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Amorphous Zinc Stannate (Zn,SnO,) Nanofibers Networks
as Photoelectrodes for Organic Dye-Sensitized Solar Cells

Seung-Hoon Choi, Daesub Hwang, Dong-Young Kim, Yann Kervella, Pascale Maldivi,

Sung-Yeon Jang,* Renaud Demadrille,* and Il-Doo Kim*

A new strategy for developing dye-sensitised solar cells (DSSCs) by com-
bining thin porous zinc tin oxide (Zn,SnO,) fiber-based photoelectrodes with
purely organic sensitizers is presented. The preparation of highly porous
Zn,SnO, electrodes, which show high specific surface area up to 124 m?/g
using electrospinning techniques, is reported. The synthesis of a new organic
donor-conjugate-acceptor (D-7-A) structured orange organic dye with molar
extinction coefficient of 44 600 M~ cm is also presented. This dye and two
other reference dyes, one organic and a ruthenium complex, are employed
for the fabrication of Zn,SnO, fiber-based DSSCs. Remarkably, organic dye-
sensitized DSSCs displayed significantly improved performance compared to
the ruthenium complex sensitized DSSCs. The devices based on a 3 um-thick
Zn,SnO, electrode using the new sensitizer in conjunction with a liquid elec-
trolyte show promising photovoltaic conversion up to 3.7% under standard

this record power conversion efficiency
(PCE).B! For improving the performances
of DSSCs, many different strategies have
been recently explored. One can cite the
use of dye antenna, energy relay dyes, and
inorganic dyesP!] or alternatively the devel-
opment of new oxides or tandem solar
cells.?8 In this work we have combined
two approaches by synthesizing new dyes
with high molar extinction coefficients
and by developing new oxide films with
large total surface area and high electron
mobility.

Among the materials routinely used for
the fabrication of high efficiency DSSC,
one can cite the nanostructures made of
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AM 1.5G sunlight (100 mW cm~?). This result ranks among the highest

reported for devices using ternary metal oxide electrodes.

1. Introduction

Since the pioneer work of Gritzel and O’Regan in the early
1990s,1 dye-sensitized solar cells (DSSCs), have attracted
increasing attention as third generation photovoltaic (PV) cells
due to their convenient and low cost fabrication process, and
their relatively high efficiency.”) The breakthrough in the pho-
toelectric conversion efficiency of DSSCs achieved in the early
1990s is now being intensively pursued and efficiencies as
high as 12.3% have been reached within the last years.¥ Sev-
eral advances in the design of dyes and electrolytes have led to

titanium dioxide. TiO, photoelectrodes
have been the focus of a tremendous
number of studies over the last years.[
However, more recently new materials
have been introduced to replace TiO, and
efficiently used for the fabrication of DSSC. Previous research
has been restricted to binary oxides, including ZnO,! Sn0,,[®
NDb,0s,”! and In,0;.8! In contrast, the application of multi-
cation oxides has been scarcely investigated. In comparison
with simple binary oxides, multication oxides have several
strong advantages. By altering their composition, i.e., by varying
the relative elements ratio, their band gap energy, work func-
tion, and electric resistivity can be readily tuned. Considering
the availability of a wide range of multi-cation oxides and their
tunable properties, it could be interesting to explore their appli-
cations as photo-electrodes in DSSCs with a potential to obtain
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new materials with better performance than
anatase TiO,. To the best of our knowledge,
only two types of ternary oxides, SrTiO;®! and
Zn,Sn0,,["% have been reported for the fabri-
cation of photo-electrodes in DSSCs.

Among the multication oxides, zinc stan-
nate (Zn,SnO,) is a transparent conducting
oxide (TCO) material which could lead to
promising performances in DSSCs since
it has a band gap of 3.6 eV and an electron
mobility up to 15 cm? V! s The first example of applica-
tion of Zn,Sn0O, in DSSC was reported by Wu and co-workers.
In this work, the photoelectrode was fabricated using nano-
particles formed by decomposing a mixture of zinc and tin ter-
butylamine complexes under hydrothermal conditions.'? The
highest energy conversion efficiency of 4.7% was achieved from
a Zn,Sn0, cell with 10 um film thickness employing N719 as
sensitizer.!

Sensitizing dyes are another key element in high efficiency
DSSCs. Although high performances DSSCs have tradition-
ally been fabricated using ruthenium-based complexes,** high
price due to limited availability of ruthenium on earth, limits
the practical and extended industrial application of ruthenium-
containing DSSCs. Besides, even though “champion” ruthe-
nium-based complexes, such as N3 or CYC B11, show broad
absorption spectra, unfortunately they also have low molar
extinction coefficients (< 25 000 M~ cm).2e14]

To overcome these barriers, several promising organic dyes
specifically designed to be grafted on Zn, Sn, and Ti based
oxides, have been synthesized over the past five years."”
Because of their higher molar extinction coefficients compared
to ruthenium based dyes, the thicknesses of the semiconducting
oxide layers (and as a consequence the amount of material nec-
essary to fabricate them) can be significantly decreased without
reducing the light-harvesting efficiency and the performances
of the solar cells.

