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Dye-sensitized solar cells (DSCs) have been extensively
investigated for solar energy conversion by using various
combinations of inorganic semiconductors and organic sensi-
tizers because of their low cost, easy production, and high
efficiency.[1] For efficient visible-light absorption, various or-
ganic dyes have been intensively exploited because of their
advantages, such as their high molar extinction coefficients
and tunable optical bands,[2] in which they are anchored on
mesoscopic TiO2 semiconductors. Recently, inorganic semi-
conducting materials, such as quantum dots (CdSe,[3] CdS,[4])
and organometal perovskites,[5] have been proposed as inor-
ganic sensitizers in photovoltaic cells to overcome some
drawbacks of the organic dyes such as their relatively low
heat stability and narrow absorption bands. One possible ap-
proach to improving the inherent light-harvesting ability of
the organic dyes is to hybridize them with nanosized multi-
functional inorganic materials such as layered double hy-
droxides (LDHs), which can provide a stable chemical envi-
ronment, higher heat or photostability, and are environmen-
tally friendly. The LDHs, also known as anionic or hydrotal-
cite-like clays,[6] are useful in new multifunctional systems
such as biological carriers,[7] catalysts,[8] and hybrid optical
layers.[9] Recently, Duan et al.[10] reported an ultrathin
hybrid film consisting of LDH nanosheets and luminescent
polyanions, in which the LDH nanosheets induced a well-
defined photoluminescence of polymer monolayers that are
individually separated by the exfoliated LDH nanosheets.[11]

Moreover, the LDHs provide a stable chemical environment
to increase the photochemical function and thermal stability

of the intercalated organic photochromic dyes.[12] In this
study, LDH nanosheets are suggested as the inorganic
matrix in an attempt to induce an intense photochromic
function of the organic photochromic dyes, anthraquinone
sulfonate anion (AQS),[13] that are chemically immobilized
on the surface of the LDH nanosheets. Herein, we report a
new hybrid light sensitizer for DSCs, in which the AQS
anion is selected as the organic sensitizer and the LDH
nanosheets as the inorganic host. This is believed to be the
first example of hybrid LDH/organic nanosheets used as a
light sensitizer in photovoltaic devices.

The chemical structure and photochromic behavior of the
LDH�AQS nanosheets in formamide are shown in Fig-
ure 1 a. The powder X-ray diffraction (XRD) pattern of
LDH�AQS microcrystals indicated a well-crystallized rhom-
bohedral hydrotalcite-like, 3R1 phase with lattice parameters
of a= 3.05 and c= 60.0 �. An antiparallel arrangement of
the AQS would be the best model by assuming that the
length of the AQS anion was 12.9 �.[14] Notably, a transpar-
ent solution was obtained by ultrasound treatment for
10 min, indicating the successful exfoliation of the platelike
LDH�AQS microcrystals. Typical Tyndall light scattering of
the resulting solution demonstrated the presence of exfoliat-
ed LDH nanosheets[11] as shown in Figure 1 a. Interestingly,
the suspension showed a strong photoinduced coloration
that was not seen in the AQS–formamide solution. In (4) of
Figure 1 b, the UV/Vis absorption spectra for the irradiated
suspension of the LDH�AQS nanosheets show extremely
enhanced absorption bands in the range of 400–600 nm,
where the absorption bands at 435 and 525 nm are charac-
teristic signals for the reduction state of anthraquinone sul-
fonate (AQS2�)[15] that have a long-term stability in a high
pH condition,[16] whereas formamide (the solvent) might be
oxidized during the photoreaction.[17] Under continuous irra-
diation of the exfoliated LDH�AQS solution shown in (2)
of Figure 1 b, the band intensities gradually increased as a
function of the irradiation time and then decreased after the
light was cut off. The rate constants for photocoloration and
decay were 0.072 and 0.059 min�1, respectively. This may be
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due to the fact that the reactive hydroxide surfaces of the
LDH framework provide a high pH environment that stabil-
izes the photoexcited AQS·� or the AQS2�.[16] Full character-
izations and spectroscopic results are given in the Support-
ing Information.

The LDH�AQS nanosheets were deposited on the nano-
porous TiO2 electrode by using a self-organization process
with the solution of the exfoliated LDH�AQS (1 mg/1 mL)
in formamide, then rinsed with ethanol and dried at 70 8C.
The top view of the field-emission scanning electron micros-
copy (FESEM) image in Figure 2 a revealed that the nano-
sheets were deposited on the top layer of the TiO2 spheres.
For further observation, a colloidal sample of the LDH�
AQS nanosheets with monodispersed TiO2 spheres was pre-
pared and characterized by high-resolution transmission
electron microscopy (HRTEM). The HRTEM image in Fig-
ure 2 b clearly indicated the existence of a continuous 2 nm
thick layer of LDH�AQS nanosheets on the outside surface
of the TiO2 spheres that had a well-developed nanoporous
structure.[17] The TEM image in the inset of Figure 2 b shows
the colloidal sample, which consists of tightly wrapped LDH
nanosheets on the surface of the TiO2 sphere. The elemental
maps showed a homogeneous distribution of Al and Mg, in-

dicating that the LDH nanosheets covered almost the entire
surface of the TiO2 spheres.

