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A B S T R A C T

In this study, lily (Iris Persica) dyes as sensitizer were examined by UV–vis and FTIR analyses.
Corresponding results showed that lily pigments effectively absorb incident light. This was
mainly due to the presence of functional groups such as C]O and OeH in the pigment structure
appeared on the FTIR analysis. This shows the appropriateness of lily pigment as sensitizer. On
the other hand, anatase TiO2 nanofibers with different diameters were synthesized by
Electrospinning method, using Titanium isopropoxide (TIPP) and polyvinylpyrrolidone (PVP)
solution. The Electrospinning feed rate was altered from 0.1 to 0.5 mL/h to control the diameter
of the TiO2 nanofibers. Other effective parameters including voltage, needle tip distance to
collector and speed of collector were 25 kV, 15 cm and 500 rpm, respectively and were kept
constant during synthesizing of nanofibers. The Synthesized nanofibers were analyzed and
characterized by means of SEM, FESEM, XRD and TEM techniques. The FESEM and XRD analyses
indicated that the nanofiber's diameter and crystallinity increase with increase in feed rate. The
fabricated DSSC with 430 nm TiO2 nanofibers (obtained from flow rate of 0.3mL/h) provided
1.72 % energy conversion efficiency (ղ), 50.78 % conversion efficiency of photon to electron
(IPCE), short-circuit current density (JSC) of 2.716mA/cm2 and open circuit voltage (VOC) of
0.738 V. The efficiency of the developed DSSCs, in comparison with the previously fabricated
similar cells, were found higher, due to more effective absorption of light by the dyes and ad-
sorption of pigment by nanofibers.

1. Introduction

Dye sensitized solar cells (DSSCs) are cost effective type of solar cells with wonderful advantages [1,2] that makes them as top
substitute to conventional solar cells. To commercialize the DSSCs, investigations are on the go [e.g. 3]. The dye sensitized solar cells
were primarily introduced by Grätzel and O’Regan in 1990 [2] followed by 7 % efficiency development in 1991 [4,5]. Since then
efficiency was gradually improved to 11 % [6]. Mathew et al. enhanced power conversion efficiency of DSSC cells up to 13 % [7].
Efficiencies of natural dyes were improved to a maximum of 14.7 % [8]. However, to overtake silicon solar cells, efficiency should be
greater than 20 % [9]. The structure of DSSC solar cells comprises three main components (Fig. 1) [4,7,10].

The DSSC working cycle can be found elsewhere [7,11]. The performance of DSSCs is affected by photoanode [12] and dye
sensitizers. In the meantime, researchers found natural dyes interesting [3,13]. In comparison with synthetic or artificial dyes, natural
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dyes are eco-friendly, cheap, easy to extract and abundantly available [11], but the cells produced from these dyes have conversion
efficiency as low as 5 % [14]. Nevertheless, appropriate dyes would have the advantages of both natural and artificial dyes, while
exempt from their drawbacks. This challenge can be overcome by appropriate selection of natural dyes [15] for an optimized electron
injection.

Nanoparticles have numerous inter-particle boundaries, which slow down electron velocity and increase electron recombination
or electron trapping. To resolve this problem, it is necessary to examine other nanostructures such as nanofibers [16].

Song et al. and Mali et al. employed TiO2 nanofibers and a chemical sensitizer to fabricate DSSCs [17,18]. They concluded that
employing TiO2 nanofibers instead of TiO2 nanoparticles improves the photovoltaic properties of DSSCs.

In the current study, The TiO2 nanofibers and the natural pigments were combined in photoanode for the first time. Wild Lily
flowers were used because their dyes contain anthocyanin which is well bonded to TiO2 nanostructure and absorbs solar spectrum in
a wider UV–vis region. Moreover, electrospun TiO2 nanofibers adsorb dyes in a larger surface and would make individual pathways
for electrons, hence preventing the recombination problem and speed up the electron cycle in the fabricated DSSCs.

