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This study focuses on understanding the fundamentals of en Received 5 March 2017
transfer and electron transport in photovoltaic devices wit Accepted 15 April 2017

uniquely designed nanostructures by analysing energy tgansfer in
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energy) was studied in dye-sensitised solar cells,“Whi 0 a

doubling of energy conversion efficiency in ell
with only the polymethine dye. The elect in the two
different nanostructures of zinc oxi ‘ and nanosheets)
was investigated by spectroscoflic S s spectrometer,

time-resolved photoluminesc spectroscopy) and
electrochemical potentiostat nosheet structure of
zinc oxide showed high sh rent and long diffusion
length. This fundamental lead to efficient artificial

photosystem designs. A

1. Introduction

Commercialisatjonjoffsolar cells requires efficiency, stability, cost effectiveness and mate-
rial availability. At present, a solar cell which could fulfil all these criteria still requires
improyvement of'the existing technology and the development of new pathways by alterna-
tivedneehanisms for solar energy conversion [1-4].

One promising area is the dye-sensitised solar cell (DSSC), which utilises a Ru-dye sim-
ilarite plant chlorophyll, and applies a self-assembly principle, which reduces process costs
[5-8]. Although DSSC is a special type of the solar cells and demonstrates power conver-
sion efficiency up to 13%, the availability of Ru-dyes and the stability of liquid-based elec-
trolytes are still the main concerns when developing this type of solar cell [9-14].
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titania film; (B) Scheme for energy and electron transfer in purple bacteria membrane in
harnessing I(LH-I), light harnessing II(LH-II), and reaction centre. (C) ZnO morphology wi
nanosheet existed in purple bacteria membrane for electron transfer.

Natural photosynthetic systems are the result of perfectly asgembl
tems of natural dyes coupled with protein molecules that haryest su
energy to drive metabolic reactions [15]. The solar energyico i
critical steps of solar energy harnessing, charge separations and catalytic reaction. One of
the strongest examples of this process is Purple photesynthetictbacteria [16] (Figure 1
(B)), which contain two types of light-harvesting complexes - light-harvesting complex I
(LH-I) and light-harvesting complex II (LH-II) und the reaction centre (RC)
in the bacteria’s photosynthetic membranes. assemblyisystem retains the distinctive
structure of a photosynthetic complex wi e of light-harvesting protein and
transport channels that allow efficient e electron transfer. The excitation trans-
fer from LH-II -— LH-I -— RE ocelirs 00 picoseconds at about 95% efficiency
[17,18]. B800 BChls, bacteriochloréph Chls) which act as antennas with the carote-
noids, absorb the sunlight a l&a funnel its energy to the ring B850 BChls
(absorbing light at 850 nm) e Forster resonance energy transfer (FRET) mecha-
nism [19,20]. By undez in, structure of light-harvesting complexes, we can
he primary excitation transfer process just as the structure
of the RC revoluti study of the primary electron transfer processes. The
in pigment-protein complexes, among LH-I and the photosyn-
thetic RC 7 recent electron microscopy data, suggest that the hierarchy
arrange lectron transfer system in RC is mostly shown as cylinders (or rods)

structures’(sheets) [16]. Moreover, due to the elegant structure of the biolog-
netically engineered viruses [21-23] were applied to the solar energy con-
m in order to study solar cell and water splitting.
anotechnology provides us with ways of building nanostructures as they exist in a
al photosynthetic system [17,24]. This study focuses on energy transfer and electron
transport in a photovoltaic device coupled with uniquely designed nanostructures
inspired by photosynthetic bacteria. A DSSC system provides a base for investigating fun-
damental problems including energy transfer and electron transport. In the study of elec-
tron transport properties, uniquely assembled nanostructures of ZnO were fabricated
using electrochemical and chemical vapour deposition (CVD) approaches. The assembled
nanostructures, including one-dimensional nanorods, and nanosheets, were investigated
for electron transfer using characterisation methods (SEM, TEM and XRD), spectroscopic

ient sys-
and use its
rocess includes
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methods such as UV-vis spectrometer and time-resolved photoluminescence spectros-
copy, and electrochemical potentiostat methods. In the study of energy transfer, FRET
between the xanthene dye (donor of energy) and a new polymethine dye (acceptor of
energy) is studied on the surface of TiO, films by time-resolved photoluminescence spec-
troscopy, and this fundamental study will lead us to better designed artificial
photosystems.