Here, we propose a new strategy for developing DSSCs by
combining thin porous Zn,SnO, fiber-based photoelectrodes
prepared via electrospinning (e-spin) with purely organic sen-
sitizers. In this work, the sub-micrometer scale of Zn,SnO,
fibers, embedded by nanoscale particles, which are constructed
by in situ phase separation between an inorganic precursor
Zn(0Ac),-Sn(OAc), and polymer matrix, i.e., poly(vinylacetate),
enabled the fabrication of efficient DSSCs after sensitization of
organic dyes. Three different sensitizers, two donor-conjugate-
acceptor (D-7-A) structured organic dyes and a ruthenium
complex (N719) dye were used for the fabrication of Zn,SnO,
fiber-based DSSCs. For the organic sensitizers, we selected first
a dye known as TA-St-CA['® for which a photoconversion effi-
ciency in DSSCs was demonstrated to be as high as 9% under
open-cell conditions (without an aperture mask) and secondly
we synthesized an analogue of this dye containing an additional
thiophene subunit, abbreviated as TA-TV-CA. The perform-
ance of DSSCs using Zn,SnO, fiber photoelectrodes with these
three dyes were investigated, and the advantages of thin porous
photoelectrodes were discussed. Remarkably, organic dye
sensitized DSSCs displayed significantly improved perform-
ance compared to the N719 sensitized DSSCs. The optimized
(PCE) of TA-TV-CA sensitized cells reaches ca. 3.7% on a 3 um-
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Scheme 1. Chemical structures of organic sensitizers TA-St-CA and TA-TV-CA.

thick Zn,SnO, electrode, which is slightly higher than that of
TA-St-CA sensitized cells (3.5%) on a 4 um-thick Zn,SnO,
electrode. The PCEs of both organic dyes were =2.5 times
higher that that of N719 (1.4%). Considering that the best per-
formances of the organic dye are obtained with a relatively low
film thickness (<4 um) of Zn,Sn0O,, the results look promising
in the perspective of application to solid-state cells.!'”]

2. Results and Discussion
2.1. Organic Dyes

2.1.1. Design and Synthesis

Scheme 1 shows the chemical structures of organic dyes TA-St-CA
and TA-TV-CA that have been prepared in this study. Both dyes
contain a tri-phenylamine electron-donating group connected
by a m-conjugated spacer to a cyanocarboxylic acid that acts as
an electron-accepting group and anchor for the grafting onto
the surface of the photoelectrodes.

TA-St-CA dye was first reported by Hwang and co-workers
in 2007 and was found to be a highly efficient sensitizer for
TiO,, Using this dye, solar cells showing a short-circuit cur-
rent density (J) of ca 18 mA cm™ were fabricated.!'% It is well
known that the J,. of DSSCs is strongly related to the light
absorption range of sensitizers. For that reason, we decided
in this work to synthesize an analog of TA-St-CA containing
an additional thiophene unit in the m-conjugated spacer. The
incorporation of electron-rich thiophene ring is expected to
enhance the intramolecular charge transfer that occurs in such
molecular systems and to result in a bathochromic shift and
an increase of the absorption band located in the visible part
of the spectrum.

TA-St-CA was prepared in three steps according to published
procedures.'% Figure 1 presents the synthetic strategy which
has been developed to access TA-TV-CA. This thiophene con-
taining dye was prepared in a very straightforward manner in
three steps starting from commercially available compounds
such as 4-(thien-2-yl)benzaldehyde. After bromination of the
starting material using N-bromosuccinimide (NBS), compound
(1) is obtained in a good yield (71%) and then coupled through
a palladium-catalyzed cross-coupling reaction according to Heck
conditions to N,N-diphenyl-4-vinylaniline (TA-Vinyl!'®). The
molecule (2) was obtained in 41% yield and this intermediate
was then converted in the next step into the expected dye by
Knoevenagel condensation reaction. Starting from 4-(thien-2-yl)
benzaldehyde the overall yield for the preparation of TA-TV-CA
was 20%.
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Figure 1. Synthetic route of TA-TV-CA. Reaction conditions: i) NBS, N,N-dimethylformamide
(DMF), methanol (CH;0H), 0 °C to room temperature, 2 h. ii) Trans-di(u-acetato)bis[o-(di-
o-tolylphosphino)benzyl] dipalladium(ll), 2,6-di-tert-butylcresol, Na,CO3, N,N-dimethylaceta-
mide (DMAc), 135 °C, 24 h. iii) Cyano-acrylic acid, acetonitrile (ACN), few drops of pyridine,

reflux, 2 h.

2.1.2. Optical and Electrochemical Properties

The UV-Vis absorption spectra of TA-St-CA and TA-TV-CA in
dilute ethanol solution are shown in Figure 2. As expected,
the thiophene-containing dye TA-TV-CA shows an absorption
band that is red-shifted by 20 nm compared to its analog. The
red shift of the maximum wavelength of absorption and the
onset is caused by the increase of the conjugation length of the
n-conjugated bridge due to the incorporation of the thiophene
unit. In addition to the shift and the broadening of the absorp-
tion spectrum, the molar extinction coefficient at the maximum
absorption wavelength of this dye is strongly increased com-
pared to TA-St-CA (¢ =36 100 M~lcm™) and reaches & = 44 600
M~lem™ in ethanol. It should be noted that the molar extinc-
tion coefficient of the new dye is almost two times higher than
the ones of most of ruthenium complex photosensitizers!'® and
three times higher than the one of N719.1'4

To investigate the molecular energy levels of the dyes and
to evaluate the possibility of electron transfer from the excited
state of the dye molecules to the conduction band (CB) of
Zn,Sn0, and from the electrolyte to the oxidized molecules,
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electrochemical experiments were carried
out. The highest occupied molecular orbital
(HOMO) energy levels of the organic dyes

H
Y were estimated from the onset of their oxi-
@) dation potentials by using cyclic voltam-
l i metry. TA-StCA and TA-TV-CA showed
quasi reversible oxidation waves at 0.40 V
HO,C

and 0.30 V, respectively (vs. Fc*/Fc), whereas
their reduction waves were found to be irre-
versible. Therefore, the lowest unoccupied
molecular orbital (LUMO) energy levels of
the dyes were calculated from the HOMO
values and the optical band gap estimated
from the absorption edge of their absorption
spectra. The optical data, the HOMO-LUMO
energy levels positions and band gap ener-
gies are summarized in Table 1.