2. Material and methods

2.1. Chemicals and materials

Titanium (IV (isopropoxide (Ti(OiPr)4) and polyvinylpyrolidone (PVP) (PVP K90, MW=1.300.000) were purchased from Sigma-
Aldrich. Magnesium powder, acetic acid glacial (99.8 % purity), acetic anhydride, iodine (I2), chromic oxide (CrO3) and absolute
Ethanol (99.99 % purity) were ordered from Merck.

2.2. Electrospinning

In the first step, 2 mL Ti(OiPr)4 was mixed with 2mL ethanol and 2mL acetic acid. In the second step, 0.6 g of PVP was mixed with
6mL of ethanol. Both solutions were then stirred for about 15 min. Then the first solution was added to the polymer solution drop by
drop. After one hour of stirring, the mixed solution was heated to 50 °C until a viscous solution was resulted. As TIPP reacts with air
moisture, ethanol and acetic acid were dried to remove the trace of water [19,20]. All materials need to be stored in a vacuum
desiccator.

The prepared solution was loaded into a syringe pump, equipped with a 21-gage stainless steel needle. The electrospinning runs
were performed with three different flow rates, while the other factors were kept constant. The morphology and diameter of the TiO2

nanofibers were analyzed by SEM (Leo 1450 V P, Germany) and FESEM (MIRA3 TE SCAN, Czech Republic). Morphological and
structural analyses were investigated by TEM (Leo 912 AB, Germany). FTIR was used to find the functional groups of the TiO2

nanostructures.

2.3. Dye extraction procedure

Lily flowers were harvested from Kurdistan Mountains in Iran. Fresh flowers were carefully washed with deionized water and
dried in natural air condition, away from direct sunlight. The dyes extraction done according to others [21,22].

2.4. DSSC fabrication

FTO (glass sheet with 10 Ω/cm2) was cleaned to remove residual organic contaminants for better efficiency [23]. The FTO was
coated by calcined electrospun TiO2 nanofibers paste and heated at about 500 °C. The prepared electrode was immersed in the
solution of ethanol and the extracted dyes with ratio of 1:1 for about 24 h. The adsorbed dyes were measured by UV–vis spectro-
photometer. A similar procedure was used for the preparation of the other electrode (Pt/FTO). I–V test, IPCE and UV–vis analyses

Fig. 1. DSSC structure and principle.
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were carried out to characterize the fabricated DSSCs.

3. Results and discussion

Table 1 shows the structural properties and photovoltaic performance of the DSSCs fabricated with three different diameters of
nanofibers.

As seen in Table 1 the DSSC sample consists of nanofibers with average diameter of 425 nm provided a higher conversion
efficiency than the other samples.

Fig. 2 illustrates the SEM images of the electrospun TiO2/PVP nanofibers. The average diameter of the produced nanofibers for the
flow rates of 0.1, 0.3 and 0.5 mL/h were 374, 569 and 710 nm, respectively. As PVP polymer removed from the composite nanofibers
by heating at 510 °C in air, the diameter of the remaining pure TiO2 nanofibers reduced to 210, 425, and 631 nm for the flow rates of
0.1, 0.3 and 0.5 ml/h, respectively. Decreasing the thickness was mainly due to the evaporation of PVP [24].

Fig. 2 also shows the FESEM analyze of the electrospun TiO2/PVP composite nanofibers. In the FESEM images, it is clear that the
produced nanofibers are straight, smooth and have mesoporous structure. Fig. 3B shows that they are actually composed of nano-
particles, with rod like arrangement.

Crystal phase of the mesoporous nanofibers was determined by X-ray diffraction (XRD) using CuKa radiation (λ=1.54 A˚) at
40 kV and 30mA comprises a size step of 0.040˚ and time step of 1 s (EXPLORER, GNR, Italy). Fig. 3A shows the XRD record for the
calcinated electrospun TiO2 nanofibers, illustrating the formation of pure anatase phase after calcination at 510°C in airflow for two
hours. Pulverizing process in electrospinning took place when the concentration of PVP was lower than the usual mode [25].