Current density/voltage (J/V) characteristics for the cells
based on the AQS and the LDH�AQS nanosheet sensitizers
are presented in Figure 3 a. The LDH�AQS-sensitized cell

showed a short-circuit photocurrent (JSC) of 0.82 mA cm�2,
an open-circuit voltage (VOC) of 490 mV, and a fill factor (ff)
of 0.50, corresponding to the overall solar-to-electric power
conversion efficiency (h) of 0.20 %. Under the same condi-
tion, the AQS-sensitized cell gave values of JSC =

0.52 mA cm�2, VOC =520 mV, and ff= 0.51, corresponding to
h= 0.14 %. The 0.30 mA cm�2 increase in the JSC of the
hybrid sensitized cell, which also gave a higher h than that
of the AQS sensitized cell, was of particular importance al-
though the hybrid cell had a lower number of adsorbed dye
molecules (Table 1) on the TiO2 electrodes. This result indi-
cated that the tightly adsorbed LDH nanosheets on the
TiO2 spheres may allow electrons to transfer from the AQS

Figure 1. a) Chemical structures of the LDH�AQS nanosheets, photo-
graphs of the LDH�AQS powder, and the Tyndall light scattering and
light-induced coloration of the exfoliated LDH�AQS nanosheets suspen-
sion; b) UV/Vis absorption spectra for the solutions of AQS (1, 3) and
the exfoliated LDH�AQS nanosheets (2, 4). Spectra corresponding to
the 3 and 4 were obtained by measuring each solution after 10 min of
light soaking.

Figure 2. a) SEM image, b) HRTEM image, and c)–e) elemental maps for
the LDH�AQS nanosheets self-organized on a TiO2 sphere. The SEM
image was obtained from a TiO2 electrode on FTO glass.

Figure 3. Current density/voltage (J/V) curves of each cell under standard
AM 1.5 (100 mW cm�2) illumination. The pixel area of the devices was
0.15 cm2, and the thickness of the TiO2 film was 10 mm. The J/V curves
were obtained after 3 h of light soaking.
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sensitizer to the TiO2 electrodes, and the electrolyte can dif-
fuse through the interconnected nanoporous TiO2 spheres.[18]

To investigate the photochromic function of the LDH�
AQS nanosheet sensitizer, the light-conversion efficiencies
were plotted versus the irradiation time function (Figure 4).
The JSC, VOC, and h were recorded over a period of 3 h. Sur-

prisingly, both the JSC and the h of the hybrid sensitized cell
increased as the irradiation time increased. The overall JSC

and the h of the hybrid cell improved up to 144 and 160 %
of their initial values, respectively. This increment clearly in-
dicated that the cell performance was strongly governed by
the photochromic function of the LDH�AQS nanosheets.
Clearly, this result was ascribed to the hybridization effect
of the LDH nanosheets, which function as the inorganic sta-
bilizer for the AQS2� species. The overall low-energy con-
version efficiencies were caused by poor electron injection
of anthraquinone dyes into the conduction band of TiO2.

[19]

Further studies are ongoing with the research focused on

the mechanism of the interfacial electron transfer and on ex-
tending to other anions which are capable of higher conver-
sion efficiency.

In conclusion, a new hybrid light sensitizer was investigat-
ed based on employing the LDH nanosheets as an inorganic
matrix to stabilize the AQS organic sensitizer in the DSCs.
The LDH�AQS nanosheets showed a conspicuous photo-
chromic property under irradiation. This hybrid sensitized
cell showed improved conversion efficiency up to 160 % of
the initial value compared with the AQS-sensitized cell.
Adopting diverse inorganic nanosheets is expected to im-
prove the cell performance because of variable compositions
of the LDHs. This functional LDH-based sensitizer provides
a new platform for the development of light-harvesting sen-
sitizers.

Experimental Section

Synthesis of LDH�AQS powder : For the synthesis of MgAl�LDH�AQS,
MgCl2·6H2O (0.20 mol, 1.22 g), AlCl3·9 H2O (0.10 mol, 0.89 g), the sodium
salt of anthraquinone-2-sulfonic acid (0.15 mol, 1.40g), and hexa-ACHTUNGTRENNUNGmethylenetetramine (0.35 mol, 1.47 g) were dissolved in deionized water
(30 mL). The mixture was put into a Teflon-leaned stainless steel auto-
clave with a capacity of 50 mL, and then maintained at 180 8C for 48 h.
After the reaction was complete, the solid product was collected by filtra-
tion, washed with deionized water and acetone several times, and then
dried at 70 8C.