The results obtained for TA-St-CA are in
good accordance with those reported previously.'®! As expected,
we found that the incorporation of a thiophene unit in the
dye structure results in the rise of the HOMO energy level by
0.1 eV. The HOMO energy level position of TA-TV-CA is located
at—5.10 eV while the one of TA-St-CA is at -5.20 eV. The LUMO
energy level position seems not to be affected and is found at
-2.70 eV for both dyes.

The experimental values were compared to those obtained
from density functional theory (DFT) calculations and were
found relatively similar with deviations of less than 0.3 eV. We
report in Figure 3 the calculated molecular orbital energy dia-
gram for TA-St-CA and TA-TV-CA, along with iso density plots
of the HOMO and LUMO. The dyes show a directional elec-
tron distribution, with the delocalization of the HOMO on the
triphenylamino group and the n-conjugated bridge. The LUMO
of both dyes were predominantly delocalized on the phenylvi-
nylcyanoacetic units. This electron distribution should facilitate
the reduction of the oxidized dyes by the electrolyte and favor
the injection of electrons into the Zn,SnO, electrodes.

From the experimental and theoretical data we can conclude
that the energy levels positions of both dyes provide a favorable
matching with the CB of Zn,SnO, (located
around -3.9 eV vs. vacuum)!Yl and from the

0,5~ redox level of the I37/I" based electrolyte,
045~ which is situated at —4.83 eV vs. vacuum.f]
= 04 - — TA-St-CA
© 035 - . -
T o3- —— TA-TV-CA  2.2. Preparation and Characterization
E ’ of the Zn,SnO, Fiber-based Electrodes
S 025
; 02 - 2.2.1. Preparation of the Zn,SnO, Fibers
w 0,15

0,1 -
0,05 -

The Zn,SnO, fibers were synthesized
by e-spinning a zinc acetate/tin acetate/
poly(vinylacetate) (PVAc) solution in DMF
using a single spinneret. Figure 4a—d presents

300 330 360 390 420 450 480 510

A/ nm

Figure 2. Absorption spectra of TA-St-CA and TA-TV-CA in ethanol (10> M).

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

microstructures of electrospun zinc stannate
fibers obtained after heating from 450 °C
to 700 °C for 1 h. The as-spun Zn(OAc),-
Sn(OAc),/PVAc composite nanofibers exhibit
randomly oriented fibers in the form of

540 570
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Table 1. Optical and electrochemical properties of TA-St-CA, TA-TV-CA and N719.5f]

Dye A max € HOMO? LUMO® E© HOMOCk LUMOCake
[nm] M em™] [eV] [eV] [eV] [eV] [eV]
TA-St-CA 407 36 100 -5.20 -2.70 2.50 -5.31 -3.01
TA-TV-CA 427 44 600 -5.10 -2.70 2.40 -5.15 -3.01
N7199 535 13 500 -5.38 -3.06 232 - -

?)Estimated from the oxidation potential, determined by cyclic voltametry (HOMO vs. Fc*/Fc(,q = —4.8 V); b)Estimated from the edge of the absorption spectrum. Calcu-

lated from the band gap and the HOMO value; 9Estimated from the edge of the absorption spectrum; 9See ref. [3f]

nonwoven mats with diameters ranging from 380 to 752 nm
and lengths of several hundred micrometers (Figure 4a). Calci-
nation of the composite fibers at 450 °C resulted in the forma-
tion of Zn,SnO, fibers as a result of the decomposition of PVAc
matrix. Diameters of Zn,SnO, fibers ranged from 352 to 705
nm. During calcinations step, slight shrinkage was observed
due to the densification of the Zn,Sn0O, fibers.

2.2.2. Structural Characterization of the Zn,SnO, Fibers

Figure 4a shows surface morphology of as-spun Zn(OAc),-
Sn(OAc)4/PVAc composite fibers in the diameter range of
300-800 nm. After calcination at 450 °C, Zn,SnO, fibers
with relatively rough surface morphology were prepared after
thermal decomposition of PVAc. In order to clearly examine the
microstructural evolution of the inner morphology of porous
Zn,SnO, fibers, we conducted focused ion beam (FIB)-SEM
analyses on a single Zn,SnO, fiber. Figure 4c shows the longi-
tudinal and cross-sectional images of FIB-cut Zn,SnO, fiber cal-
cined at 450 °C. The surface and inner morphology of the fibers
are highly porous and smooth. On the contrary, as the calcina-
tion temperature increased up to 700 °C, Zn,SnO, fibers crys-
tallized into inverse spinel Zn,SnO, phase with rougher surface
structures retaining its highly porous surface and inner mor-
phology (Figure 4d). The high porosity is originated from phase

E (eV)
TA-St-CA

TA-TV-CA

2.0 —
25 — -
-3.0 — LUMO : -3.01 eV )
35 —
4.0 —
45 —
5.0 —

HOMO : -5.31 eV ‘
-5.5 —

Figure 3. Frontier orbitals (HOMO and LUMO) of TA-St-CA and TA-TV-CA optimized with DFT

at the B3LYP/TZ2P level.
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separation between PVAc polymer and inorganic salts. Polymer
(PVAc) rich region is converted into voids after calcinations at
700 °C while inorganic precursor rich region is converted into
polycrystalline Zn,SnO, solid fibers. Detailed morphological
characteristics are described in our previous work.[!%]

