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Abstract
The use of electrospun nanofibre (NF) membrane of SnO2 toward the efficiency enhancement in dye sensitized solar cells 
(DSSCs) with a triple layered, AlCl3 treated SnO2-based photoanode is presented. The performance of DSSCs fabricated 
with SnO2 nanoparticle (NP)-based photoanode is compared with that of DSSCs made with a novel triple layered SnO2 
photoanode of configuration FTO/NP/NF/NP. Thickness of the NF membrane is optimized to achieve the highest solar 
cell performance. Solar cells made with single layer SnO2 NP photoanode sensitized either by Eosin-Y dye or Indoline dye 
showed efficiencies of 0.3% and 2.02%, respectively, under the irradiance of 100 mW cm−2 (AM 1.5), while the correspond-
ing devices with AlCl3-treated, triple layered photoanode showed efficiencies of 1.55 and 2.77%, respectively, under the 
same illumination. Accordingly, more than five-fold enhancement in overall efficiency is achieved in DSSCs by using this 
novel SnO2-based photoanode with the optimized thickness of the SnO2 nanofibre membrane and sensitized with Eosin-
Y dye. Scanning electron microscopic studies revealed that the SnO2 nanofibre membrane consists of an interconnected 
network-like structure formed by the SnO2 nanofibres. Electrochemical impedance spectroscopy measurements on DSSCs 
made with these two types of photoanodes reveals that the series resistance of the DSSC made with the novel NP/NF/NP 
triple layered photoanode is significantly reduced. The observed higher electron lifetime determined from Bode plots shows 
that electron recombination is lower in the DSSCs made with the triple layered photoanode. Improved light harvesting by 
multiple scattering effects within the triple layered photoanode structure and the suppression of the electron recombination 
by Al2O3 sub-nanometer-sized coating around SnO2 appear to be the major factors for the enhancement in photo current 
density and efficiency.
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1  Introduction

Dye sensitized solar cells (DSSCs) can be considered among 
the most promising alternatives for the conventional silicon-
based solar cells [1–4]. Typically, a DSSC consists of a dye-
sensitized wide band gap semiconducting photoanode such 
as TiO2, an electrolyte and a platinum-coated counter elec-
trode. In these devices, under illumination and upon excita-
tion of the dye molecules, the photo-generated electrons are 
transferred to the conduction band of a wide band gap semi-
conductor. Redox mediator in the electrolyte regenerates the 
dye cations receiving electrons from the external circuit via 
the counter electrode [1, 2]. Photo-conversion efficiencies 
greater than 12% are reported for these solar cells with the 
use of the TiO2 photoanodes sensitized with ruthenium dye 
[3, 4]. Morphology and the electrical properties of the pho-
toanode are some of the crucial factors in determining the 
overall efficiencies of these devices. Since the amount of dye 
adsorbed to the surface of the semiconductor determines the 
generation of photocurrent, generally the photoanodes are 
fabricated with nanoparticles having high specific surface 
area and also with sizable and optimized thickness [5–9]. 
However, due to poor adherence of the semiconductor mate-
rial to the conducting glass substrate where it is deposited, 
and the poor light transmittance through the semiconductor, 
the thickness of the photoanode cannot be increased beyond 
a certain limit. Increase of the photoanode film thickness 
beyond this optimized value increases the grain boundary 
effects that negatively affect the efficient electron transfer [2, 
8]. Therefore, numerous techniques such as the use of nano 
particles (NP) [3–8], one dimensional nanowires (NW) [9, 
10], nanofibres (NF) [11–15] and nanotubes (NT) [16, 17] 
and nanorods (NR) [18, 19] etc. of TiO2 have been used suc-
cessfully toward achieving higher conversion efficiencies in 
these devices. Apart from the TiO2, other metal oxides such 
as SnO2, ZnO, and Nb2O5 and are also used as photoanodes 
in DSSCs due to their desired properties such as easy prepa-
ration techniques and low cost [20]. Among these, SnO2 is 
also a wide band gap, n-type semiconductor (Eg ~ 3.6 eV at 
300 K) with high electron mobility (100–250 cm2 V−1 s−1) 
[21, 22]. Hence, it is used in a broad range of applications 
such as solar cells, gas sensors, optoelectronic devices, bat-
teries, and antireflective coatings [23–27]. However, the use 
of SnO2 as a photoanode in DSSCs is not so popular due to 
the low power conversion efficiencies. Sandeep et al. have 
reported that the influence of the thickness of SnO2-based 
photoanode on the performance of Eosin-Y dye-sensitized 
solar cells [28]. According to these authors, the highest effi-
ciency of 0.55% has been achieved by employing a 8 µm 
thick SnO2-based photoanode and further increase of the 
thickness of the semiconductor has decreased the overall 
efficiency of the devices. Alternatively, many researchers 

