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e/nanofiber–ZnO photoanode for
the enhancement of the efficiency of dye-
sensitized solar cells

Man Yang, Binghai Dong, * Xiaojie Yang, Wankun Xiang, Ziqing Ye, Erjing Wang,
Li Wan, Li Zhao and Shimin Wang*

The overall objective of this research was the preparation of optical nanocomposite photoanodes through

a simple method. The synthesized nanocomposite photoanodes were then used to improve the power

conversion efficiency of dye-sensitized solar cells (DSSCs). Titanium dioxide (TiO2) nanofibers (NF) were

prepared via electrospinning and calcination. Then, thin films were prepared with commercial TiO2 (NP)

as a binder. Different concentrations of zinc oxide (ZnO) nanoparticles were used to impregnate TiO2

NP/NF. When the prepared nanostructures were used as photoanodes, the DSSCs based on NP/NF–ZnO

film with an optimum concentration of ZnO (3.5 M) exhibited the highest short circuit current density

(Jsc) of 12.83 mA cm�2 and open circuit voltage (Voc) of 0.764 V. The NP/NF–ZnO photoanode also

exhibited a maximum power conversion efficiency (PCE) of 6.54%, which was higher by 26.5% than that

of NP/NF (5.17%) with the same electrolyte.
Introduction

O'Regan and Grätzel rst fabricated TiO2-based dye-sensitized
solar cells (DSSCs) in 1991.1 Over the past two decades, DSSCs
have been considered to be third-generation photovoltaic
devices due to their low cost, easy manufacture, and relatively
high solar energy conversion efficiency.2–4 The fabrication of
DSSCs with power conversion efficiency (PCE) of over 14% has
attracted considerable interest from numerous research
communities.5 A typical DSSC consists of a photoanode based
on TiO2 nanoparticles (NPs), a dye acting as a light absorber,
a liquid electrolyte (I�/I3

�), and a counter electrode.6 The pho-
toanode has a crucial role in DSSCs. Give the low band gap (Eg),
high surface area for dye absorption, and facile fabrication,
TiO2 NPs are widely used as effective photoanodes in conven-
tional DSSCs. However, the weak light-scattering ability of TiO2

NPs restricts light harvesting by dyemolecules, and themultiple
capture events at the grain boundaries of TiO2 NPs inhibit
electron transport and increase the recombination of electrons
with redox species in the electrolyte. Research groups have
attempted to vary the morphology and structure of TiO2 to
overcome these drawbacks.

One-dimensional (1D) nanostructures such as nanowire,7

nanobers,8 nanorods,9 nanobelts,10 nanotubes,11 and
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nanosheets,12 have been utilized as photoanodes. 1D nano-
structures provide a direct pathway for electron diffusion, thus,
promoting electron transport, reducing charge recombination,
and increasing charge collection efficiency, these benecial
effects collectively improve PCE.13 TiO2 nanober membranes
are nanostructures with great potential as a DSSC photoanode.
Recently, TiO2 nanobers for DSSCs have been successfully
fabricated via electrospinning, which allows for the control of
nanobers diameter and nanober membrane thickness.14

Nevertheless, 1D-nanostructures exhibit insufficient internal
surface area compared with zero dimensional nanoparticles,
this characteristic limits the amount of dye to that could be
loaded on 1D nanostructures.15 Several groups have reported
the enhanced efficiency of DSSCs based on two or more other
nanostructures, such as nanowires-based composite elec-
trodes,16 nanorods–nanoparticle composite electrodes,17 nano-
bers–nanoparticle composite electrodes,18 and nanowire–
nanoparticle composite electrodes.19 DSSCs based on these
composite materials exhibit improved photovoltaic perfor-
mance and high PCE.