2. Experimental
2.1. Materials and methods

The organic dyes, rhodamine 6G and squarylium dye (SQ), were chosen, respectively, as
the donor and acceptor of energy (Supporting Figure 1). Deionised water (DI water)was
used to prepare all solutions. ZnO oxide nanomaterials with different m@tphologies were
synthesised using the following procedures. N719 dye, ITO substrates; thesmoplastic seal-
ing spacer (Meltonix 1170-25, a 25 wm thick Solaronix) and electrolyteé were purchased
from Solaronix. Zinc acetate dehydrate [(Zn(CH;COO)2:2H50)], monoethanolamine
(C,H;NO) and hexamethylenetetramine (C¢H;,N,) were purchased from Sigma-Aldrich.

2.2. Preparation of ZnO nanorods

Preparation of ZnO seed layers. To prepare ZAQ, seed layers, first 0.5 M of zinc acetate
dehydrate [(Zn(CH;COO),-2H,0, Sigma Addsich)jyin thegmixed solution of monoetha-
nolamine (C,H,NO, Sigma-Aldrich) and isopropyl alcohol was spin-coated onto ITO
substrates at 3000 rpm five times [25]¢ Then, the ITO substrates were thermally heated at
400 °C in air for 30 minutes to transformyzinc acetate to ZnO.

Hydrothermal deposition. Togfabricate ZnO nanorods, the hydrothermal approach was
applied to grow ZnO nanorods venti€ally Via heating the ZnO-seeded ITO substrates in solu-
tions of 25 mM Zn(NOs)e(Sigma-Aldrich) and 25 mM hexamethylenetetramine (CsH;,N,,
Sigma-Aldrich) at 90 #C for ‘10 hours. Finally, the resulting substrates were cleaned with
water/ethanol and annealed at400 °C for 30 minutes to eliminate any residual organics.

2.3. Preparation‘ofZn0O nanosheets

Lsbrief, inthe synthesis of the ZnO nanosheets, an a three-electrode electrochemical con-
figuration setfp (consisting of an ITO substrate (working electrode), a graphite electrode
(cotinter@lectrode) and a saturated Ag/AgCl (reference electrode), respectively) was
applied to deposit the arrays of hexagonal Zns(OH)gCl, nanosheets first at —1.1 V and 50
°C conditions for 30 minutes in the aqueous electrolyte of 0.05M Zn(NO;), and 0.1M
KCI . Subsequently, a pyrolytic transformation of Zns(OH)sCl, into ZnO nanosheets was
performed at 400 °C in air.

2.4. Assembly of DSSC

Solar cells were prepared and assembled according to a previously described procedure
[26]. Briefly, the prefabricated ZnO-based photoanodes, each with an active surface area
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of 0.2 cm® were immersed in a dry ethanol solution containing 0.5 mM of N719
(Solaronix) at 50 °C for 1 h to load the dye at first. A Pt coated conductive glass substrate
was applied as the counter electrode. The Pt layer was prepared on the ITO glass through
electrodeposition approach as described elsewhere [27,28]. The DSSC was assembled by
placing the Pt-coated counter electrode over the dyed ZnO-based photoanode separated
by a 25 wm thick thermoplastic sealing spacer (Meltonix 1170-25, Solaronix). The cell’s
internal space was filled with a highly stable liquid electrolyte containing Iodolyte Z-150
(Solaronix; Redox couple: iodide/tri-iodide; redox concentration: 150 mM; additives; ionic
liquid, alkylbenzimidazole, thiocyanate; solvent: 3-methoxypropionitrile).