Calcined metal oxide fibers often suffer from poor adhesion
to the substrates. In the case of Zn,SnO, fibers, after calcination
at 450 °C, the fibers can peel off from the substrate. To over-
come this problem, we introduced a thermo-compression step
to drive better adhesion of the PVAc matrix that has relatively
low glass transition temperature (30-40 °C), onto FTO-coated
glass substrate prior to calcination procedure. After the thermo-
compression and subsequent heat treatment, the Zn,SnO,
fibers were not peeled off from the substrate during the rest of
cell fabrication process. Interestingly, well-interconnected fused
morphologies of the Zn-Sn precursor/PVAc composite fibers
were obtained due to the partial welding of the PVAc (Figure 4e).
Subsequent calcination at 450 °C for 1 h in air resulted in a
highly porous network structure (see Figure 4f) with high spe-
cific surface area of 124 m?/g determined using the Brunauer-
Emmett-Teller (BET) method. It should be noted that this
value is the highest ever reported for Zn,SnO, electrode. The
inset image of Figure 4f emphasizes that the Zn,SnO, fibers
are composed of nanoparticles of less than 5 nm in diameter.
Figure 4g shows FIB-cut cross-sectional image of Zn,SnO,
fibers calcined at 450 °C. The thickness was
3 um and a highly porous structure was
observed. The smaller pores were found at
the interior of the Zn,SnO, fibers while the
large pores appeared at macroporous regions
separating the individual fibers. The unique
structural features with bimodal pore size
distribution are very advantageous, providing
high porosity for efficient permeability of
dye-solution and electrolytes into the inner
fibers while maintaining a high surface area
for enhanced surface photosensitization.

In order to determine the microstructure
and for phase identification of Zn,SnO,
fibers in greater detail, we carried out high-
resolution transmission electron microscopy
(HR-TEM) analysis (Figure 4h—j). Figure 4h
shows TEM images of randomly distributed
Zn,Sn0, fibers with diameters in the range
of 350-700 nm. The image indicates that the
surface of the Zn,Sn0O, fibers is relatively
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Figure 4. a) SEM image of as-spun Zn(OAc),-Sn(OAc),/PVAc composite fibers; b) SEM image of Zn,SnO, fibers calcined at 500 °C; c) cross-sectional
view of Zn,SnO, fibers calcined at 500 °C; d) Zn,SnO, fibers calcined at 700 °C (reference); e) hot-pressed Zn(OAc),-Sn(OAc),/PVAc composite fibers;
f) SEM image of Zn,SnO, fibers calcined at 450 °C after hot-pressing step; g) cross-sectional view of Zn,SnO, fibers calcined at 450 °C after hot-
pressing step; h) TEM image of Zn,SnOy fibers calcined at 450 °C after hot-pressing step; i) magnified TEM image in (h); j) magnified TEM image of
(i) and the inset shows the SAED patten; k) X-ray diffraction pattern of Zn,SnO, fibers calcined at various temperatures of 450 °C, 600 °C, and 700 °C.

porous (Figure 4i) and that the length of the Zn,SnO, fibers
can reach tens of micrometers. The inset image of Figure 4j
shows that an individual Zn,SnO, fiber has ring diffraction pat-
terns of an amorphous structure with no sharp peak features.
HR-TEM images of Zn,SnO, fiber showed no crystalline lattice
fringe, indicating an amorphous structure. This is in a good
agreement with the XRD analysis. Figure 4k shows the X-ray
diffraction (XRD) pattern of Zn,SnOy fiber after calcination at
various temperatures from 450 °C to 700 °C for 1 h. The XRD
spectra show that the Zn,SnO, fibers calcined at 450 °C have an
amorphous structure. One broad peak was observed at around
34°, which originated from the amorphous Zn,SnO, fibers,
and noticeable sharp crystalline peaks were not found, con-
firming noncrystalline nature. Until up to 600 °C calcination,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

amorphous nature was maintained. After calcination at 700 °C,
characteristic peaks, i.e., (220), (311), (220), (400), (422) and
(511), of crystalline zinc stannate were clearly observed. Consid-
ering stable processing temperature limitation of FTO-coated
glass substrate and optimized microstructures possessing fiber
networks with high porosity and small particle sizes, we uti-
lized amorphous-like Zn,Sn0O, fibers calcined at 450 °C as a
photoelectrode for application in DSSCs.

2.3. Photovoltaic Performance of DSSCs

In order to highlight the impact of the higher molar extinc-
tion coefficient of the organic sensitizers, we have fabricated

Adv. Funct. Mater. 2013, 23, 3146-3155
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< erence dye to evaluate the performances of the organic dyes. -
£ The dye sensitization time was 14 hours for all cells. DSSCs b
— 6 were fabricated using a conventional liquid electrolyte with 0.7 9
;-? M 1-methyl-3-n-propylimidazolium iodide/0.1 M LiI/0.03 M ;
L 4 1,/0.5 M 4-tert-butylpyridine in a mixture of acetonitrile and
8 valeronitrile (85/15, V/V). The typical active area of the cells was
- about 0.40 cm?. The current density-voltage (J-V) characteris-
q:, 2+ tics of Zn,SnO, fiber based DSSCs sensitized with a range of
E dyes were shown in Figure 5, where open-circuit photovoltage
S 0 | | | (Vioe), short-circuit photocurrent density (J), fill factor (FF), and
PCEs can be obtained. The measurement was performed under
0.0 02 0.4 0.6 0.8 simulated AM 1.5G irradiation (100 mW cm™2, one sun condi-
Bias (V) tion). Direct comparison of the DSSCs performance conducted
on the same thicknesses for the electrodes demonstrate clearly
10 higher efficiency by organic dyes. Even for the lowest thick-
B TA-St-CA . ; g Eg ness of Zn,Sn0O, layer (1.5 um) our new organic dye TA-TV-CA
8 e 40 §m produced PCE of 2.77% (Js = 6.39 mA cm™2, V,. = 0.73 V and

