
of TiO2 hollow nanoparticles and P-25 nanoparticles.

Table 1. The results of phase analysis and particle characteristics of
TiO2 hollow nanoparticles and P-25 nanoparticles using XRD and
BET measurement

XRD BET

Particle 

sizes (nm)
Phase

Particle

sizes (nm)

Specific 

surface area 

(m2/g)

HNPs 17
Anatase (77%) 

Rutile (23%)
26 60

P-25 22
Anatase (86%) 

Rutile (14%)
25 62

Figure 2. Optical transmittance spectra of TiO2 hollow nanoparticles
and P-25 nanoparticles.
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Figure 3(a) represents the photo-current vs. voltage curves

of three different DSSC anode structures prepared by HNPs,

P-25 and mixed nanoparticles. Table 2 further lists the

results for the related photo-voltaic parameters of three kinds

of solar cells. It is found that the photo-current density of the

anode TiO2 film fabricated only by the HNPs is lower than

that using nanocrystalline TiO2 film (P-25), resulting in

lower conversion efficiency (i.e., 0.96% for the only HNPs

and 3.36% for the P-25). The Fresnel transmission coeffi-

cient for two media can be expressed as follows,

 (1)

where, n1 and n2 are refractive index of values of media 1

and 2, respectively. The nanocrystalline TiO2 particles (P-

25) have a refractive index = 2.5, while the refractive

index of HNP was estimated approximately to be nHNPs = 1.6

since each HNP consists of a closed pore with diameter of

15 nm in size and 5 nm-thick shells.18 The Fresnel trans-

mission coefficient of P-25 with the acetonitrile solvent, i.e.

nacetonitrile = 1.34, can be calculated to be about 0.91, but the

HNPs to be about 0.68. It means that the penetration of

incident light to dye can be interrupted by the HNPs struc-

ture. Thus, the lower photo-current density is likely to result

from the low transmittance of the HNPs (≤ 20%) layer by

light scattering and/or multi-refraction. On the contrary,

when HNPs (4 μm thickness) layer is employed into a

scattering overlayer on the nanocrystalline TiO2 layer (12

μm thickness), the conversion efficiency of the DSSC is

improved from 3.36% (nanocrystalline TiO2 layer) to 4.02%

due to improved photo-current density, by 20% increment.

Such an improvement of the higher photo-current density of

the HNPs on P-25 TiO2 film should be attributed to the TiO2

hollow structure which is beneficial for light scattering

because of multi-refraction within the hollow structure. Due

to low refractive index of the HNPs, some of the incident

light will be scattered in the HNPs layer and the other will

pass through until they meet other HNPs layer or an electro-

lyte. Therefore, the conversion efficiency of HNPs is much

higher than that of P-25, and it also expected that the

conversion efficiency of the HNPs is higher than that of

scattering layer with large size of TiO2 particles due to multi-

refractive effect of the HNPs. Figure 3(b) shows the

schematic diagram of the incident light scattering effects

using two different structures formed by the HNPs, and large-

sized and dense particles overlayers. The size of HNPs in this

study, is close to that of the P-25 nanoparticles. It means that

the specific surface area was decreased despite of using

scattering layer compared to large-sized using dense particles.

Hence, even if the scattering effect of the HNPs is similar to

pre-reported scattering layers,19 the photo current should be

higher than that of large-sized and dense particles.

Figure 4 displays the incident photo to current conversion

efficiency (IPCE) of DSSC using HNPs and P-25, and HNPs

Tf = 
4n1n2

n1 n2+( )
2

---------------------

nTiO
2

Figure 3. Photocurrent-Voltage curves of dye-sensitized solar cells
fabricated using three different anode structures: a) TiO2 hollow
nanoparticles, b) P-25 and c) TiO2 hollow nanoparticles on P-25
(a) and schematic diagrams of the dye-sensitized solar cell consist-
ed of the HNPs and large-sized dense particles overlayers (b).

Table 2. Comparison of I-V characteristics of dye-sensitized solar
cells formed by three different anode structures: TiO2 hollow
nanoparticles, P-25 nanoparticles and TiO2 hollow nanoparticles on
P-25

Voc

(V)

Isc

(mA)

Jsc

(mA/cm2)
FF (%)

HNPs 0.69 0.53 2.12 0.66 0.96

P-25 0.69 1.76 7.42 0.69 3.36

HNPs on P-25 0.71 2.05 8.00 0.69 4.02

Figure 4. Incident photo to current conversion efficiency (IPCE)
spectra of dye-sensitized solar cells formed by three different
anode structures: a) TiO2 hollow nanoparticles, b) P-25 and c) TiO2

hollow nanoparticles on top of P-25.
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on P-25 as a function of wavelength. The IPCE spectra

showed the maximum value at 530 nm using N-719 dye.20 It

was reported that the absolute intensity of the IPCE in the

short wavelength region (i.e., 400 to 570 nm) is attributed to

dye absorption rate and a higher value of the IPCE in the

long wavelength is attributed to scattering effects because

more light is transmitted through the TiO2 electrode and

scattered in this region.13 The absolute IPCE of the HNPs on

P-25 sample is higher than that of the P-25, which is in good

agreement with the higher Jsc as observed in the I-V

measurement result. Generally, it is believed that the hollow

structure as the scattering overlayer, only affects the long

wavelength region because of decrease in specific surface

area.21 However, in the case that the HNPs are used as the

scattering overlayer in combination with P-25, the intensity

of IPCE increased not only in the long wavelength region

but also in the short wavelength due to the multi-scattering

of the nano-sized hollow particles. On the other hand, the

IPCE of the scattering layer consisting of only the HNPs

showed the lowest intensity, which might be due to scatter-

ing loss of the incident light instead of decreasing dye

absorption.

Conclusion

In conclusion, the authors investigated light scattering

effect of TiO2 hollow nanoparticles (HNPs) on the electricity

conversion efficiency of the dye-sensitized solar cells (DSSC).

The HNPs was synthesized by CVC process, and their mean

particle size, specific surface area and crystalline phase were

almost identical to those for P-25. When the HNPs were

only employed in DSSC as the anode layer, low conversion

efficiency (e.g., 0.96%) was obtained due to its scattering

loss of incident light. On the other hand, when the HNPs

were introduced as a scattering overlayer on top of P-25, the

conversion efficiency of DSSC increased by 20% because of

its multi-scattering effect of hollow nanostructure and larger

specific surface area. Therefore HNP as an overlayer in

DSSC, was found to be beneficial.
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