3. Results and discussion

The two types of artificial mimicked photosystem were built and explored tojunderstand
FRET-energy transfer and electron transport properties based on thé medel of DSSC,
respectively.

Designation of FRET-energy system and its study:

To mimic the FRET system in purple bacteria, a donor/aceeptorisystem consisting of a
xanthene dye (rhodamine as a donor) and a polymethine dye (squarylium dye (SQ) as
acceptor) was selected for study. This system is located én the surface of TiO, films in the
DSSC because of their higher molar extinction coefficients (100,000-300,000 M~' cm™")
than ruthenium-based complexes (low molaf® extinction coefficients (5000-20,000
M~ 'em™")) [29]. In order to prepare samples ‘With propericoncentrations of rhodamine
and squarylium dye, the Forster critical diStafice and critical concentration (Supporting
Table 1) were calculated to be 2.9 nm and 10~ > Mibased on the spectral measurement data
[30,31]. The critical distance betiyeen thesetwodyes was determined to be 2.9 nm, which
is in the range of the values of purple bacteria [16]. As shown in Figure 1(B), in the FRET
energy system of a purple bactefia thetabsorption energy of donor dye (absorption of Bac-
teriochlorophylls (BChls), ‘B800BECHhIs’, at 800 nm) must be higher than that of the absorp-
tion energy of acceptor fabSorptions®t B850 BChls at 850 nm) [16], where light-harvesting
pigments transfer their energyito the RC. Figure 2(A) shows that the fluorescence spectrum
of the donor and the,absorption spectrum of the acceptor overlaps, a prerequisite for effec-
tive electronic excitatiom\energy transfer. Absorbance of rhodamine 6G and squarylium dye
(SQ) are 525 andy625/nm, respectively. Therefore, Rhodamine should efficiently transfer
the energy byhe Forster process to the anchored SQ. Time-resolved fluorescence spectros-
eopyawas\applied to measure the fluorescence decay kinetics in the absorption band of the
donor using radiation from a laser with a wavelength (4,.,) of 488 nm. Peaks of donor and
acceptor flubrescence were found to be 555 and 660 nm, respectively. The concentrations
ofithe donor and acceptor in these measurements were chosen under the critical concentra-
tion,the requirement for transferring the greatest amount of the excitation energy to accep-
tor molecules. .

Furthermore, FRET-energy transfer between rhodamine 6G and squarylium dye (SQ)
(Table 1) was studied in TiO, films in comparison with a sole donor and a sole acceptor
at various concentrations of components [32]. The efficiency of energy transfer, Exr, was
calculated according to the reference [33].

As shown in Table 1, the excited-state lifetime of the donor in the presence of acceptor
molecules decreases with increasing concentration of the acceptor molecules. The lifetime
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Figure 2. (A) Normalised absorption (1,2) and
and acceptor (squarylium dye (5Q):2,2) at co
TiO, films sensitised by the acceptor (sq ): (1) at the concentration of 10~* mol/L and
the donor of energy (rhodamine) at ari e ns in the donor and acceptor mixture (mol/L):
2 =103 (3) - 107> (4) - 10 * Filmg,are inated with white light. (C) Normalised intensity of
donor (Aeg=565nm) and the %g_ 10nm) via donor concentration. (D) A current-
voltage curve of solar cells sensitise only acceptor molecules (squarylium dye) (curve 1),
by the only donor (rhodamine) ( d by the donor-acceptor system (curve 3) at donor concen-
tration of 107> mol/L. Figiire s experimental results from our previous publication

(Materials Science in Se| g Processing 31, 358-362 (2015). They were obtained in different
experimental setup a

ectra of donor (rhodamine: 1,1')
10> mol/L. (B) Fluorescence spectra of

on the performance of the cell - co-sensitisation of TiO, semiconductor film
he donor and acceptor molecules. Figure 2(B) indicated the luminescence intensity of

Table 1. Fluorescence lifetime of energy donor and acceptor adsorbed onto TiO, films (4,4 : wave-
length; z(ns): fluorescence lifetime life time; Egy: efficiency of energy transfer Egy).