Current Density (mAlcmZ)
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the sensitization of the Zn,SnO, electrodes employing these
dyes are determined to be 1:1 ratio of dye/CDCA (5 x 10~
M/5 x 10™* M). N719 ruthenium based dye was used as a ref-

FF = 0.58). DSSCs using both organic dyes exhibited similar
V,. and FF values; however the TA-TV-CA based cells demon-
strated a much higher .. This result is due the enhanced light
harvesting by TA-TV-CA since its absorption spectrum is red-
shifted towards the visible and its molar extinction coefficient
is higher than the one of TA-St-CA. The values from the J-V
characteristic measurements of DSSCs are listed in Table 2.
The incident photon to current efficiency (IPCE) analysis
results of DSSCs sensitized with a range of dyes, are plotted as
a function of excitation wavelengths in Figure 6. High plateau
was obtained on the IPCE spectrum of TA-TV-CA based cells,

0.0 0.2 0.4 0.6 0.8 . .
and it was red-shifted =25 nm compared to that of TA-St-CA
Bias (V) based cell. This result is coincident with the result of absorp-
tion spectra of the organic dyes. The maximum IPCE of the TA-
10 TV-CA was 629 at 450 nm, while that of TA-St-CA was 65% at
—_— C N719 —* 1.5um ..

o OH s 30 420 nm. The IPCE of N719 was significantly lower than that
g 8 O~ \;>\—OH —e— 40 um of the organic dyes, when the identical photoelectrode thick-
< /\\ /:\ ness was used, although it spread in a wider wavelength than
E 6l BuN® e/ Q\N4/ BN that of organic dyes. The maximum IPCE of N719 was 17%
- O\M/P NJR \__N =\ at 550 nm. This reduced IPCE is attributed to the lower molar
%’ 7\ _/ u// uhk\o extinction coefficient of this dye. By increasing the thickness of
c 44 SCN  Ncs
[<3)

(]
b= 2] Table 2. Current-voltage (/-V) characteristics for DSSCs based on the
o organic dyes TA-St-CA, TA-TV-CA, and the reference dye N719.
o
>
(&) 0 T T T Thickness of Zn,SnO, Dye Jse Voe FF PCE
0.0 0.2 0.4 0.6 0.8 photoelectrode [mAcm™2] [mV] [%] [%]
. 1.5um TASLCA 462 756 71.0 2.48
Bias (V) TATV-CA 639 728 58.6 2.77

Figure 5. Photocurrent density-voltage (J-V) curves of DSSCs based on N719 2.59 818 55.3 1.17

Zn,SnO, photoelectrode and various sensitizers (TA-St-CA, TA-TV-CA and 3.0 um TA-St.CA 6.20 750 71.9 335

N719) under AM 1.5G irradiation (100 mW cm™2), active area 0.40 cm?.

TATV-CA 8.1 717 63.2 3.67

DSSCs varying the thickness of Zn,SnO, fiber photoelectrodes N719 2.85 756 65.7 1.41

(1.5 um, 3 um and A.L.um). The organic d.yes, TA-StCA and 4o m TASLCA 657 744 717 3.50

TA-TV-CA, Were. sen.smzed with a conventional c.o-adsorbent, TATV.CA 766 745 623 355

chenodeoxycholic acid (CDCA), to prevent undesirable aggre-

N719 2.75 744 68.6 1.40

gation on the electrode surface. The optimized conditions for

Adv. Funct. Mater. 2013, 23, 3146-3155 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 3151
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the Zn,SnO, electrodes, we observed an overall performance
enhancement of the DSSCs for all dyes. While the performance
improvement of N719 based cells was moderate, the photo-con-
version efficiency (PCE) of the organic dyes based cells reached
to 3.67% for TA-TV-CA on 3 um-thick electrodes (J;. = 8.11 mA
cm™2, V,. = 0.72 V and FF = 0.63), and 3.50% for TA-TV-CA on
4 um-thick electrodes (Jo = 6.57 mA cm™2, V,. = 0.74V and FF
= 0.72). It should be noted that the performance of the organic
dyes were significantly higher compared to the ruthenium
based dye N719 in our Zn,SnO, photoelectrode based cells.
The incorporation of additional thiophene unit in the chemical
structure of the organic dye allows for 16 to 38% improvement
of the current densities delivered by the cells in all the electrode
thickness we tested. The thiophene-containing dye, TA-TV-
CA, showed consistently enhanced performances compared to
TA-St-CA for a given thickness of Zn,SnO, photoelectrodes.
The efficiency of circa 3.7% at 1 sun for the TA-TV-CA sensi-
tized Zn,SnOy, cell (with an electrode thickness of 3 um) ranks
among the highest efficiencies reported for Zn,SnO, (up to
4.7%)1%4 and ZnO (up to 5%)?% and for SnO, (up to 3.1%)!°
fabricated under hydrothermal conditions. Besides it should be
underlined that all these records were obtained using electrodes
showing higher thicknesses ranging from 10 um to 14 um.

