University of Wollongong

Research Online

Australian Institute for Innovative Materials -

Papers Australian Institute for Innovative Materials

2013

Porous titania nanosheet/nanoparticle hybrids as photoanodes for dye-
sensitized solar cells

Yang Bai
University of Queensland

Zheng Xing
University of Queensland

Hua Yu
University of Queensland

Zhen Li
University of Wollongong, zhenl@uow.edu.au

Rose Amal
University of New South Wales, ramal@unsw.edu.au

See next page for additional authors

Follow this and additional works at: https://ro.uow.edu.au/aiimpapers

Cf Part of the Engineering Commons, and the Physical Sciences and Mathematics Commons

Recommended Citation

Bai, Yang; Xing, Zheng; Yu, Hua; Li, Zhen; Amal, Rose; and Wang, Lianzhou, "Porous titania nanosheet/
nanoparticle hybrids as photoanodes for dye-sensitized solar cells" (2013). Australian Institute for
Innovative Materials - Papers. 963.

https://ro.uow.edu.au/aiimpapers/963

Research Online is the open access institutional repository for the University of Wollongong. For further information
contact the UOW Library: research-pubs@uow.edu.au


https://ro.uow.edu.au/
https://ro.uow.edu.au/aiimpapers
https://ro.uow.edu.au/aiimpapers
https://ro.uow.edu.au/aiim
https://ro.uow.edu.au/aiimpapers?utm_source=ro.uow.edu.au%2Faiimpapers%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/217?utm_source=ro.uow.edu.au%2Faiimpapers%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/114?utm_source=ro.uow.edu.au%2Faiimpapers%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ro.uow.edu.au/aiimpapers/963?utm_source=ro.uow.edu.au%2Faiimpapers%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages

Porous titania nanosheet/nanoparticle hybrids as photoanodes for dye-
sensitized solar cells

Abstract

Porous titania nanohybrids (NHs) were successfully prepared by hybridizing the exfoliated titania
nanosheets with anatase TiO2 nanoparticles. Various characterizations revealed that the titania NHs as
photoanodes play a trifunctional role (light harvesting, dye adsorption, and electron transfer) in improving
the efficiency (n) of the dye-sensitized solar cells. The optimized photoanode consisting layered NHs
demonstrated a high overall conversion efficiency of 10.1%, remarkably enhanced by 29.5% compared to
that (7.8%) obtained from the benchmark P25 nanoparticles under the same testing conditions.
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ABSTRACT: Porous titania nanohybrids (NHs) were successfully prepared by hybridizing the exfoliated titanate nanosheets with the ana-
tase TiO2 nanoparticles. Various characterizations revealed that the titania NHs as photoanodes play a tri-functional role (light harvesting,
dye-adsorption and electron trangfer) in improving the efficiency (n) of the DSSCs. The optimized photoanode consisting layered NHs
demonstrated a high overall conversion efficiency of 10.1%, remarkably enhanced by 29.5% compared to that (7.8%) obtained from the

benchmark P25 nanoparticles under the same testing conditions.

KEYWORDS: exfoliated titaniananosheets analase nanoparticles hybrid photoanodes aye-sensitized solar calls

INTRODUCTION

Inspired by the breakthrough work of M. Grétzel on dye-sensitized
solar cells (DSCs)," much effort has been made on tailoring pho-
toanode architectures to improve the overdl conversion efficiency
in the past decades®” One of mgjor drawbacks of the conventiond
TiO2 nanoparticle photoanodes in DSSCs is the negligible light
scattering of the films due to their smal particle sze ranging typi-
cdly from ca 20~30 nm, resulting in alow light harvesting efficien-
cy. An optica scattering layer on top has been proposed asit could
enhance thelight harvest by locdizing the incident light within the
photoanode. So far, an array of light scattering materids has been
invegtigated, including TiO. mesoporous microspheres” @ hollow
spheres” and mirror-like nanoparticles.> 13

Another major drawback of the conventiond TiO-2 nanoparticle
photoanodes is the low trangport efficiency of dectrons, which
imposes an upper limit on thefilm thickness. In afilm composed of
TiO2 nanoparticles, dectrons diffuse to the surface of collector
dlectrode (eg. FTO substrate) through azigzag pathway™ and may
easly recombine with the oxidizing species (predominately triio-
dideionsin the dectrolyte) , thus reducing the efficiency of DSCs.
Therefore, one-dimensond (1D) TiO2 " and ZnO nanogruc-
tures> 18 and two-dimensiond (2D) nanosheets'®® have attract-
ed recent attention in fagilitating electron trangport in DSSCs.

Even though the light harvesting and charge trandfer efficiency
can be enhanced by introducing an opticd light scatteringlayer and
fabrication of films from 1D and 2D nanostructures respectively,
the surface area that is accessble to the dye is usudly sacrificed,
resulting in insufficient dye adsorption and thuslimited conversion
efficiency. Thereby how to efficiently trandfer electronsand harvest

light without compromise in dye adsorption, is believed to be one
of thekey chalengesin achieving high-efficiency DSCs.