7 (ns)
Donor-acceptor concentration, mol/L Jreg = 555 nm Jireg = 660 NM Eer
Donor 1.1 (ns) 1.1 (ns) -
Acceptor 0.7 (ns) 0.7 (ns) -
107%107° 1.1 (ns) 1.0 (ns) 0
107%10°° 0.9 (ns) 0.95 (ns) 0.19

107°107* 0.8 (ns) 0.8 (ns) 0.28
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the acceptor is 2.5 times high as that of sole acceptor. Addition of donor molecules or
acceptor molecules with respect to one another leads to the quenching of fluorescence of
rhodamine or polymethine dyes in respective measurements: this explains efficient FRET
energy transfer between donor and acceptor molecules in the presence of titania assem-
bled films [34]. Figure 2(C) shows the strong photoluminescence at the low concentration
range for both donor and acceptor.

The quenching of the fluorescence intensity of dyes at the growth of donor concentra-
tion is the result of molecular aggregation of rhodamine dye. The strongest quenching for
both donor and acceptor were equal to about 25% and registered at donor concentration
of 107> mol/L. After identifying the correct ratio between donor and acceptor molecules
in the porous titania films, the conversion of light energy into electrical energy in the
DSSC solar cells was investigated further. The energy conversion efficiency @f thejsemi*
conductor films sensitised by the donor-acceptor compound was evaluatedyin parallel
study with either the sole squarylium dye (SQ) or rhodamine 6G mea$Sured, by selar cell
tester and potentiostat.

Figure 2(D) shows a current-voltage curve for solar cells semsitised By, 8Q dye mole-
cules, (curve 1), sole donor molecules (curve 2) and donor-agceptoricompound (curve 3).
I of solar cells with only SQ, and sole rhodamine was equal t0:0.62 and 0.12 mA/cm?. In
the case of co-sensitisation of the solar cell with donor and acceptorat the above ratio, the
I, value was significantly increased to 1.7 mA/cm’. The,power conversion efficiency of
TiO, solar cells consisting of donor-acceptor is giorefthan 2.5 times over a pristine cell.
The optimum concentration of donor molecules, for the co-sensitisation of solar cell is
10~ mol/L.

The curves of spectral photosensitivity, of solar cell indicated (Supporting Figure 2)
that the photosensitivity for the doner=acceptordystem had a higher photosensitivity than
that of the sole acceptor which suppertedithe I-V curve results.

Study of nature-inspired electfon trausport system:

In designing electron transporfpathways for mimicking photosynthetic purple bacteria
(Figure 1(B,C)), ZnO nam6structures with rods and sheets were selected, since ZnO with
different nanostructuses is easily fabricated, has a better electron mobility, and similar
band gap structuseswithititania [35]. These nanostructures were main aggregate forms in
the electron transport‘pathways in the RC and LH-I of purple bacteria. ZnO’s nanorods
and nanosheets Were synthesised by both hydrothermal and electrochemical deposition
methods{ respectively, and are confirmed by scanning electron microscopy (SEM)
(Figare 3(ab)). Figure 3(c,d) indicated that nanorods and nanosheets possess wurtzite
crystal structure. A unique crystal face (0001) in the nanosheet structure of zinc oxide is
considered™to be a polar plane. The influence of the polar plane, defect density and mor-
phology of these nanostructures on photovoltaic and electron transport properties was
evaluated by the following approaches: photoluminescence study, electrochemical imped-
ance spectroscopy and analysis of dye-loading amount in the photoelectrodes in parallel
with solar cell performance measurement. Photovoltaic performance of the DSSC cells
constructed from nanorod and nanosheet arrays was listed in presence of the highly stable
electrolytes, including the high boiling organic solvent and a mixture of ionic liquids with
relatively low viscosity, using Ru-dye (N719) in Table 2 and Figure 4(A).