have attempted to enhance the efficiencies of SnO2 pho-
toanode-based solar cells using different nanostructured 
morphologies like nanotubes, nanoflakes, nanofibres, and 
nanotubes of SnO2 [29–32]. Preparing composites of SnO2 
with other semiconductors like ZnO and TiO2 or treating 
with AlCl3 or the use of core–shell structures of SnO2 with 
nano size insulating layers are the most commonly used 
methods to improve the efficiencies of these solar cells [33, 
34]. Despite the use of composites of SnO2 with other semi-
conductors or the modification of the mohopology of the 
material, the efficiency enhancement in DSSCs can also be 
achieved by increasing the light harvesting by using nano-
structurally modified multi-layered photoanodes. This can 
be achieved by using a double layered structure in which 
the second layer comprises of bigger size particles [35, 36]. 
For TiO2 photoanode-based DSSCs, it has been established 
that it is not possible to achieve higher efficiencies merely 
by increasing the thickness of the single layer TiO2 photo-
anode due to the formation of cracks and poor adherence 
of the thicker semiconductor film to the conducting glass 
substrate [8, 15]. In this context, as an alternative approach, 
recent work by our group on DSSCs based on TiO2-based 
photoanodes has shown that the efficiency of DSSCs can 
be substantially increased by replacing the widely used sin-
gle TiO2 NP layer-based photoanode with a triple layered 
composite photoanode structure of configuration NP/NF/NP 
[15, 37, 38]. Here, the efficiency enhancement is achieved 
due to the increase in light absorption by multiple scattering 
effects within the tri-layered photoanode structure. Due to 
the previously mentioned favorable physical properties and 
low cost of SnO2, it is of interest to develop DSSCs based 
on nanostructurally configured SnO2 photoanodes. However, 
to the best of our knowledge, the use of a scattering layer 
of nanofibres (NF) of SnO2 in a triple layered NP/NF/NP 
photoanode structure toward the efficiency enhancement in 
DSSCs has not been reported so far. In order to demonstrate 
this tri-layer effect in the present work, we have used two 
metal free organic dyes, Eosin, and Indoline as sensitizers.

As it is well established, recombination of the electrons 
generated by the dye molecules in the DSSCs can be sup-
pressed by introducing a thin insulating layer of a material 
such as Al2O3 or MgO around nanoparticles of the wide 
band gap semiconducting material resulting a significant 
enhancement of the overall efficiency of the device [25, 26]. 
Therefore, in this study, we have used the AlCl3 treatment 
in the fabrication of SnO2 composite, triple layered photo-
anode, which after sintering, is expected to form a thin sub 
nanometer size coating of Al2O3 around SnO2 nano particles 
and nanofibres thereby inhibiting the electron–hole recombi-
nation by passivation of surface states through which recom-
bination can occur otherwise [25].
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2 � Experimental