Layered nanohybrids (NHs) by pillaring semiconducting nano-
partides such as CdS, a-Fex0s, and TiO2"2* into layered inorganic
compounds®® have recently drawn growing attention in photoca
tayss dueto their large surface area aswell assuppressed eectron-
hole recombination because of electron transfer between guest and
host.22 23! Titanate nanosheets (Tios1O2) derived from delamina
tion of layered compounds have unique structurd characteristic of
ultimate two-dimensiond anisotropy with extremely small thick-
nessin the subnano- to nanometer scaes, which leadsto new phys-
ical and chemica properties for nanosheets® In addition, the exfo-
ligtion of layered metal oxides into 2D nanosheets® * (TioeiO2
nanosheets) makesit possible to pillar large-sized (TiOz) nanopar-
tidesinto theinterlayer space of host materidsthrough an exfolia-
tion-restacking process of nanoshests and guest particles® % The
obtaned pillared NHs possesses highly controllable physica and
chemicd properties® ¥ |n particular, due to the enlarged inter-
layer distance, the totd surface areais sgnificantly increased, facili-
tating chemical adsorption or reaction. Moreover, the energy band
difference between guest and host will enhance the charge trangfer
between them.3' “Apart from the high surface area and enhanced
électron trander efficiency, the large sized 2D nanosheets which
congtitute the layered NHs can act as an ided opticd scatter*! as
well. In this regard, the layered titania NHs are expected to be
promising photoanode candidates, playing a tri-functiond role
(light harvegting, dye-adsorption and electron trander) for high-
efficiency DSCs.



Scheme 1. Idedized Schematic Diagram of Photoanodesbased on Layered NHsfor Light Scatering.

FTO

In this work, we report the layered NHs prepared by hybridizing
the exfoliated titanate nanosheets (Tiog1O2) with the anatase TiO2
nanoparticles as shown in SFigure. 1 for use as photoanodes in
DSSCs Our key strategy isto use exfoliation-reassembly strategy to
introduce TiO2 nanoparticles ranging from 7 to 9 nm (SFigure.
2b) into the interlayers of 2D exfoliated Tios1O2 nanosheets (S
Figure. 2a) without deterioration of their fundamentad crystd struc-
tures. In thisway, the porosity and surface area of the NHs are ex-
pected to be significantly enlarged which isbeneficid for sufficient
dye-adsorption, and sub-micrometer szed nanosheetslike thelight
shield will play a vitd role in increasing the light scattering as
shown in the idedized Scheme 1. In addition, we hypothesize the
électron-hole recombination would be effectively suppressed due
tothechargetrander between the guest and hog in thelayered NH
sysem.2 231 An enhanced overall conversion efficiency of 10.1%
for layered titania nanosheet/ nanoparticle hybrid photoanode was
achieved, a noticeable 29.5% improvement compared with the
photoelectrode made of the benchmark Degussa TiO2 P25 under
the same tedting conditions. Various characterizations confirmed
our hypothesis and the feasibility of usng new layered NH pho-
toanodesfor efficiency improvement of DSSCs.

EXPERIMENTAL SECTION

Preparation of Titania Nanosheet/ Nanopartide Nanohybrids
Titaniananosheet (Tios1O2) sugpenson was prepared according to
Saseki’s method.® %6 42 4 | gyered titanate precursor CspesTi1esO4
was firg prepared via a olid gate reaction. In atypica synthess
C=CO0s (7694 g) and TiO2 (10.0 g) powders were ground for a
leagt haf an hour to obtain adequately mixture. The mixture was
trandferred to an dumina crucible and cadcined a 760 °C for 30
minutes. The mixed powder was then re-ground for haf an hour
and re-cdcined a 760 °C for 12 hours. The obtained CsyesTi1804
powder was subsequently proton-exchanged with excess amount of
HCI (1M) for 3 days, and the HCI solution was refreshed every 24
hours. The protonated titanate precursor HoesTi183040H20 was
digpersed in tetrabutylammonium hydroxide (TBAOH) solution
containing the same amount of protonsintercaated in the layered
titanate. T he white sugpension wasthen shaken for over 1 week. To
remove the un-exfoliated titanates, the suspenson was centrifuged
under 4700 rpm for 5min and the supernatant sugpension was col-
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lected for use. The obtained Tios1O2 Titaniananosheets suspenson
hasaconcentration of around 1.79 ¢/ L.

Anatase nanoparticleswere prepared viaahydrolysis method. In
a typicd preparation process, 1-propanol (19.9ml) and titanium
isopropoxide (43.8ml) were fird mixed. The mixed solution was
then dropwise added to 300ml of diluted HNOs solution (0.055M)
under vigorous girring, and a white suspension can be observed.
The white sugpension was kept & 70~80 °C in water bath for 8
hours until opague white sugpension was obtained. T heredfter, the
opague white sugpenson was ultrasonicated by ultrasonication
probe for 30 minutes. The anatase nanoparticles suspenson had a
concentration of 0.407M. To prepare the anatase nanoparticle
paste, diluted ammonia solution was added dropwise to the sus-
penson under girring until precipitates gppeared. The top clear
water was removed after standing for severd hours and then the
precipitatesweredried at 50 °C.

Titania NHs between nanosheets and anatase nanoparticles
were synthesized as follows: under vigorous stirring, anatase nano-
particle sugpension (8.8 ml) was added to nanoshegt suspension
(40 ml) dropwise. The sugpenson was then kept under 60 °C
overnight. To obtain the nanohybrids, the sugpension was centri-
fuged and washed with digtilled water and ethanol for severd times.