Another approach to address insufficient internal surface
area and low dye loading is the use of other photoanode
materials, such as ZnO, SnO2, Nb2O5, and Al2O3, these materials
are semiconductors with wide band-gaps.20–23 ZnO is one of the
rst oxide semiconductor alternatives applied in DSSCs.24,25 It
has a wide band gap of 3.37 eV, which is similar to that of TiO2

(3.2 eV), and a high exciton binding energy of 60 meV.26 The
high electron mobility properties of ZnO surpass those of
TiO2,27,28 and its high electron transport rate decreases recom-
bination. However, the IPCE and efficiency of ZnO-based solar
This journal is © The Royal Society of Chemistry 2017
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cells is still far lower than those of TiO2 because ZnO is chem-
ically unstable, and easily forms insulating complexes (Zn2+/dye
agglomerates) upon contacting dye-loading solutions.29,30

Therefore, electron injection from the dye molecules to the
semiconductor may be hindered.31 The successful route to
overcome this issue is to combine two different materials, such
as ZnO/TiO2 core–shell nanostructures,32 and heterogeneous
ZnO/TiO2 architectures.33 The conversion efficiencies of
combined ZnO materials are better than those of bare ZnO
nanostructures.

The introduction of ZnO NPs into TiO2 thin lms is bene-
cial for rapid electron transport. For example, Memarian et al.34

used a hollow ZnO structure as DSSCs photoanodes and showed
much better PCE performance as high as 7.5%. Yana Yang
et al.35 fabricated a DSSC with a photoanode based on ZnO
nanowires in mesoporous TiO2. The DSSC obtained a PCE of
7.13%. They found that the short circuit current (Jsc) of the DSSC
was enhanced, whereas, the open-circuit voltage (Voc) did not
improve due to the absence of electron transfer in the open
circuit.

Previous researches from different groups have shown that,
the PCE of DSSC benets from the application of different
structures. In the present study, we used an electrospinning
technique to fabricate TiO2 nanobers (NF) and a simple
impregnation technique to prepare TiO2–ZnO composites. We
found that using the TiO2–ZnO nanocomposites as photo-
anodes can signicantly enhance the photovoltaic performance
of DSSCs because of a high dye loading amount and improved
light scattering. DSSCs that utilize the composites (NP/NF–ZnO
lm with an optimum concentration of 3.5 M) as photoanodes
exhibited a greatly enhanced PCE of 6.54%, which was higher by
26.5% than that of DSSCs with NP/NF photoanode (5.17%), and
by 69% than that of DSSCs with NP photoanodes (3.87%) with
the same electrolyte.
Experimental section
Materials and chemicals

Polyvinyl pyrrolidone (PVP, Mw ¼ 1 300 000), and titanium(IV)
isopropoxide (TIP) were purchased from Sigma-Aldrich, Ltd.
Acetone, isopropanol, ethanol, and acetic acid were purchased
from Sinopharm Chemical Reagent Co., Ltd. Di-
tetrabutylammonium cis-bis(isothiocyanato)bis(2,20-bipyridyl-
4,40-dicarboxylato)ruthenium(II) (N719) dye was purchased from
Solaronix. Commercial titanium dioxide (TiO2 20 nm) was
purchased from Wuhan lattice Solar Energy Technology Co.,
Ltd. All chemicals were used as received without further puri-
cation. Fluorine-doped tin oxide (FTO) conductive glass
(1.5 cm� 2.0 cm, 14 U cm�1) was purchased from Nippon Sheet
Glass, Japan. The FTO was successively cleaned in acetone,
isopropanol, ethanol, deionized water in an ultrasonic cleaner
for approximately 30 min.
Fig. 1 Schematic of the DSSC with NP/NF–ZnO based photoanode.
Preparation of TiO2 nanobers

TiO2 nanobers were produced by electrospinning and calci-
nation. In our work, the precursor solution consisted of 35 mL
This journal is © The Royal Society of Chemistry 2017
ethanol and 10 mL acetic acid. Then, 5 g TIP was added to the
precursor solution under magnetic stirring for half an hour.
Aerward, 2 g PVP (Mw ¼ 1 300 000) was slowly dissolved in the
solution under electromagnetic stirring for 2 h at 70 �C in
a water bath. The solution was then electrospun under an
applied voltage of 10 kV at a ow rate of 2.5 mL min�1. The
distance between the needle tip and collector (aluminium foil)
was 10 cm. Finally, the resulting nanobers were annealed at
500 �C for 30 min at a heating rate of 1 �C min�1. The thick-
nesses of the nanobers were controlled by varying the duration
of electrospinning.