10
L TA-TV-
E L CA A
o
‘é TA-St-CA
2
‘@
S 4 n7o
o
s 27
5
O 0 T T T
0.0 0.2 0.4 0.6 0.8
Bias (V)
B —e— TA-TV-CA

TA-st-CA
—- N719

60 | ;‘-'-

Quantum Efficiency (%)

300 400 500 600 700

Wavelength (nm)

Figure 6. A) J-V curves and B) IPCE spectra for DSSCs based on Zn,SnO,
photoelectrode and various sensitizers.
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The enhanced J,. and IPCEs of organic dyes compared to
N719 were further characterized in terms of dye-uptake using
Langmuir adsorption isotherm plot.?!] To study the dye-loading
process, UV-vis absorption spectra of the three dyes adsorbed
on Zn,Sn0O, nanofibers were acquired. The amount of adsorbed
dye can be calculated using the extinction coefficient of the TA-
St-CA, TA-TV-CA and N719 dye (3.6 x 107, 4.5 x 107 and 1.4 x
107 mol~! cm? at the wavelength of 407, 427 and 535 nm, respec-
tively). Figure 7 shows the plots for the absorbance versus the
dye loading time, and the corresponding dye adsorption amount
that is represented by the right y-axis in the graphs. The dye mol-
ecules are absorbed rapidly in a few hours, and then the adsorp-
tion process slowed down afterward reaching saturation. Both
organic dyes displayed much higher saturated dye-loading level
(>13 X 107° mol cm™2) than N719 (=8 x 10~ mol cm™) revealing
another cause of enhanced Js¢c in the organic dyes based cells
(Figure 7). The adsorption process can be described using the
following equation where 6 is the dye coverage, k represents the
reaction constant, and n is the reaction order.??l

_d-9) _ K16y
dt (1)
We fitted the adsorption data using equation 1 with different
reaction orders of n = 0, 1, and 2 and found that it could be
best represented as a first-order reaction. The inset in Figure 7
shows the fitting result with n = 1, where In(1- 6) exhibited a
linear dependence on the dye loading time t. From this fitting
the reaction constant x could be calculated, which was 0.015
min~! for TA-St-CA, 0.015 min~! for TA-TV-CA and 0.004 min~!
for N719 dye, respectively.

3. Conclusion

We have reported the preparation of thin porous amorphous
Zn,Sn0O, fiber-based photoelectrodes via electrospinning. The
surface and inner morphologies of the fibers are highly porous
and smooth, with high specific surface area of 124 m? gL Three
different sensitizers, two donor-conjugate-acceptor (D-m-A)
structured organic dyes and a ruthenium complex (N719) dye
were used for the fabrication of Zn,SnQ, fiber-based DSSCs
and their performances were investigated. Among the two
organic sensitizers, the compound TA-TV-CA was specifically
designed and synthesized to show a broader and higher absorp-
tion spectrum compared to its analog TA-St-CA. Remarkably,
organic dye sensitized DSSCs displayed significantly improved
performance (=2.5 times higher) than that of the N719 sensi-
tized DSSCs. The best performances for the cells were obtained
using the new dye TA-TV-CA as sensitizer and reach 3.67% on a
3 um-thick Zn,Sn0O, electrode. This work highlights the poten-
tial of amorphous Zn,SnO, electrodes for the development of
efficient organic sensitized DSSCs and offer future perspective
for the development of solid state DSSCs.

4. Experimental Section

Preparation of Zn,SnO, Nanofibers Mat Films: Poly(vinyl acetate)
(PVAc, M,, = 1 300 000 mol g™') was synthesized using bulk radical
polymerization. Zn(CH;COO0),-2H,0 (99%+) and Sn(CH;CO0),
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(99%+) were purchased from Aldrich. Anhydrous
N,N-dimethylformamide (DMF) was obtained
from J.T Baker. The chemical reagents were used
without further purification. For the synthesis of
zinc tin oxide fibers, the precursor solution for
electrospinning was prepared by dissolving 1.756
04 e : g of Zn(CH;CO0),2H,0 (Zn(OAc),), 1.420 g of
Sn(CH;COO0), (Sn(OAc),) and 1.500 g of PVAC in
DMF (15.8 mL). During the electrospinning process
the solution was injected through a stainless steel
needle (25 gauge, orifice diameter = 250 um) that
was connected to a high-voltage DC power supply
(Bertan, High-voltage power supply series 230). The
solution was continuously fed through the nozzle
Dye Loading Time (Hour) using a syringe pump (KD scientific, 781200) at
0 a rate of 20 uL min". High voltage (17.2 kV) was
| I I I I applied between the needle and the grounded
0 5 10 156 20 collector, located 15 cm below the needle. The
. . precursor solution was directly electrospun on
Dye Loadlng Time (HOUI') F:SnO, (FTO) coated glass. The as-spun Zn(OAc),,
Sn(OAc),/PVAc composite fiber mats were then
pressed using preheated metallic plates at 120 °C
for 5 min. A 1 cm thick Teflon plate was inserted
between the Zn(OAc),-Sn(OAc),/PVAc composite
fiber mats and the plate to apply a uniform pressure
(120 kg cm™2) and prevent sticking of the fibers to
the plate. Subsequently, the samples were calcined
at 450 °C for 1 h in air.

Characterization of the Zn,SnO, Nanofibers
Mat Films: The morphology and microstructural
evolution were examined by field emission scanning
electron microscopy (FE-SEM, JEOL JSM 6330F). A
focused ion beam (FIB, NOVA 600, FEI) was used
to cut sharp cross sections of the Zn,SnO, fibers
or mats calcined at 450 °C for closer examination
0.0 - o of their inner morphology. High-resolution TEM

Diys Lomding Tires (Heux) 0 (HR-TEM, Tecnai G2 (FEl)) were used for the
| I I I I microstructural analyses of the prepared fibers.
0 5 10 15 20 Thermogravimetric studies were carried out using a

TG-2050 thermal analyzer system (Ta instruments,

Dye Loading Time (Hour) Inc.). X-ray diffraction (XRD) was used to examine

the phase composition of Zn,SnO, fiber mats.