Prepardion of TiOz Photoanodes. To prepare the DSSC pho-
toanodes, FTO subdrates (22 mm thickness, 8 Q/sq, Dyesol
Glass) was cleaned with 2-propanol in an ultrasonic bath for 30
min, followed by thoroughly rinsing with water. A compact layer
(ca. 110 nm) was firstly prepared by dip-coating TiO: organic sol*
on the cleaned FTO surface, which not only have blocking effect
but also can improve adherence between the TiO- layer and FTO
substrates. As described in our previous work®, TiO: pastes of
various samples including P25, anatase nanoparticle (NP) and
layered titania nanohybrids (NHs) were prepared and then depos-
ited on the FTO glass pre-treated with a TiO2 organic sol** by the
doctor-blade method®, and kept in a clean box for at least 15 min
before heat treatment to reduce the surface irregularity and me-
chanical stress of the pastes. The working electrodes were put into
a muffle furnace and heated at 450 °C for 30 min. Finally, all the
films were post-treated again with TiO: organic sol.

Characteriztion of Layered NHs Powder and Films The
crystalline phase and structure of the samples were determined by
using a Bruker Advanced X-Ray Diffractometer (40 kV, 30 mA)
with Cu Ko (A=0.15406 nm) radiation. The morphology of the



layered NHs powder and films were examined by transmission
electron microscopy (TEM, Tecnai Field Emission F20) and scan-
ning electron microscopy (SEM, JEOL 6300). Brunauer-Emmett-
Teller (BET) surface areas (Sger) were analyzed with nitrogen
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Figure 1. XRD patterns of P25, TiO. nanoparticle (NP), layered titania
nanohybrid (NH) filmson FTO subgrates and asprepared layered titania
NHspowder.

adsorption goparatus (Quadrasorb ). The film powder was ob-
tained by scratching cdcined films off FTO glass and dl samples
were degessed a 200 °C overnight before the measurement. The
dye desorption was performed by immersing the dye-sensitized
films in a 0.1M of NaOH in ethanol-water (v/ v=1:1) solution®.
Thedye-uptake capacity of each photoanode was determined from
the aosorption vaue for each NaOH/ dye solution by UV-vis spec-
trophotometer (Shimadzu UV-2450). The scattering and aosorp-
tion properties of dl samples were investigated with UV-visble
diffused reflectance/ light aosorption spectrometer (Shimadzu UV-
2450).

Fabricaion and Measurements of DSCs Dyeloading was
performed by immersing the working eectrodes into a 0.5 mM
N719 (Dyesol) dye solution in a1:1 (v/ v) mixture of acetonitrile
and tert-butanol, and kept for 12-14 hours. Counter electrodes
were fabricated by spin-coating H=PtCls isopropanol solution
(5mM) on FTO subgtrates and hegting a 380 °C for 15 min.*
Then the dye-sengtized working dectrode and Pt-counter elec-
trode were assembled into a sandwich-type cdll asdescribed in our
previouswork.*

The photocurrent density-voltage (JV) curves were recorded
by usng an Orie AM 1.5 solar smulator equipped with an AM
1.5G typefilter (Newport, 81094) and aKeithley model 2420 digi-
td source meter. The dark current scan was performed in the smi-
lar condition but without illumination. IPCE plotted as afunction
of excitation wavelength was obtained by using a Newport 1918-c
power meter under the irradiation of a 300 W Orid xenon light
source with an Oriel Cornerstone 260 1/4 m monochromator in
DC mode." The open-circuit voltage decay (OCVD) was carried
out by switching off theillumination on DSSC on asteady state and

Nanosheel Nanoparticle

Schematic illustration for
Layered Titania Nanohybrids

Figure 2. (a) Typica TEM image of the resacked NH sample; (b) high-
magnification TEM image showing the lamellar structure; (¢) schematic
illugration of layered titaniaNHs.

monitoring the decay of the open-circuit voltage ( V) 2 Electro-
chemica impedance spectroscopy (EIS) was mearsured by the
Solartron 1480 Potentiogtat in a frequency range of 10° - 0.1 Hz
under dark and the goplied bias voltage and ac amplitude were set
as-0.7Vand 10 mVv.*

RESULTSAND DISCUSSION
Characterizdion of Layered NH powder and VariousFilms

The resultant layered NH powder and various films were compre-
hensively characterized and Figure 1 shows XRD patternsof theas-
prepared NH powder and films prepared with P25, sol-gel derived
TiO2 nanoparticles (NP) and NH samples printed on FTO sub-
drates Asindicated in the XRD patterns, both the NP and NH
samples are pure anatase (A) phase (JCPDS No. 21-1272) with
typical pesks(101), (004) and (200), whereas dl diffraction pesks
of the P25 films can be well indexed to a mixture of anatase (A)
TiOz, and rutile (R) TiOz (JCPDSNo. 21-1276). Peaks F belong
to FTO subdrates. The Raman spectrum of NH film further con-
firmed the anatase phase with typicd vibrationa bands as marked
on SFigure 4. Theinset shows a poorly-resolved 001 indice (26=
1.24°) for the as-prepared NH, which can be attributed to the for-
mation of disordered porous titania heterostructure consisting of
nanosheets and nanoparticles in some domains. An electrostatic
interaction between negatively charged titanate nanosheets and
positively charged TiO» nanoparticles is believed to be a driving
force for the formation of such type disordered heterostructure.”
The discernible broad 001 reflection for the NH film after heat
treatment shifted toward the higher angle side (26=2.46 °), indica-
tive of the shrinkage in basal spacing mainly attributed to the dehy-
droxylation of TiO2 nanosol particles but maintenance of the NH

structure. 3
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Figure4. Nitrogen adsorption-desorption isotherms of as-prepared layered
NHs powder and powder scratched off from the calcined NH films.