2.1 � Preparation of SnO2 nano particle (NP) layer

In order to compare the performance of DSSCs, compris-
ing single layer NP and the novel three layered photoanode, 
two kinds of photoanodes having the same thicknesses were 
fabricated on fluorine doped tin oxide (FTO) coated glass 
substrate with the configurations FTO/NP and FTO/NP/NF/
NP. At first, a NP layer of SnO2 was deposited on FTO glass 
substrates Nippon sheet glass, sheet resistance 10–12 ohms 
per square (Ω/◻) by a spraying technique with a normal air 
compressor. Precursor solution for spraying was prepared 
as follows. 2 ml of colloidal aqueous SnO2 solution (Alfa 
Aesar 15% in H2O) and 2.5 ml of acetic acid (Sigma Aldrich 
99.8%) were first mixed and ground in an agate mortar. 
100 ml of ethanol was added to the mixture and sonicated 
for 10 min. and sprayed at a constant pressure and a flow 
speed on to FTO glass substrates which were kept at 150 °C. 
Thickness of the NP layer was varied by varying the time 
duration of spraying of the precursor solution. Films were 
then sintered at 550 °C for 45 min. Some of the SnO2 photo-
anodes were then immersed in 1 mM AlCl3 (BDH 99%) for 
24 h and gently washed with ethanol and dried using a hot 
air flow. Subsequently, the anodes with and without AlCl3 
treatment were immersed separately in 0.1 mM ethanolic 
dye solutions of either Eosin Y (BDH) or Indoline (DATO, 
China) for dye adsorption. Current–voltage characteristics 
were measured for DSSCs fabricated with photoanodes of 
different thicknesses which were assumed to be proportional 
to the spraying time of the precursor solution. From these 
measurements, the optimum thickness of the SnO2 NP film 
which corresponds to the best solar cell was identified and 
determined using scanning electron microscopy (SEM).

2.2 � Preparation of SnO2 nanofibres (NF) and triple 
layered photoanode structure

SnO2 nanofibres were prepared by using an electrospinning 
system (Nabond Technologies, Hong Kong). The precursor 
solution for electro spinning was prepared by mixing 0.8 g of 
SnCl2:2H2O (Riedel-deHaën 98%) with dimethylformamide 
(DMF) and ethanol (BDH 99.96%). The solution was mag-
netically stirred for 2 h and then 1.45 g of poly(vinyl acetate) 
(Aldrich, Mw:140,000) was added. The solution was again 
magnetically stirred overnight to obtain a clear solution to 
ensure that all the SnCl2:2H2O powder was completely dis-
solved. In the electrospinning system, 13 kV DC voltage 
was applied between the spinneret and the drum collector. 
The distance between the tip and the drum collector was 
kept at 8 cm and the syringe pump flow rate was maintained 
at 0.6 ml h−1. These are the parameters optimized to get 

uniform SnO2 nanofiber membranes. In order to obtain the 
FTO/NP/NF structure, the FTO substrate with previously 
prepared AlCl3-treated SnO2 NP film having the optimized 
amount of NPs prior to dye adsorption, were fixed to the 
drum collector of the electrospiner and precursor solution 
was then electrospun to obtain a NF membrane of SnO2 
making the FTO/NP/NF structure. During this process, 
rotating speed of the drum was kept at 630 rpm. In order 
to change the thickness of the nanofibre membrane, differ-
ent electrospinnig times were used with the same precursor 
solution. Photoanodes with FTO/NP/NF configuration were 
then sintered at 550 °C for 45 min. Finally, another NP layer 
of SnO2 was sprayed on this FTO/NP/NF structure by the 
spray method described previously to obtain the triple lay-
ered FTO/NP/NF/NP SnO2-based photoanode nanostructure 
which was subsequently sintered at 550 °C for 45 min. Sub-
sequently, dye adsorption of these photoanodes was done as 
described earlier and fabrication and testing of DSSCs were 
carried out by the method mentioned in Sect. 2.3.