Transforming from anatase to rutile phase occurred when the temperature of calcination increased to above 600°C [26]. The
anatase phase of nanofibers causes higher electron transport ability in DSSCs and hence enhances their performance [27]. For this
reason, the anatase phase is preferred and the calcination was carried out below 600 °C.

The peaks at 25.5°, 38.8°, 48.08°, 54.94°, 62.79°, 69.31°, 70.11° and 75.58° are correspond to the planes of (101), (004), (200),
(105), (211), (204), (116), (220) and (215) respectively are related to the anatase phase of TiO2 nanofibers (Fig. 3A). It is also clear
from the results of XRD analysis that the crystalline structure improves with increasing injection rate, which results in increasing the
thickness of nanofibers.

Fig. 3B also shows the TEM image of the synthesized nanofibers. As image reveals, the fibers are uniform and were synthesized
with appropriate lengths. A single-strand fiber is also shown in this figure to illustrate the structure of fibers clearly. The structure of
fibers are clustered in crystals that are arranged in a cylindrical structure. In addition, TEM images represent a periodic atomic
arrangement to form an atomic network with good crystalline structure of nanofibers.

The surface area by Electron Diffraction pattern (SAED) for the synthesized TiO2 nanofibers is shown in Fig. 3B. This template can
examine the accuracy of XRD analysis. The formation of a dotted-line ring pattern represents poly-crystalline nature of TiO2 na-
nofibers. The template clearly shows the presence of crystalline anatase phase and lack of rutile phase in the nanofibers structure
[26].

Table 1
Structural properties and Summery of Photovoltaic performance parameters of the DSSCs (effective area=0.5 cm2).

No. Samplea Dye adsorbed (μmol/cm2) Thickness of TiO2 films (μm) VOC (V) JSC (mA/cm2) FF (%) ղ (%) IPCE (%)

1 P25 69 11.00 0.331 2.122 84 0.590 36.67
2 210 nm 76 15.20 0.511 1.710 81 0.708 27.92
3 425 nm 93 14.75 0.738 2.716 86 1.720 50.78
4 631 nm 84 13.40 0.524 3.095 76 1.230 42.70

a Numbers refer to the diameter of nanoparticle and/or nanofibers.

Fig. 2. Scanning Electron Microscopic (SEM) and Field Emission Scanning Electron Microscopic (FESEM) images of the synthesized anatase TiO2

nanofibers deposited by different feed rates: (A) 0.1 mL/h (B) 0.3 mL/h, and (C) 0.5 mL/h.
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Chemical absorption of pigments on the surface of TiO2 nanostructures occurred due to the presence of hydroxyl (eOH), esters
and carbonyl groups (C]O) in plant pigments [28,29]. Pure TiO2 nanofibers show two absorption bands in the 2360 cm-1 and
724 cm-1 (Fig. 4). FTIR spectrum of the pigments shows a broadband appeared within 2800−3500 cm-1 representing H-bonding
through hydroxyl (−OH) of the anthocyanin structure. This band is widely observed in the spectrum of nanofibers containing
pigments. Moreover, a peak at 1600 cm-1 stands for carbonyl group in the anthocyanin structure, which is also observed in the
spectrum of the pigmented nanofibers, as an evidence to prove that pigments are bonded to the surface of nanofibers. In addition, the
bands appeared in the FTIR region from 2800−3500 cm-1 represent C–O functional group [30].

Fig. 5A shows the absorption spectra of the lily pigment, marking pigment adsorption on nanoparticles and the TiO2 nanofibers in
the photoanode. Top absorbance for lily flower occurs where lambda max is shown within a range of wavelengths from 470–670 nm.
This absorption peak at 470–670 nm is clear in the absorption diagram for all samples. The strong absorption in this range indicates
the excitement band of lily dyes and corresponds to the results of IPCE data.