Figure 3. Surface SEM images of a) layered NH, b) P25 and ¢)
nanoparticle films; d) cross-sectiona SEM images of a whole lay-
ered NH film; €) high-magnification cross-sectiona SEM images of
randomly sdlected areain the layered NH film showing the layered
gructure.

The formation of the layered NH gructure was further con-
firmed usng TEM andyss. Figure 2a and SFigure 3 depict the
typicd TEM image of restacked NHs. High-resolution TEM image
in Figure 2b exhibits an assembly of pardld dark lines (TiosiO2
nanosheets) and sphericd shapes (TiO: nanoparticles) in some
domains. Unlike highly ordered pillared structure prepared from
the restacking of exfoliated nanosheets with smal-sized guest spe-
cessuch as Li*, Alis* dusters” @ it’s understandable that restack-
ing of larger TiO2 nanoparticles with extremely thin nanosheetsis

R (%)

much more difficult to control, thus leading to poorly-ordered 0 T " " T

layered structure. As shown in Figure 2a and b, the exfoliated 300 400 500 600 700 800
Tio9102 nanosheets are randomly hybridized with TiO2 nanoparti- Wavelength (nm)

des, which isin good agreement with the XRD results. Figure 2cis

the idedized schematic illugtration of the highly disordered NH Figureb. Diffused reflectance spectra of the P25, NP and layered NH films.

structurefor better understanding.

In order to further verify the disordered layered sructurein the
cacined films, SEM characterization wascarried out to observethe
resultant structures. The plate-like surface of NH film (Figure 3a)
is quite different from that of P25 and NP films (Figure 3b, ¢).
Although some micro-cracks can be found in SEM images, to some
extent this can be optimized by a following post-treatment step
with TiO:2 sol. The opticd property (will be discussed later) dso
confirmthat thelight harvesting of the films was not affected much
by such micro-cracks. As shown in the cross-sectiond image (Fig-
ure 3d), dl the films have a thickness of c212.3 um. High magnifi-
cation cross-sectional images were taken randomly through the
whole cross-section of the NH films. Upon heat treatment, disor-
dered micron thick layer will be formed, consisting of several layers
of nanosheets and nanoparticles. As shown in Figure 3e, the micron
thick layered structure can be clearly visualized within the NH film
after calcination.

The nitrogen adsorption-desorption isotherms of as-prepared
NH powder and film powder scratched off from the calcined NH

films shown in Figure 4 provide further evidence for the Figure 6. UV-vis absorption spectra of the P25, NP and layered NH films
with dye adsorbed.
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Figure7. ) JVcurvesand b) Normdized |PCE of DSSCs based on P25,
NP and layered NH photoanodes.

formation of porous layered structure by reassembling exfoliated
Tioo1O2 nanoshests in the presence of anatase nanoparticles. The
NHs shows a type |V isotherm, characterigtics of mesoporous
gructureinthe maerids Thisclearly revedsthat the mesoporesin
the NHs were developed by random hybridization of TiogiO2
nanosheets with anaase nanopartides. In addition, the mesopo-
rous NHs show the type H3 hysteresisloop in the IUPAC dlassifi-
cation, suggesting that the dit-shaped poreswereformed. Asshown
in Figure 4, the Brunauer-Emmett-Teller (BET) specific surface
areaof the as-prepared sampleswasquite high (287 m? g), thefilm
powder decreased to 167 m?/ g asaresult of heat treatment at 450
°C.

Diffused Reflectivity and UV-vis Absorption

The reflectivity of each film was studied to investigate the scatter-
ing effect of the layered NHs. Figure 5 shows the diffused reflec-
tance goectraof various samples Apparently, layered NH filmshad
much higher reflectivity in the wavelength range of 380~800 nm
than that of NP and P25 films. T hisevidence confirms our hypoth-
ess on the efficient light scattering of layered NHs acting as light
shields Note that the reflectivity of NP film is dightly higher than
that of P25 film in the same wavelength range, possbly due to the
aggregation of sol-gel prepared nanoparticles (Figure 3¢). In order
to study the photovoltaic properties of DSSCsbased on the layered
NHs, dye- loading was first investigated (Table 1). Prior to dye-
loading measurement, UV-visabsorption

Table 1. Comparison of Photovoltaic Properties BET Surface
Areaand Dye-loading of P25, NP and Layered NH Photoanodes.

Smples 4 V. FF s Seer Dye-loading®
[mAY sz] v [A [7 (mYg] [10” mol/ cm’]
P25 164 073 65 78 51 1.80
NP 159 073 64 74 43 1.65
NH 19.2 075 170 10.1 167 2.05

* Measurements were performed under AM 1.5G one sun (light intensity: 100
mWem?), the active areas were ca. 0.16 cm? for all of the cells and the average
value of each data was obtained by testing 6~8 cells.