Exfoliation of LDH�AQS : The LDH�AQS (10 mg) was mixed with for-
mamide (10 mL) in a vial. The mixture was ultrasonically treated for
10 min, yielding a transparent suspension. To remove possible unexfoliat-
ed particles, the resulting suspension was treated by centrifugation at
5000 rpm for 10 min. No sedimentation was observed when the suspen-
sion was left standing for a month at 4 8C.

Fabrication of DSCs : Nanoporous TiO2 spheres with a BET surface area
of 81 m2 g and a diameter of 250 nm were synthesized by following a
method described in previous report.[20] Hydroxypropyl cellulose (0.2 g),
ethlylene glycol (5.0 g), and the TiO2 spheres (1.0 g) were mixed to form
a viscous paste. Prior to the coating of the viscous TiO2 paste, a compact
TiO2 layer was coated on FTO glass (Asahi Techno Glass) by spin-coat-
ing with a commercial nanocrystalline TiO2 paste (Advanced Nano Prod-
ucts, Korea). The TiO2 photoelectrodes were fabricated by doctor-blad-
ing, followed by sintering at 450 8C. These photoelectrodes had a thick-
ness of 10 mm and an area of 0.15 cm2. For the AQS-based cell, the
sodium salt of anthraquinone sulfonic acid (5 mm) in formamide (10 mL)
was used. For the hybrid cell, the LDH�AQS nanosheets were deposited
on the TiO2 surfaces by using a self-organization process with the solu-
tion of the exfoliated LDH�AQS (1 mg/1 mL) in formamide. The sub-
strates were rinsed with ethanol after soaking in the dye solutions and
dried at 70 8C. The photovoltaic cells were constructed by combining the
pretreated TiO2 electrodes and Pt-coated FTO glass as a counter elec-
trode with a 50 mm thick separator. A 100 mL portion of the electrolyte
mixture (DMPImI (0.6 m), iodine (0.05 m), LiI (0.1 m), and tert-butylpyri-
dine (0.5 m) in acetonitrile) was filled into the gap between the electro-
des.

Characterizations : The powder XRD pattern was measured with a
Rigaku X-ray diffractometer, D/MAX-2000 Ultima, in the q–2q scanning
mode at 40 kV and 30 mA by using CuKa radiation (l= 1.5405 �). The
fourier-transform infrared spectroscopy (FTIR) spectrum was recorded
on a Biorad FTS 6000 FTIR spectrometer equipped with a high-perfor-
mance DuraSamplIR II diamond accessory with an attenuated total re-
flectance (ATR) mode in the range of 500–4000 cm�1 with 100 scans at
4 cm�1 resolution. The UV/Vis absorption measurements were carried
out with a S3100 (Sinco, Korea). Thermogravimetric analysis (TGA) was

Table 1. Photovoltaic characteristics and adsorbed-dye amounts of the
hybrid sensitized cells.

Dye VOC

[mV]
JSCACHTUNGTRENNUNG[mA cm�2]

ff h

[%]
Adsorbed dye
[mmol cm�2]

LDH�AQS 490 0.82 0.50 0.20 0.04
AQS 520 0.52 0.51 0.14 0.18

Figure 4. a) JSC versus t and b) h versus t plot of each cell under standard
AM 1.5 (100 mW cm�2) illumination. The pixel area of the devices was
0.15 cm2, and the thickness of the TiO2 film was 10 mm.
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conducted on a TA instruments SDT 2960 in a nitrogen atmosphere by
using a heating rate of 10 8C min�1 from room temperature to 800 8C. The
chemical analysis for Mg and Al was carried out by using an inductively
coupled plasma optical emission spectrometer (JY 38Plus, Jovin Yvon).
The nitrogen adsorption–desorption isotherms were obtained with a Mi-
cromeritics TriStar at a liquid N2 temperature. Cyclic voltammograms
were obtained by using a potentiostat/galvanostat (Zahner, IM6) on a
conventional three-electrode cell with a Pt plate counter electrode, a sa-
turated Ag/AgCl reference electrode, and a Pt wire as the working elec-
trode. The specific BET (Brunauer–Emmett–Teller) surface areas were
calculated from the adsorption branches in the relative pressure (p/p0)
range of 0.05 to 0.20. The C, H, and S contents were measured by using
an elemental analyzer (EA 1000, CE Instruments). The FESEM images
were obtained on a JEOL 7401F (JEOL, Japan) operating at 30 kV.
Before imaging, the samples were coated on carbon by sputtering with Pt
to a thickness of about 3 nm. The HRTEM images were taken on a
JEOL 300 KV (JEOL, Japan). The photovoltaic behavior was character-
ized when the cell devices were irradiated by simulated AM 1.5 sunlight
with an output power of 100 mW cm�2 by using a Solar Simulator
(Solsim, Luzchem Research) with a 300 W Xenon Lamp Power Supply
(XE300BF, Luzchem Research) as the light source.
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