2.3 � Fabrication of DSSCs and current–voltage 
measurements

A liquid electrolyte consisting of 0.5 M tetrapropyl ammo-
nium iodide (Aldrich 98%) (0.738 g) and 0.03 M I2 (Fluka 
99.8%) (0.060 g) in a mixture of acetonitrile (BDH) (1.0 ml) 
and ethylene carbonate (Fluka 99%) (3.6 ml) was used to 
fabricate the DSSCs. At first the mixture of above chemi-
cals except iodine was magnetically stirred until the solutes 
were fully dissolved and then appropriate amount of iodine 
was added and the mixture was stirred for another 12 h in 
a closed bottle. DSSCs of configurations FTO/NP/electro-
lyte/Pt-FTO and FTO/NP/NF/NP/electrolyte/Pt-FTO were 
fabricated with two different photoanodes described above 
by placing the electrolyte between the photoanode and a 
Pt-coated FTO counter electrode. A schematic diagram of 
the solar cell fabricated with the triple layered SnO2-based 
photoanode structure is shown in Fig. 1. The thicknesses 
of the two different SnO2-based photoanodes, FTO/NP and 
FTO/NP/NF/NP used in this work were kept the same in 
order to ensure that there is no effect on the photoelectric 
performance of DSSCs from the anode thickness variation. 
The current–voltage (I–V) characteristics of the DSSCs were 
measured under the illumination of 100 mW cm−2 using 
a Xenon 500 lamp with a AM 1.5 filter with a homemade 
computer-controlled setup coupled to a Keithley 2000 mul-
timeter and a potentiostat/galvanostat HA-30.

2.4 � Electrochemical impedance spectroscopy (EIS) 
measurements

Electrochemical impedance spectroscopic (EIS) measure-
ments of DSSCs fabricated with above two SnO2-based 
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photoanodes were measured under the illumination of 
100 mW cm−2 using a Potentiostat/Galvanostat (Metrohm 
Autolab PGSTAT 128N) in the frequency range from 0.1 Hz 
to 100 kHz. Bode plots were obtained from the EIS data.

3 � Results and discussion

3.1 � Current–voltage characteristics of DSSCs

Figure 2 shows the efficiencies of the Indoline dye sen-
sitized solar cells fabricated with different SnO2-based 
AlCl3-treated photoanode thicknesses. Since the amount of 
material deposited on the substrate and hence the thickness 
of the NP film increase with the volume of the precursor 
solution sprayed and the time duration of spraying, the scal-
ing in the x-axis of the figure was taken to be proportional 

to the thickness of the SnO2 film. As it is evident from the 
figure, DSSC made with the photoanode prepared by spray-
ing of 200 ml of precursor solution has given the highest 
efficiency of 2.28%. Beyond this optimum thickness of the 
photoanode, the efficiency of DSSC decreases with increas-
ing film thickness of the photoanode. Corresponding I–V 
data such as short circuit current density (Jsc), open circuit 
voltage (Voc), fill factor (FF), and the efficiency (η %) of all 
these DSSCs are tabulated in Table 1 with respect to their 
sprayed amount of the precursor solution. When the thick-
ness of the SnO2 film increases, the effective total surface 
area available for dye adsorption also increases. Because of 
this, the generation of photoelectrons and hence, the photo-
current also increases resulting an increase in the efficiency 
[1, 2]. However, as it is observed and reported by others, 
when the thickness of the photoanode is increased further 
beyond the optimum value, even though the amount of dye 
adsorption increases, the overall film resistance and the 
rate of electron recombination also increase. As a result, 
the photocurrent and the efficiency decreases after reaching 
the optimum film thickness. Similar trends have also been 
reported by Wang et al. [35] and Sandeep et al. [28]. Based 
on these observations, SnO2 NP photoanodes prepared by 
spraying 200 ml of precursor solution exhibiting best solar 
cell performance was used for further studies.