®Dye-absorbed films with a dimension of ca 3 cm? were used for estimating the
dye uptake.

was carried out for all three different films with dye adsorbed as
shown in Figure 6. Compared with the TiO> nanoparticle films
(NP and P25), the layered NH films showed a higher absorption in
the wavelength range from 400 nm to 700 nm, which is consistent
with the significantly increased dye-loading indicated in Table 1
and corresponding photos as shown in S-Figure 5. In addition, we
found that as monolayer adsorption® * the dye-loading amount is
quite comparable with those reported in other literatures.”*'” This
higher dye-loading can be attributed to the large surface area of the
layered NH films, as verified by BET specific surface area (Sger)
measurements (Table 1).

Photocurrent Density-Voltage (JV) Chaeracteridtics

The photovoltaic performance of layered NH photoelectrode were
analyzed against the photoelectrodes fabricated with P25 and NP
as listed in Table 1, with the short current density-voltage (4}
characteristics of DSSCs shown in Figure 7a. Table 1 compares the
photovoltaic properties of DSSCs based on various films with a
thickness of ca 12.3 um. Due to insufficient light harvesting and
inefficient electron transfer, DSSCs assembled with P25 showed a
limited efficiency of 7.8% (comparable with the efficiency reported
in literature® '>5' as well as that of devices made from Dyesol paste
shown in S-Figure 7), with relatively small &4 ( 16.4 mA cm?), open-
circuit voltage ( Vo, 0.73V) and fill factor (FF, 65%). Whereas all
the key parameters of DSSCs based on layered NHs were improved
(& 192 mA cm?; Vos 0.75 V; FFE 70%), which resulted in en-
hanced overall conversion efficiency (/) of 10.1% (close to the
champion efficiency of 12.3%"). The possible explanation for the
higher Vicof the hybrid cells is the blocking of recombination as a
result of charge transfer? 2* 3315354 jithin the layered NH film,
which results in an increase in electron density in TiO», and thus
the shift of Fermi level.® As evidenced above, the large surface area
makes it accessible for more dye-adsorption, and the light scatter-
ing effect of the re-assembled exfoliated titanates favour enhanced
light-harvesting efficiency by increasing the optical length serving
as light-scattering shield, and thereby enhanced & for the cell with
the layered NH film.> The faster electron diffusion rate™® in the
NH film can be considered as the reason for the higher FF of the
cell assembled with NH films, as compared with the cell using P25
film.

Note that the DSSC made of anatase nanoparticle (NP) film
showed a slightly decreased & and 7 This could be mainly caused
by the lower dye loading in this NP film due to the decreased sur-
face area as a result of aggregation. Whereas in the case of layered
NH sample, the randomly hybridized layered Tioo1O2 inhibit 5
TiO» nanoparticle growth upon calcination.
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Incident Photon-to-Current Converson Efficiency (IPCE) Per-
formeance

The IPCE spectra of the various photoanodes as a function of the
illumination wavelength can provide further evidence on the scat-
tering effect of the NH gtructure. The |PCE of the NH film based
DSCs(SFigure6) showed aconsiderableincrease over the entire
wavelength range. To better determine the superior opticd charac-
terigtic of the titania nanohybrids, the normdized |PCE was ob-
tained by normdizing the measured | PCE to the maximum intensi-
ty of 520nm, as shown in Figure 7b. We can then clearly visudize
the impact of this new NH structure on the light conversion effi-
ciency of the lower energy photonsin the long wavelength range,
from 560 nm until far in the absorption tail (up to 750 nm). The

full spectrum enhancement of NH devices compared with that of
P25 and NP should be evidently atributed to the increased dye-
adsorption (large surface ared) and efficient light scattering
(nanosheetscomponent).

Dak Current, OCVD and EIS

To further invegtigete the origin and evidence for the enhanced
efficiency egpecidly the improved Vo and FF of the layered NH
based cdlls, the dark current potentid scans were performed as
shown in Figure 8a, which was employed to estimate the charge
carrier recombination in DSCs. It is generdly believed that elec-
tron recombination isattributed to thereduction of Is ionsby elec-
tronson the FTO subgtrate, which will result in a decrease in pho-
tocurrent.® Compared with the NP and P25 film, the onset of dark
current for DSSCs with the layered NH film occurred at a higher
potentid and asmadler dark current was produced under the same
bias dove 0.4 V. Thisresult indicates a dower recombination rate
between the tranferred electrons and s ions for the NH film. % 6!
Snce the suppression of back electron trandfer in the layered NHs,
the increased Vi and FF were achieved and consequently im-
proved overal conversion efficiency.

The open-circuit voltage decay (OCVD) technique was em-
ployed to further examine the charge trandfer kinetics of the
DSCs Before the measurement, a steady-state voltage for the
DSSC cell was obtained under illumination and the subsequent
decay of Via-wasthen recorded after theillumination wasinterrupt-
ed. Thedecay of the Va-can beviewed asasign of dectron lossasa
result of the electron-hole recombination.? % As shown in Figure
8b, the decay rate of Vicis goparently dower in DSSCs assembled
with the layered NHs, implying a reduced charge recombination
rate in comparison with that of DSCs fabricated by anatase NP
and P25, which isin good agreement with theresult in Figure 8a.