The amount of pigments adsorbed on photoanodes was also studied. The P25 electrode adsorbed 76mg/cm2 pigment. While, the
TiO2 nanofibers photoanodes with injection rates of 0.1, 0.3 and 0.5mL/h, showed 87, 108 and 79mg/cm2 adsorbed pigment,
respectively. The photoanode prepared by the TiO2 nanofibers, provided from 0.3 mL/h flow rate showed more pigment adsorption
than the others, and eventually improved the light absorption.

The photon-to-electron conversion efficiency (IPCE) of the DSSCs are shown in Fig. 5B. The Lily dyes sensitized solar cells exhibit
maximum absorbance of about 580–690 nm for all TiO2 nanostructures due to the effective adsorption of pigments. According to
these results, the maximum IPCE observes for the nanofibers with average diameter of 425 nm. Clearly, IPCE is affected by incident

Fig. 3. A. XRD records of the calcinated electrospun TiO2 nanofibers with different flow rate. B) TEM image of the synthesized nanofibers and
Selected Area Electron Diffraction pattern (SAED) of the TiO2 nanofibers.

Fig. 4. FTIR spectrum of lily dye TiO2 nanofibers and photoanode made with lily dyes and nanofibers.
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light or light intensity [31]. The maximum photon to electron efficiency for the cells made of P25 nanoparticles, nanofibers with
diameter of 210, 425 and 631 nm, were 36.67, 27.92, 50.78 and 42.7.%, respectively.

Fig. 6 shows the I–V diagram of the solar cells. The photovoltaic characteristics of the cells are also given in Table 2. These results
show that the cell fabricated from nanofibers with 425 nm diameter has the highest energy conversion efficiency (1.72 %). This
improvement was higher in efficiency than the other characteristics of nanofibers and nanoparticle cells. This also confirms the result
of the IPCE. In fact, it is concluded that the nanofibers with diameter of 425 nm has the greatest pigment adsorption on their surface
and the highest light absorption, and eventually the highest photon-to-electron conversion value.

The VOC in the solar cells with electrode fabricated by nanofibers is more than that of comprising nanoparticles. Except from
"D210", the JSC of the cells made of nanofibers is higher than the cells fabricated by nanoparticles, this is mainly due to the resistance
of RCT in the nanoparticles. In other words, the higher cell resistance, the slower electron transfer in the electrolyte, which reduces
efficiency of the cell. This interpretation was also verified for the differences VOC [32].

The internal resistance and electron transfer properties were evaluated in the DSSCs sensitized with natural pigments, by EIS
analysis. All EIS results are performed in dark conditions. The EIS fitted results and their data analysis are summarized in Fig. 7A and
Table 2, respectively. Generally, the EIS of solar cells are three semicircular graphs that appear from high frequency to low frequency
in Fig. 7A. These semicircles belong to charge-transfer resistance (R1), (R2) and RS. The semicircles in the high frequency region of
20–100 Hz are related to (R1) and capacitor (CPE1). The semicircles in the intermediate range of frequencies (1–10 kHz) are due to
(R2. Charge transfer resistance and electron recombination (R1) and the chemical capacity (CPE1) at Dye / TiO2 is related to the
electron lifetime of the TiO2 [17]. The high frequency (greater than 100MHz) can be related to the general resistance (RS).

The charge transfer resistance (R1) is 25.30, 26.09, 29.45 and 24.44 O, charge transfer of (R2) is 158.25, 173.00, 198.30 and
162.10 O, respectively which are associated with the DSSCs (made of lily dye) of P25 nanoparticles and 210, 425 and 631 nm
nanofibers, As shown in Table 2, the R1 and R2 are different for the cells with different pigments, as pigment molecules are bonded to

Fig. 5. A. Absorption spectra of the lily pigment, the pigment adsorbed by the nanoparticles (25 nm) and the TiO2 nanofibers (210, 425 and 631 nm)
in photoanode. B) The IPCE spectrum associated with the lily of the lime pigments absorbed on nanoparticles and TiO2 nanofibers.