In order to identify the optimum thickness of the SnO2 
NF membrane, SnO2 NF membranes of different thicknesses 
were electrospun on the aforementioned SnO2 NP layer (on 
FTO/NP). This was done by varying the elctrospinning 
time from 1 to 10 min. After sintering the FTO/SnO2(NP)/
SnO2(NF) composite structure, a third layer of SnO2 nano-
particles (NP) was applied on the top of the above NF layer 
as mentioned in the previous section in order to obtain the 
triple layered SnO2 photoanode with configuration FTO/NP/
NF/NP having different NF membrane thicknesses (assumed 
to be proportional to different electrospinning times). Here, 
it should be noted that, in order to maintain the consistency 
and the constant thickness of the NP layer, the volume of 
precursor solution and the spraying condition and also the 
time duration was kept unchanged. Therefore, we believe 
that the thicknesses of the NP layer fabricated in all the 

Fig. 1   Schematic diagram showing the DSSCs fabricated with triple 
layered SnO2 photoanode

Fig. 2   Efficiency variation of the DSSCs with the volume of tin oxide 
precursor solution

Table 1   Photovoltaic parameters of DSSCs with the configuration 
of FTO/NP/electrolyte/Pt-FTO, fabricated with different amounts of 
SnO2 precursor solution

Spray vol-
ume (ml)

JSC (mA cm−2) Voc (mV) FF (%) η (%)

100 8.252 397.2 44.4 1.46
150 7.800 453.3 57.5 2.03
200 8.916 443.7 57.8 2.28
250 6.304 459.8 62.0 1.80
300 4.032 170.2 46.9 0.32



1259Journal of Applied Electrochemistry (2018) 48:1255–1264	

1 3

instances under the same conditions are the same. Prior to 
fabricating the solar cells, both types of SnO2 photoanodes 
(FTO/NP and FTO/NP/NF/NP) were subjected to AlCl3 
treatment as previously described. DSSCs were fabricated 
using the same electrolyte described under Sect. 2.3. Fig-
ure 3 shows the efficiency variation of DSSCs vs. the elec-
trospun time of the precursor solution. Since the electrospin-
ning conditions used in the fabrication of NF membranes 
such as the applied voltage, the distance between the tip 
and the collector, flow rate, concentration and the viscosity 
of the precursor solution are fixed, it can be assumed that 
the thickness of the NF membrane would be uniform and 
constant throughout this fabrication and proportional to the 
electrospinning time only.

As can be seen from the figure, the efficiency of DSSCs 
first increases with the electrospun time. The highest effi-
ciency was obtained with 4.0 min duration and a sharp 
decrease in the efficiency was observed for elctrospun times 
longer than this. Therefore, in this study, the SnO2 NF layer 
prepared with 4.0 min electrospun time was selected for fur-
ther studies. The actual thickness of the cross section of the 
tri-layered phtoanode with NF membrane showing the best 
DSSC performance was measured using the SEM.

Figure 4 shows the current–voltage (I–V) characteristics 
of the DSSCs fabricated with different SnO2 photanodes 
sensitized with either Inodoiline dye (Fig. 4a) or Eosin-Y 
dye (Fig. 4b). As it was observed by our group in one of 
the previous studies [25], in order to further enhance the 
efficiencies of the DSSCs, a post treatment by AlCl3 was 
done as described in the Experimental section before the 
dye adsorption of the photoanode. Solar cell parameters 
extracted from these figures are tabulated in Table 2.

As evident from Table 2, DSSCs fabricated only with the 
sprayed SnO2 NP film show the lowest efficiency for both 
types of dyes. It gives the maximum efficiency of 2.02% for 
the Indoline dye and 0.30% for the Eyosin-Y dye. The post 
treatment with AlCl3 has significantly enhanced the efficien-
cies of DSSCs for both these dyes. This is possibly due to the 
enhanced basicity of the Al sites binding the dye molecules 
strongly to the post treated SnO2 particles with AlCl3 as 
we have observed in our previous work [25]. Moreover, the 
AlCl3 treatment not only facilitates the efficient dye adsorp-
tion but also suppresses the electron recombination process 
[25].