To better ucidate the ectron trangport and charge recombi-
nation in NH photodectrodes, electrochemica impedance spec-
troscopy (EIS) was performed in the dark under aforward bias of -
0.7 V as shown in Figure 8c and the inset shows the Bode phase
plot. As observed in the Nyquigt plots, the radius of the middle
semicircleincrease in the order NP « P25 « NH, implying alarger
electron recombination resistance for NH electrodes® In addition,
the middle-frequency pesk of DSSCs based on NH electrodes
shown in the Bode phase plots shiftsto lower frequency reletive to
P25 and NP, which indicates tha the dectron lifetime was pro-
longed in NH based DSSCs® Therefore, the larger electron re-
combingion resstance and longer eectron lifetime observed in
NH relative to P25 and NP based DSCsiillustrate more effective
suppression of the back reaction of theinjected electron with the s
in the electrolyte due to the electron transfer between guest and
host,2 % 3" and better explained the observed improvements in
both the photocurrent and photovoltage, yielding substantidly
enhanced energy conversion efficiency ®

CONCLUSONS

In summary, a new type of porous layered titania NHs were suc-
cessfully prepared by hybridizing the exfoliated titanate with the
andae TiO:2 nanosol, which was subsequently used as a tri-
functiona photoanode for high efficiency DSCs. Reflectance
goectrademondrate tha the light-harvesting efficiency of the NH
filmswas significantly higher than that of P25 film dueto the effec-
tivelight-scattering of Tiog1O2 nanosheets Thelarger surfacearea

of the layered NH films leading to increased dye-loading is veri-6



fied by BET specific surface area measurements. In addition, not
only the dark current potential scan but also the open circuit volt-
age decay indicates a lower charge recombination for photoelec-
trode fabricated with NHs. The DSSCs assembled using pho-
toanode with layered NHs demonstrated a high overall conversion
efficiency of 10.1%, remarkably enhanced by 29.5% compared to
that (7.8%) obtained from the benchmark P25 nanoparticles. Lay-
ered NHs may lead to a new way in the fine-tuning of photoanode
structures for high efficiency DSSCs as well as boosting the effi-
ciency of Quantum dot-sensitized solar cells.

ASSOCIATED CONTENT

Supplementary figures. This material is available free of charge via the
Internet at http:// pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

*Email: Lwang@ug.edu.au
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was financially supported by the Australian Research Coun-
cil (ARC) through Discovery Projects. YB acknowledges the support
from Chinese Scholarship Council (CSC).

REFERENCES

1. O'Regan, B.; Gratzd, M., Nature 1991, 353, 6346, 737-
740.

2. Ko,S H.;Leg, D.;Kang, H. W.; Nam, K. H.; Yeo, J Y;

Hong, S J; Grigoropoulos, C. P.; Qung, H. J, Nao Leit. 2011, 11,
2,666-671.

3. Liu, B; Aydil, E. S, 4 Am Chen Sc 2009, 131, 11,
3985-3990.

4, Zhang, Q. F.; Chou, T. P.; Russo, B.; Jenekhe, S A.; Cap,
G.Z., Angew. Chemn. Int. Ed. 2008, 47, 2402-6.

5. Law, M.; Greene, L. E.; bohnson, J. C.; Saykally, R.; Yang,
P., Na. Mater.2005, 4, 6, 455-459.

6. Zhu, K.; Nede, N. R.; Miedaner, A.; Frank, A. J, Nano
Left.2007,7,1,69-74.

7. Huang, F. Z.; Chen, D. H.; Zhang, X. L; Caruso, R A;
Cheng, Y. B., Aav. Funct. Mater.2010, 20, 8, 1301-1305.

8. Yan, K.Y.; Qiy, Y. C.; Chen, W.; Zhang, M.; Yang, S H.,
Energy Environ. &.2011, 4,6, 2168-2176.

9. Wu, X,; Lu, G. Q.; Wang, L., Energy Environ. &i. 2011,
4,9, 3565-3572.

10. Koo, H. J; Kim, Y. J; Leg, Y. H.; Lee, W. |; Kim, K;;
Park,N. G., Aav. Mater.2008, 20, 1, 195-199.

11. Qian,J.F,; Liu, P; Xiao, Y.; dang, Y.; Cao, Y. L,; Ai, X. P;
Yang, H. X., Adv. Mater.2009, 21, 36, 3663-3667.

12. Yu, H.; Ba, Y.; Zong, X; Tang, F. Q.; Lu, G. Q. M,;
Weang, L. Z., Chem. Commun. 2012, 48, 59, 7386-7388.

13. Zhang, H. M.; Han, Y. H.; Liu, X. L,; Liu, P.; Yu, H,;
Zhang, S Q,; Yao, X. D.; Zhao, H. J, Chen. Commun. 2010, 46,
44, 8395-8397.

14. B4, VY. Yy, H.;Li,Z; Amd, R; Lu, G. Q.; Wang, L. Z,,
Adv. Mater. 2012, 24, 43, 5850-5856.

15. Ohski, Y.; Maski, N.; Kitamura, T.; Wada, Y
Okamoto, T.; Skino, T.; Niihara, K.; Yanagida, S, Pys Chen.
Chemn. Phys 2005, 7,24,4157-4163.

16. Zhu, K; Vinzant, T. B; Nede, N. R; Frank, A. J, Nao
Left.2007,7,12,3739-3746.

17. Adzchi, M.; Murata, Y.; Takao, J; Ju, J T.; Sakamoto,
M.; Wang, F. M., J Am. Chern. Soc. 2004, 126, 45, 14943-14949.
18. Xu, F.; Qun, L., Energy Environ. &i.2011, 4, 3,818-841.
19. Lin,C.Y.; La, Y.H.; Chen,H. W.; Chen, J G.; Kung, C.
W.; Vittd, R; Ho, K. C., Energy Environ. . 2011, 4, 9, 3448-
3455.