Fig. 6. The I–V diagram of the DSSCs sensitized with nanoparticles diameter of 25 nm and nanofibers of 210, 425 and 631 nm thickness.
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titanium As reported by others [16]. Smaller R1 and further R2 increases TiO2 / electrolyte resistance, which affect the suppressing
electron recombination. These results are effective in very soft charge transfer and photoanode charge transfer efficiency of the cells
made of nanofibers [17]. Therefore, the solar cell comprises of 425 nm nanofibers has the lowest electron recombination and hence
the highest efficiency that matches with the results of I–V presented in Fig. 6.

Fig. 7B depicts the Bode phase diagrams of the solar cells sensitized with lily flower in frequency range of 0.1–1000 Hz, which is
related to the effective lifetime of electrons on TiO2 photoanode. The peak of the frequencies marked in each graph is inversely
proportional to the lifetime of electrons [21,22]. The peak properties are transmitted to the low frequency from mid frequency based
on the nanofibers provided from0.1 to 0.3 flow rate, which is compared to P25 photoanode. 76.08 Hz, 13.58 Hz, 11.17 Hz, 18.69 Hz,
and for P25, 210 nm, 425 nm and 631 nm are shown respectively. It should be noted that in the transmission of high frequency to low
frequency, a fast transfer is shown as the electron lifetime (τe) is calculated from the following equation [33]:

τe= 1/2πfmin

where fmax is the top frequency within frequency range. The lifetime of the electron for the cell provided from flow rate of 0.1mL/h to
0.5mL/h is 5.68–14.26ms, respectively. The highest lifetime of electron was observed as 12–14.26ms for the cell of using nanofibers
of 425 nm, integrated from latest results where the 425 nm sample shows the lowest charge recombination and the highest electron
lifetime. Hence, the results of bode phase diagram correspond to the I–V results.

4. Conclusion

The DSSC fabricated and sensitized with TiO2 nanoparticles could not exhibit desirable results, mainly due to the interfacial
boundary between their layers and also electron recombination. The performance of the DSSCs sensitized with large and thick
nanofibers (samples with average diameter of 631 nm) was also not good enough. This was mainly because of either low pigment
adsorption or low light absorption. On the other hand, the small diameter nanofibers (210 nm) could not efficiently positively affect
the performance of the DSSC, mostly because of reduced porosity or pigment adsorption. The best performance was achieved for the
DSSC sensitized with 425 nm diameter nanofibers. Further investigations are required to optimize the selection of nanofibers for the
best DSSC performance. In general, lily pigment due to its proper absorption on nanostructure and proper absorption of light is a good
candidate as natural pigment. The reason for lower efficiency and higher recombination of electron in natural pigments compare to
Synthetic pigments can be attributed to the poor bonding and high resistance of the former. Also the presence of COOH functional
group and optimization of natural pigments is necessary to improve the efficiency of DSSCs.
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Table 2
Impedance parameters of the DSSCs made of nanoparticles (P25) and the cells made of different nanofibers.

Cell type Efficiency (%) R1 Pt / electrolyte R2 Electrolyte / Dye / TiO2 RS

P 25 0.59 25.30 158.25 83.0
210 nm 0.71 26.09 173.00 76.0
425 nm 1.72 29.45 198.30 54.0
631 nm 1.23 24.34 162.10 71.5

Fig. 7. A) Electrochemical impedance spectra of the DSSCs made of TiO2 nanoparticles (P25), and TiO2 nanofibers with different diameters. B) Bode
phase plots of TiO2 nanofibers. The X-axis is frequency (Hz) and Y-axis represented theta phase values.
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