The surface areas of the Zn,SnO, fibers were

investigated using the Brunauer-Emmett-Teller
(BET) method (Belsorpmini, BEL Lapan Inc.).

Synthesis  of the Dye TA-TV-CA: N,N-
Diphenylaminobenzaldehyde,4-bromobenzaldehyde,
2-cyanoacetic  acid, di-tert-butyl-p-cresol,  pipe-
ridine, pyridine, potassium tert-butoxide
(1.0 M solution in tetrahydrofuran (THF)),
methyltriphenylphosphonium  were  purchased
from Aldrich or TCl chemicals and used as
received. 4-(thien-2-yl)benzaldehyde and N-Bromo-
Succinimide (NBS) were purchased from Fisher
Chemicals. The solvents, such as absolute
methanol, N,N-dimethyl-formamide (DMF), N,N-
dimethylacetamide (DMAc), and acetonitrile from
Dye Loading Time (Hour) Aldrich were used as received. THF was used after

I I I I I distillation under sodium and benzophenone.

0 5 10 15 20 Spectroscopic grade solvents from Aldrich were

used for spectral measurements. N,N-diphenyl-4-

Dye Loading Time (Hour) vinylaniline (TA-Vinyl) was synthesized according

to reference 16. Alternatively the precursors and the

Figure 7. Absorbance of A) TA-St-CA, B) TA-TV-CA and C)N719 dye as a function of dye loading  organic dyes could be purchased from Kaironkem
time. The corresponding amount of the adsorbed dye molecules is also given by the right y-axis.  (http://www.kaironkem.com/).

Insets show the fitted adsorption rate (k) equation for a first-order reaction. The thickness of Synthesis  of  4-(5-Bromothiophen-2-yl)-benzaldehyde

the Zn,SnO, fiber photoelectrodes was 3 um. (7): In a two-neck flask, 0.750 g (3.98 mmol) of
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4-(thien-2-yl)benzaldehyde were introduced and solubilized in 20 mL of
DMF. The mixture was cooled to 0 °C. Then 0.780 g (1,1 eq., 4.38 mmol)
of N-bromosuccinimide solubilized in a mixture of 10 mL of DMF and
10 mL of methanol were added dropwise over 30 min in the dark. The
resulting mixture was allowed to warm up to room temperature and
stirred for two hours. The reaction was then hydrolyzed using HCI
aqueous solution (TM) and then it was extracted using diethylether
(50 mL). Organic phase was washed with brine and dried over Na,SO,.
After filtration and evaporation of the solvent, the product was
crystallized from acetone to yield 0,750 g of a white solid (yield: 70.6%).
TH NMR (200 MHz, CDCly-d, ): 7.10 (dd, TH, J = 4.0 Hz, J = 0.5 Hz),
7.20 (dd, TH, J = 3.9 Hz, | = 0.5 Hz), 7.66 (d, 2H, J = 8.3 Hz), 7.88 (d,
2H, J = 8.2 Hz), 10.00 (s, TH).

Synthesis of 4-(5-(4-(Diphenylamino)styryl)thiophen-2-yl)-benzaldehyde
(2): In a three-neck flask, 0.750 g (2.81 mmol) of (1), 27 mg (1% molar)
of trans-di(u-acetato)bis[o-(di-o-tolylphosphino)benzyl] dipalladium(ll),
124 mg (20% molar) of 2,6-di-tert-butylcresol and 0.655 g (2.2 eq) of
sodium carbonate were dissolved in 15 mL of DMAC under argon. The
mixture was heated at 90 °C. Then 1.520 g of TA-Vinyl (2 eq.) solubilized
in 15 mL were added. After addition the mixture was heated at 135
°C and stirred during 24 h. The mixture was allowed to cool to room
temperature and then 100 mL of deionized water were added followed
by 100 mL of CH,Cl,. The organic phase was separated and washed with
100 mL of HCl aqueous solution (2 M) and 100 mL of brine. Then the
organic phase was dried over Na,SO,. After filtration and evaporation
of the solvent, the raw product was purified by column chromatography
on silica gel using a mixture of hexane and ethyl acetate as eluent (95/5,
v/v). The product was obtained as an orange solid. (0.520 g, yield:
40.5%). "H NMR (200 MHz, CDCly-d, 8): 7.08 (m, 10H), 7.35 (m, 6H),
7.52 (d, 1H, J = 8.58 Hz), 7.72 (d, TH, J = 3.81 Hz), 7.92 (q, 4H), 10.00
(s, TH).

Synthesis  of  2-Cyano-3-(4-(5-(4(diphenylamino)styryl)thiophen-2-yl)
phenyl)acrylic Acid (TA-TV-CA): The product was prepared using
Knoevenagel condensation conditions. In a two-neck flask 0.395 g (0.863
mmol) of (2) and 1.470g (20 eq.) of cyano-acrylic acid were dissolved
in acetonitrile under argon. Few drops of pyridine were added to the
mixture and the mixture was refluxed during 2 h. After cooling to room
temperature, the solvent was removed under vacuum and the crude
product was dissolved in chloroform (50 mL) then washed with 100
mL of HCl aqueous solution (2 M) and 100 mL of water. The organic
phase was dried over Na,SO, filtered and concentrated under vacuum.
The product was precipitated from hexane and recrystallized from THF-
hexane. After filtration the product was dried in an oven to yield 0.305 g
of a dark brown solid (yield: 69.6%). RMN 'H (DMSO-ds, 8): 7.10 (m,
9H), 7.35 (m, 6H), 7.52 (d, 2H, J = 8.68 Hz), 7.74 (d, TH, J = 3.84 Hz),
7.91 (d, 2H, J = 8.48 Hz), 8.10 (d, 2H, J = 8.66 Hz), 13.98 (s, TH). UV-vis
(Ethanol): Apmay (€) = 427 nm (44600). Anal. Calcd for C34H,4N,0,S: C
77.84, H 4.61, N 5.34, S 6.11; found: C 77.54, H 4.57, N 5.28, S 5.98.