As shown in Table 2, the DSSCs fabricated with SnO2 
NP/NF/NP triple layer photoanodes show enhanced 

Fig. 3   Efficiency variation of the DSSCs with the SnO2 nanofibre 
electrospun time (assumed to be proportional to film thickness)

Fig. 4   a Photocurrent density vs. photovoltage (J–V) characteristics 
of the DSSCs with Indoline dye. b Photocurrent density vs. photo-
voltage (J–V) characteristics of the DSSCs with Eosin Y dye
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efficiency compared to the DSSCs made with a single lay-
ered SnO2 NP photoanode of similar thickness. A remark-
able enhancement in Jsc from 2.13 to 5.45 mA cm−2 can be 
seen for the Eosin–Y dye sensitized solar cell due to the 
triple layered photoanode effect. This is more than 100% 
enhancement in Jsc. The AlCl3 treatment combined with the 
triple layer effect has raised the efficiency of these solar cells 
from 0.30 to 1.55% reflecting an overall fivefold increase 
in efficiency. As it is observed in both cases, incorporation 
of NF layer in the triple layered structure has improved the 
short circuit current density of the DSSCs significantly. The 
increase of the photocurrent in the triple layered SnO2 pho-
toanode appears to be due to the increased light absorption 
by multiple scattering events within the nanofibre structure 
as seen in several DSSC systems sensitized with Ru 719 
dye as well as PbS:Hg quantum dot sensitized solar cells 
[15, 37, 38].

According to our previous findings on DSSCs fabricated 
with TiO2-based NP/NF/NP triple layer photoanode, an effi-
ciency enhancement of 32% has been achieved [15]. The 
corresponding efficiency enhancement of DSSCs made of 
SnO2-based triple layered photoanodes used in this work 
for the Eosin Y dye is 133% (from 0.30% for the NP-based 
cells to 0.70% for the NP/NF/NP based cells). Therefore, 
this enhancement is much superior to the efficiency enhance-
ment shown by corresponding TiO2-based DSSCs due to the 
triple-layer effect.

3.2 � SEM analysis of SnO2 based photoanodes

The surface morphologies of SnO2 photoanodes were exam-
ined by the SEM. Figure 5 shows the SEM photographs of 
the top view of sprayed NP (Fig. 5a) and as produced elec-
trospun SnO2 NF films (Fig. 5b). Figure 5c shows the sur-
face morphology (top view) of a NF film after sintering. As 
can be seen from Fig. 4a, the spray deposited NP SnO2 films 
contain aggregated and interconnected SnO2 nanoparticles. 
According to Fig. 5b, prior to sintering the phtoanode with 
NF film, heavily branched interconnected nanofibre structure 
could be seen. Overlapping nanofibres may stick together 
(cross linking) to form this type of branched and intercon-
nected network structure. The estimated average diameter of 

an individual SnO2 nanofibre is around 200 nm. However, 
it can be observed that after sintering, the formation of a 
rigidly interconnected and highly porous SnO2 NF structure 
(Fig. 5c) [36, 39–41].

Figure 5d shows a selected SEM image of the cross sec-
tion obtained using the NP/NF/NP triple layered SnO2 pho-
toanode. According to this figure, the thickness of each NP 
layer is around 1.2–1.4 µm and the total thickness of the 
SnO2 tri-layered photoanode is approximately 2.77 µm.

3.3 � EIS analysis of SnO2 based photoanodes

EIS measurements were used to find the interfacial recom-
bination kinetics as well as the interfacial resistances of the 
DSSCs. The Nyquist plots obtained from EIS measurements 
of DSSCs with different photoanode structures sensitized 
with Eosin Y are shown in Fig. 6 (left) as a representative 
example. By using a suitable electrical equivalent circuit 
(inset Fig. 6a), the interfacial resistances were estimated 
using a computer software.

Series resistance (Rs), charge transfer resistance of the Pt/
electrolyte interface (R1CT), charge transfer resistance of the 
TiO2/electrolyte interface (R2CT) extracted from the equiva-
lent circuit analysis are given in Table 3. The value of the 
resistance, Rs is interpreted as the overall series resistance 
and the effects associated with deformations in the photo-
anode material [15, 42]. Further, it is also influenced by the 
inter-particle and inter-fibre connectivity of the photoanode 
[41, 43].