Figure 4(A) indicated that the short-circuit current density (J,.) of the nanosheet array (NSh
cell) cell is almost five to six times more than that of the nanorod array (NR cell)-based cell,
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Figure 3. SEM images of arrays of (a) ZnO nanosheet (gn the le (b) nanorod (on the right). X-ray

diffraction spectra of (c) ZnO nanorods and (d) nanoshe

whereas, the open circuit voltage (Vo thy el is the opposite. In addition, the fill fac-
tor (FF) of the NSh cell is signific than that of the NR cell. Since the same dye

est, the big difference in the J;. of the two cells is due to dif-
ferent surface areas and diffe cattering properties. One possible explanation is that

the nanosheet structure e close to the light wavelength and may generate stron-
ger light scattering, thus g the current density, a point that needs further confirmation.
Another possible at the photoexcited electrons inject more efficiently from the

dye molecules i
nanosheet axia

anorod array (Supporting Figure 3), which indirectly suggests that surface area
anosheet array is larger than that of a nanorod array.

e defect density of the zinc oxide is also one of the factors that could significantly
affect the cell photovoltage. The photovoltage is determined by the increase of the quasi-

Table 2. Photovoltaic performances of DSSCs consisting of the nanorod and nanosheet arrays of ZnO
and electron transport properties of ZnO nanostructures estimated by EIS analyses.
Thickness (.em) Jsc(mA/cm?) Voc(V) FF Tefr(1S) nyem™3)

NSh-DSSC 42 0.68 0.66 0.52 3.94 486 x 10"
NR-DSSC 33 3.72 0.37 0.36 3.69 1.39 x 10"
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Figure 4. (Colour online). (A) Current-voltage characteristic DSSCs based on the ZnO nanorod
(green line) and nanosheet (blue line) arrays. (B) The nommali L spectra of nanosheet (blue line)
and nanorod (green line) arrays of ZnO. (C) Decay kinetics o e luminescence band (ELB) of the
Zn0 nanorods (red line) and nanosheets (blue line). yquist p of DSSCs performed under illu-

0 i sults from the equivalent circuit
model of ZnO DSSCs. Figure 4 confirms experi ults"from our previous publication (Materials
Science in Semiconducting Processing4 3 ). They were obtained in different experimen-
tal setup and design.

Fermi level of the semicond
dark value, Egg, which equa

onduction band of the semiconductor. As shown in Equa-
of the semiconductor is proportional to the electron con-
tion band, n [36]:

Voc = Egn — Ero = (kT /e)Ln (%) (1)

e low value of V¢ of NSh in comparison with V¢ of the NR cell may be
e effect of defects, which was confirmed by the photoluminescence (PL) prop-
ies of nanosheets and nanorods (Figure 4 (B)). The PL spectra of nanosheets (blue line)
anorods (green line) (Figure 4 (B)) showed a sharp emission peak at 380 nm and a
broad band with two peaks centred at 546 and 576 nm. The UV emission at 380 nm is
ascribed to recombination of the free excitations or near band edge emission of the wide
band-gap ZnO [36,37] and the visible light emission is related to defects, due to oxygen
vacancies or zinc interstitials [38,39]. Furthermore, the black line exhibits a very strong
UV emission and a negligible visible emission, while the red line shows a relatively strong
visible emission. Their ratios of UV/visible emissions are 7.7 and 0.17 under our current
measurement conditions, respectively. This result indicates that the nanosheets have
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much more defect density, or it is due to the different disorder or defects located at differ-
ent crystal planes [40,41]. Figure 4(C ) shows the kinetics of the edge luminescence band
(ELB) decay for the nanorods and nanosheets. The ELB of ZnO decays in the subnanosec-
ond range [42]. As can be seen from Figure 4(C), the decay kinetics of ELB for both the
nanorods and nanosheets is a nonexponential function. The lifetimes calculated from
these curves are ~1.1 and 2.33 ns for the nanorods and 0.71 and 1.7 ns for the nanosheets.
As can be seen, the ELB of nanosheets decays faster than that of the nanorods.