Characterization of the Dyes: UV-vis absorption spectra were recorded
in solution on a Perkin-Elmer Lambda 2 spectrometer (wavelength
range: 180-820 nm; resolution: 2 nm). Electrochemical studies of
the synthesized molecules were carried out in a one compartment,
three-electrode electrochemical cell equipped with a flat platinum
working electrode (7 mm?), a Pt wire counter electrode, and a Ag wire
pseudo-reference electrode, whose potential was checked using the
Fc/Fct couple as an internal standard. The electrolyte consisted of
0.1 M tetrabutylammonium tetrafluoroborate (BuyNBF,) solution in
dichloromethane containing 1 to 2 x 10 M of the dyes (depending on
the solubility). The experiments were carried out in a glove box.

Device Fabrication: The Zn,SnO, fibers mat films were rinsed with
ethanol and then sintered at 500 °C for 30 min. After cooling to 80 °C,
the Zn,SnO, electrodes were immersed for 15 h at room temperature
into ethanol solution containing 3 x 107> M chenodeoxycholic acid
(CDCA) and 3 x 10 M of cis-di(thiocyanato)-N, N’-bis(2,2’-bipyridyl-
4-carboxylic acid-4"-tetrabutyl ammonium carboxylate) ruthenium(ll)
(N719, Solaronix), or TA-St-CA, or TA-TV-CA). For the counter electrode,
the FTO plates were drilled by a microdrill, washed with 0.1 M HCI
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solution in ethanol, and then subsequently cleaned in an ultrasonic bath
with water and ethanol for 15min. A Pt counter electrode was prepared
by drop casting of 5 mM H,PtClg in isopropyl alcohol onto the washed
FTO plates and then sintered at 400 °C for 20 min under air conditions.
The dye-adsorbed Zn,SnO, electrodes were rinsed with ethanol and
dried under nitrogen flow. Then they were assembled and sealed with
the counter electrode using the thermal adhesive films (Surlyn, Dupont
1702, 25-um-thick) as a spacer to produce sandwich-type cells. The
liquid electrolyte consisted of 0.7 M 1-propyl-3-methylimmidazolium
iodide, 0.03 M iodine, 0.1 M lithium iodide and 0.5 M 4-tert-butylpyridine
in a mixture of acetonitrile and valeronitrile (85/15 v/v). An electrolyte
solution was introduced through a drilled hole on the counter electrode.
Finally, the holes were sealed with a hot-melt films and a cover glass.
The active area of cell was about 0.40 cm?.

Dye Uptake: The annealed Zn,SnO, films were sensitized with 3
X 103 M chenodeoxycholic acid (CDCA) and N719 dye, TA-St-CA, or
TA-TV-CA, respectively. The amount of the adsorbed dye was monitored
as a function of time. The adsorbed dye was quantitatively determined
from the absorbance at 407, 427 and 535 nm measured by UV-vis
spectrophotometer, where dyes were desorbed by immersing the dye-
covered Zn,SnOy films in 10 mL of 0.1 M NaOH aqueous solution for
10 min.

Computational Details: The density functional theory (DFT) calculations
were performed on the two organic sensitizers by using the Amsterdam
Density Functional package (ADF 2010.01).2324 The structures of the
dyes have been fully optimized at a GGA level using the Perdew-Burke-
Ernzerhof (PBE) functional and triple zeta plus 2 polarization Slater
functions (TZ2P set in ADF) basis sets for all atoms, with 1s orbitals
frozen for C, N and O atoms. On these optimized geometries, B3LYP
hybrid functional calculations with TZ2P all electron basis sets were then
performed to yield more reliable frontier orbital energies. Acetonitrile
solvent was taken into account using a polarizable continuum model
(COSMO in ADF)®! for all geometry optimizations and B3LYP single
point calculations. Orbitals were drawn using the graphical interface of
ADF (ADF-GUI).1%

Photovoltaic ~ and  Photoelectrical ~ Measurements: ~ Photovoltaic
measurement of the DSSCs employed an AM 1.5 solar simulator between
the sample and a 450 W Xe lamp. The intensity of the simulated light
was calibrated by a Si reference solar cell equipped with a KG5 filter for
approximating AM 1.5 global radiation. The photovoltaic characteristics
of DSC were obtained by applying an external potential bias to the
cells and measuring the generated photocurrent with a Keithley model
2400 source meter. IPCE was measured as a function of wavelength
from 300 nm to 800 nm using a specially designed IPCE system for
dye-sensitized solar cell (PV measurement, Inc.). A 75 W xenon lamp
was used as the light source for generating a monochromatic beam.
Calibration was performed using a NIST-calibrated silicon photodiode as
a standard. IPCE values were collected at a low chopping speed of 4Hz.
The electrical impedance spectra were measured using an impedance
analyzer (Solartron 1260) at an open-circuit potential under AM 1.5
full sun illumination (100 m\W cm=2), with a frequency range of 0.1-10°
Hz. The magnitude of the alternative signal was 10 mV. Impedance
parameters were determined by fitting of the impedance spectra using
Z-plot software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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