20. Wu, X.; Chen, Z.G.; Lu, G. Q.; Wang, L. Z., Aadv. Funct.
Mater.2011,21,21,4167-4172.

21. Fujishiro, Y.; Uchida, S; Sao, T., /nt. J Inorg. Mater.
1999,1,1,67-72.

22, Kim, T.W.; Hur, S G.; Hwang, S J; Park, H.; Choi, W.;
Choy, J H., Aav. Funct. Maer. 2007, 17,2, 307-314.

23. Choy, J H.; Lee, H. C; dung, H.; Kim, H.; Boo, H.,
Chemn. Mater.2002, 14,6, 2486-2491.

24, Geng, F.; Ma R.; Nakamura, A.; Akatsuka, K.; Ebina, Y.;
Yamauchi, Y.; Miyamoto, N.; Tateyama, Y.; Saseki, T., Nat
Commun2013, 4,1632.

25. Paek, S-M.; dung, H.; Park, M.; Leg, J-K.; Choy, J-H.,
Chemn. Mater.2005, 17,13, 3492-3498.

26. Shibata, T.; Takanashi, G.; Nakamura, T.; Fukuda, K;
Ebina Y.; Saski, T., Energy Environ. &4.2011, 4, 2,535-542.

27. Ko, J; Kim, I.; Hwang, S; dung, H., J Nano.
Nanotechnol.2011, 11,2, 1726.

28. Xu, B-H.; Lin, B-Z.,; Wang, Q.-Q.; Pian, X.-T.; Zhang,
O.; Fu, L-M., Microporous Mesoporous Mater. 2012, 147, 1, 79-
85.

29. Lin, B;; He, L.; Zhu, B; Chen, Y.; Gao, B, Ca4.
Commun. 2012, 29,0, 166-169.

30. Lin, B-Z,; Li, X-L.; Xu, B-H.; Chen, Y-L.; Gao, B-F,;
Fan, X.-R., Microporous Mesgporous Maer.2012, 155, 0, 16-23.
31. Yanagisawa, M.; Uchida, S; Fujishiro, Y.; Sao, T., J
Mater. Chen. 1998, 8, 12, 2835-2838.

32. Liu, G.; Wang, L.; Yang, H. G.; Cheng,H.-M_; Lu, G. Q.
Jd Mater. Chem. 2010, 20, 5, 831-843.

33. Akatsuka, K.; Tekanashi, G.; Ebina Y.; Haga, M.a;
Saski, T., J Phys Chem. C2012, 116, 23, 12426-12433.

34. Osda, M.; Saseki, T., ECSTrans 2013,50, 6, 111-116.
35. Saski, T.; Watanabe, M.; Hashizume, H.; Yamada, H.;
Nekazawa, H., / Am. Chemn. Sc. 1996, 118, 35, 8329-8335.

36. Sasi, T.; Watandbe, M., J Am. Chern. Soc. 1998, 120,
19, 4682-4689.

37. Paek, S M.; dung, H.; Leg, Y. J; Park, M.; Hwang, S J;
Choy, J H., Chen. Mater.2006, 18,5, 1134-1140.

38. Kim, T.W.; Ha, H. W.; Pagk, M. J; Hyun, S H.; Bagk, I.
H.; Choy, J H.; Hwang, S J, J Ps Chen C 2008, 112, 38,
14853-14862.

39. Kim, T.W.; Hwang, S. J;; Jhung, S. H.; Chang, J S; Park,
H.; Choi, W.; Choy, J H., Adv. Mater. 2008, 20, 3, 539-542.

40. Choy, J H.; Leeg, H. C; dung, H.; Kim, H.; Boo, H.,
Chemigtry of Maerias2002, 14,6, 2486-2491.

41. Qiy, Y. C.; Chen,W.; Yang, S H., / Mater. Chern. 2010,
20, 5, 1001-1006.

42. Saski, T Bbing, Y. Kitami, Y.; Watandbe, M.; Oikawa,
T.,Jd Phys Chem. B2001, 105, 26,6116-6121.

43. Liu, G.; Wang, L. Z.; Sun, C. H.; Chen, Z. G.; Yan, X. X;
Cheng, L. N.; Cheng, H. M.; Lu, G. Q., Chemn. Commun. 2009, 0,
11, 1383-1385.

44, Yu, H.; Zhang, S Q.; Zhao, H. J; Will, G;; Liu, P,
Electrochim. Acta2009, 54, 4,1319-1324. 7


mailto:l.wang@uq.edu.au

45, Mills, A.; Elliott, N.; Hill, G.; Fallis, D.; Durrant, J. R;;
Willis, R. L., Photochemn. Photobiol. . 20083, 2, 5, 591-596.

46. Ito, S; Murakami, T. N.; Comte, P.; Liska, P.; Grétzd,
C.; Nazeeruddin, M. K.; Grétzd, M., Thin Slid Films2008, 516,
14,4613-4619.

47. Wang, L. Z.; S&kai, N.; Ebing, Y.; Takada, K.; Saszki, T,
Chemn. Mater.2005, 17,6, 1352-1357.

48. Wang, L. Z.; Omomo, Y.; S&ka, N.; Fukuda, K.; Naka,
l.; Bbing Y.; Takada, K.; Watanabe, M.; Saski, T., Chen. Mater.
2003, 15, 15, 2873-2878.