In the DSSCs based on TiO, films, the majority of the photoinjected electrons are
located in trap states in the nanostructured TiO, film [43,44], leading to a trapped‘€lec-
tron density that greatly exceeds the conduction electron density. These electrons must be
released thermally to the conduction band before they can reach the interface and transfer
to I’~ ions. These trapping and detrapping transport models of photoinjectéd eleetrons
have been confirmed by the data of electrical impedance spectroscopy (EIS);, intensity-
modulated photovoltage spectroscopy (IMVS) and photovoltage defay measusements
[43-45].

Electron transport properties in the DSSC cells were furtherinvestigated/by consider-
ing the parameters: two different morphologies and a defeet denSitygof-the ZnO nano-
structures by electrochemical impedance spectroscopy (EIS)<The results were further
analysed by the general transmission line model of Zn@ nanostructured DSSCs based on
the diffusion-recombination model proposed by Bisquert [46]. The Nyquist plots for
impedance data of the NSh and NR cells and thefhittingyresults are shown in Figure 4(D)
and the related electron transport parametersiwere obtained from the Nyquist plots
according to the reference [47]. The resultsShow that electron densities at the steady state
(ns) in the conduction band of NShsZnO/l¢ell arejapproximately three to four times larger
than these of NR- ZnO cell andgindicated thatdarger number of electrons are injected in
NSh, which are consistent with high, Jsc Fusthermore, the effective electron lifetime (7.g)
of NSh ZnO cell is higher thas®that @ NR ZnO cell. As discussed in references [48,49],
the electron diffusion length((L#= (D*Teff)l/ ? is proportional to (T.g) “2_ The collection dif-
fusion length, L., determaifies, the,short circuit current of a solar cell which is illuminated
with light of near-bandgap wavelength [50,51]. Therefore, the high electron density and
longer electron lifestimedn NSh-ZnO cell are to some degree explain the high short circuit
current of the gell.

4. Conclusions

Ingthis papet, we investigated the FRET-energy transfer between molecules of rhodamine
and, polymethine dye in TiO, films and electron transport in different nanostructures of
zinc'‘oxides.

The fluorescence decay kinetics of the energy donor revealed a reduction of the excited
state lifetime of the donor in the presence of acceptor molecules and confirmed that the
efficiency of energy transfer was 22% at an acceptor molecule concentration of 10~* mol/
L. Under white light illumination, the intensity of sensitised fluorescence of polymethine
was almost doubled and its photovoltaic efficiency of solar cells was increased 2.5 times in
the presence of rhodamine dye molecules. The main reason for the increase of the cell’s
efficiency is connected to the energy transfer process. These results are very important to
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understanding and completing the assembly of high efficient solar cells sensitised with
organic dyes.

In addition, we studied the effect of ZnO nanorod and nanosheet on the solar cell effi-
ciency of DSSCs. The nanosheets have a larger defect structure than the nanorods, which
was confirmed by a relatively strong visible/defect emission. The short current of DSSC
made of ZnO nanosheet was five to six times larger than that of the DSSC with nanorods.
This observation is supported by two explanations: first, that nanosheet structures have
more dye loading in contrast to nanorod structures, which was confirmed by the UV-vis
absorption spectra of desorbed dye molecules; the second is that the nanosheet structure
of zinc oxide possesses a relatively high electron density and an effective long glectron life
time in the NSh-ZnO cell in contrast to the NR-ZnO cell. However, we also consider the
possibility that the electron photoinjection from the dye molecules into ZnQfmorejeffec-
tively occurs through the ZnO polar plane (0001), making the dominant contribution to
the surface area of the nanosheets, unlike the nanorods. The low phefoveltageiof DSSC
with the nanosheet array was due to the low electron trap density, whicli'canireduce the
electron quasi-Fermi level. .
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