DSSCs prepared with only SnO2 nanoparticle phtoan-
ode shows the highest series resistance as depicted in the 
table. The series resistance of the DSSCs made with novel 
triple layer SnO2 photoanode structure (NP/NF/NP) is sig-
nificantly lower compared to that of the DSSC made with 
only NP layer. This could be related to the enhanced pho-
toelectron generation due to the improved light harvesting 
in the DSSCs with the triple layered structure compared to 
the DSSC with NP photoanode. However, Rs values of both 
photoanode structures (NP and NP/NF/NP) have increased 
possibly due to the AlCl3 post treatment. This could be due 
to the formation of the thin barrier layer in the SnO2 photo-
anode structure. On the other hand, the value of the charge 

Table 2   Photocurrent and voltage variation of DSSC systems fabricated with different SnO2 photoanodes sensitized with Indoline and Eosin Y 
dyes

SnO2 electrode With indoline dye With Eosin-Y dye

Jsc (mA cm−2) Voc (mV) FF % η (%) Jsc (mA cm−2) Voc (mV) FF (%) η (%)

NP 8.66 432.5 53.8 2.02 1.03 464.2 63.9 0.30
NP (AlCl3 treated) 8.92 443.7 57.8 2.28 2.13 494.6 63.5 1.27
NP/NF/NP 10.61 460.9 55.7 2.53 4.06 498.6 65.8 0.70
NP/NF/NP (AlCl3 treated) 11.53 464.6 51.6 2.77 5.45 424.2 54.5 1.55
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transfer resistance of the Pt/electrolyte interface (R1CT) 
decreases with the AlCl3 treatment for both types of photo-
anodes facilitating the efficient electron transfer in devices. 
However, the charge transfer resistance of the TiO2/electro-
lyte interface (R2CT) is higher in the triple layered structure 
and this could be due to the lower interfacial connectivity 
between the NF and NP layers in the untreated photoanode.

Figure 6b shows the Bode plots derived from the above 
Nyquist plots. As it is depicted in the figure, the value of the 
maximum angular frequencies (ωmax) of both NP and NP/
NF/NP photoanodes are shifted toward the lower frequency 
side due to the AlCl3 treatment. Electron lifetimes in these 

devices are calculated by using the following relationship 
and values are tabulated in the Table 3.

where fmax is the maximum frequency of the mid-frequency 
peak.

According to the values in the Table 3, the electron life 
time in the DSSCs fabricated with AlCl3-treated NF com-
posite triple layered photoanode is greater than that of the 
NP photoanode. Therefore, the back electron recombination 
is lower in the DSSCs fabricated with the novel SnO2 triple 
layered photoanode.

�e =
1

�max

=

1

2�fmax

Fig. 5   SEM images of different SnO2 films used in the photoanodes: a sprayed SnO2 film, and b electrospun nanofibres before sintering and c 
after sintering at 550 °C and d cross sectional view of the triple layered photoanode
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4 � Conclusions

In this study, we have demonstrated that a significant effi-
ciency enhancement in SnO2-based DSSCs can be achieved 
by using a novel triple layered photoanode fabricated with 
a SnO2 nanofibre layer sandwiched between two SnO2 

nanoparticle layers and sensitized with Indoline and Eosin 
Y dyes. Further enhancement of the efficiency has been 
obtained with the post treatment of the photoanodes with 
AlCl3. Remarkable overall enhancement in the photocurrent 
as well as a considerable enhancement in the efficiency of 
DSSC has been achieved by combining both, the triple layer 
effect and the AlCl3 post treatment. Enhanced multiple light 
scattering by the nanofibre layer in the triple layered photo-
anode combined with the suppression of the back reaction 
by Al2O3 sub-nano sized coating around SnO2 appears to be 
the major reason for this enhancement as reflected from the 
increase in the photo current density. Reduction of electron 
recombination due to the enhancement in the electron life 
time and the reduction of series resistance of the photoanode 
contribute to the overall enhancement in the efficiency as 
seen from the EIS analysis. Thus, by replacing the single 
layered SnO2 photoanode with this novel triple layered pho-
toanode along with post treatment with AlCl3, more than 
five-fold efficiency enhancement has been obtained in the 
SnO2 based DSSCs.
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