49. Gréazd, M., J Photochern. Photobiol., A 2004, 164, 1-3,
3-14.

50. Harms H. A, Tetreault, N.; Gussk, V.; Kasemo, B;;
Grazd, M., Phys Chemn. Chemn. Phys 2012, 14, 25, 9037-9040.
51. Zhang, H.; Han, Y.; Liu, X; Liu, P.; Yu, H.; Zhang, S;
Yeo, X.; Zhao, H., Chen. Cormmun. 2010, 46, 44, 8395-8397.

52. Yella A; Lee, H-W.; Tsao, H. N.; Yi, C.; Chandiran, A.
K.; Nazeeruddin, M. K.; Diau, E. W.-G.; Yeh, C.-Y.; Zakeeruddin,
S M,; Gritzd, M., Sience2011, 334, 6056, 629-634.

53. Choy, J-H.; Lee, H.-C.; dung, H.; Hwang, S-J, J Mater.
Chem. 2001, 11,9, 2232-2234.

54. Gunjakar, J L.; Kim,1.Y.; Lee, J M.; Leg, N.-S; Hwang,
S-J, Energy Environ. &.2013, 6, 3, 1008-1017.

55. Ten, B; Wu, Y. Y, J Piys Chen. B 2006, 110, 32,
15932-15938.

56. Zhang, Q. F.; Dandeneay, C. S; Zhou, X. Y.; Cao, G. Z,
Adv. Mater. 2009, 21, 41, 4087-4108.

57. Pang, S; Xie, T. F.; Zhang, Y.; Wei, X.; Yang, M.; Wang,
D.J;Du,Z.L., J Phys Chen. C2007, 111,49, 18417-18422.

58. Du, A. J; Ng, Y. H.; Bdl, N. J; Zhu, Z. H.; Amd, R;
Smith, S C., J Pys Chemn. Lett. 2011, 2,8, 894-899.

59. Ito, S; Liska, P.; Comte, P.; Charvet, R.; Pechy, P.; Bach,
U.; Schmidt-Mende, L.; Zakeeruddin, S M.; Kay, A.; Nazeeruddin,
M.K.; Gratze, M., Chemn. Commun. 2005, 34, 4351-4353.

60. Huang, S Y.; Schlichthorl, G.; Nozk, A. J; Gratzd, M.;
Frank, A.J, J Phys Chen. B1997, 101, 14, 2576-2582.

61. Gregg, B. A; Pichot, F.; Ferrere, S; Fidds, C. L., J Pays
Chemn. B2001, 105, 7, 1422-1429.

62. Zaan, A, Greenshten, M. Bisquet, J,
ChemPhysChem?20083, 4, 8, 859-864.

63. Kuang, D.; Uchida, S; Humphry-Baker, R;
Zakeeruddin, S M.; Grétzdl, M., Angew. Chemn. Int. Ed. 2008, 47,
10, 1923-1927.

64. Liao, J-Y.; Lin, H.-P.; Chen, H.-Y.; Kuang, D.-B.; S, C-
Y., d Mater. Chen.2012,22, 4, 1627-1633.



Table of Contents

Porous TitaniaNanosheet/ Nanopartide Hybrids as Photoanodes for Dye-sensitized Solar Cells

e > Pillared Nanohybrids Layer
= Compact TiO, NP Layer

@ --> Nanoparticle

3—-9 Nanosheet




Supporting Information

Porous Titania Nanosheet/Nanoparticle Hybrids as Photoanodes
for Dye-sensitized Solar Cells

Yang Bai,* Zheng Xing,* Hua Yu,* Zhen Li, > Rose Amal,? and Lianzhou Wang**

*ARC Centre of Excellence for Functional Nanomaterials, School of Chemical Engineering and Australian Institute
for Bioengineering and Nanotechnology, The University of Queensland, St Lucia, Brisbane, QLD 4072 Australia.

> Institute of Superconducting and Elctronic Materials, Australian Institute of Innovative Materials, The University
of Wollongong, Squires Way, Northwollongong, NSW 2500, Australia.

‘ARC Centre of Excellence for Functional Nanomaterials, School of Chemical Engineering, The University of New
South Wales, Sydney, NSW, 2052, Australia.

*Corresponding Author. Email Address: Lwang@ug.edu.au

1-Propanol . Tltanllll‘l‘l
o isopropoxide
g
T2 2
e X
&
Layered H, ¢3Ti, 5504
m E H .
E = HNO; solution
g 22 S
= s O ==
S S T s
=8 2t
E.
(g}

BA* om ®
TBA* %o+
7, a o +@ 4 O+
Exfoliated Ti, 4;0, Nanosheets EEj Anatase Nanoparticles

e

Layered Titania Nanohybrids
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S-Figure 2 TEM of a) exfoliated Ti, O, nanosheets, and b) anatase nanoparticle prepared from hydrolysis of

titanium isopropoxide.

S-Figure 3 TEM of restacked nanohybrids.
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S-Figure 4 Raman spectra of P25, NP and NH films.

S-Figure 5 Corresponding photos of NP, P25 and NH films after dye adsorption.
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S-Figure 6 IPCE of DSSCs based on P25, NP and NH photoanodes.
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S-Figure 7 a) J-V curves and b) IPCE of DSSCs based on photoanodes composed of commercial Dyesol

paste (18NR-T Transparent Titania Paste).
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