Synthesis of the nanocomposite photoanode

First, the TiO2 nanober lms were stripped from the Al foil,
and then cut into uniform sizes of 4 mm � 4 mm aer calci-
nation. The strips were then pasted onto FTO glass using
commercial TiO2 slurry. TiO2 nanoparticle/TiO2 nanober lms
(NP/NF) were heated at 125 �C for 10 min on a hotplate and
calcined at 500 �C for 30 min in air. Second, 2.0 M, 2.5 M, 3.0 M,
3.5 M, and 4.0 M Zn(NO3)2 aqueous solutions were prepared.
Subsequently, the whole samples were immersed in the
Zn(NO3)2 solutions at 70 �C for 30 min. Aerward, the samples
were ushed with deionized water and oven-dried. Finally, the
samples were calcined at 500 �C for 30 min in air.

Fabrication of DSSC

All the samples prepared above were immersed in 0.5 mM N719
dye solution with ethanol as the solvent. The samples were
maintained in the solutions for 24 h to complete sensitization.
The photoanodes were washed with ethanol to remove excess
dye molecules. Then, the dye-sensitized photoanodes and a Pt
counter electrode were assembled into a sandwich-type cell.
Then, a syringe was used to inject the electrolyte solution
(consisting of 0.1 M of LiI, 0.05 M of I2, 0.5 M of 4-tert-butyl-
pyridine, and 0.6 M of tetrabutylammonium iodide in acetoni-
trile) into the internal space of the cell. The effective area was
xed at 0.16 cm2. The simple scheme for DSSC fabrication is
presented in Fig. 1.
RSC Adv., 2017, 7, 41738–41744 | 41739
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Characterization

The NP/NF lms and the crystalline structures of the devices
were characterized via X-ray diffraction (XRD, Bruker-AXS D8
Advance). The elemental states of the sample were analyzed via
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). The
morphology of the devices were investigated by eld-emission
scanning electron microscopy (FE-SEM, JEOL JEM 6510LV)
coupled with an energy dispersive X-ray (EDX) detector and
transmission electron microscope (TEM, JEM2100, Japan).
Diffuse reectance spectra and transmission spectra were ob-
tained by using an UV-vis spectrophotometer (UV-3600, Shi-
madzu). Dye loading was quantied based on desorption of dye
molecules in 0.1 M NaOH ethanol–water (1 : 1) solution as
measured by an UV-vis spectrophotometer. The current–voltage
(J–V) characteristics of the devices were measured in the dark
and under simulated AM 1.5G (100 mW cm�2 irradiance), using
a solar simulator (Oriel, model 91192-1000) and a source meter
(Keithley 2400, USA), respectively. Electrochemical impedance
spectroscopy (EIS) was performed using an electrochemical
workstation (Zennium, IM6, Germany) over the frequency range
of 10 mHz to 0.1 MHz under simulated AM 1.5G (mW cm�2

irradiance).
Results and discussion
FE-SEM analysis of the samples

Fig. 2(A) and (C) show the cross-sectional FE-SEM images of NP/
NF and NP/NF–ZnO (immersed in 3.5 M Zn(NO3)2 solution),
Fig. 2(B) and (D) are the corresponding amplication SEM
images. Comparing the SEM images of the bare TiO2 conrmed
that the ZnO impregnated TiO2 (Fig. 2(A) and (C)). Fig. 2(A)
showed that the TiO2 NP/NF formed a compact structure with
a thickness of approximately 12.8 mm thick. TiO2 particles
Fig. 2 (A), (C) The cross-sectional SEM images of NP/NF and NP/NF–
ZnO; (B), (D) the corresponding local amplification SEM images.

41740 | RSC Adv., 2017, 7, 41738–41744
inltrated the gaps between bers and formed a dense lm.
Fig. 2(C) showed that the thickness of the NP/NF–ZnO was
approximately 10.1 mm. In addition, the lm became thinner,
and formed some obvious gaps, which is good for dye absor-
bance. The reason for this formation is that the density of the
lm decreased aer immersion in zinc nitrate solution, and the
ZnO nanoparticles are attached to the TiO2 NF.

Chemical composition cannot be extrapolated from FE-SEM
images. Thus, the elemental compositions of the samples were
investigated via FE-SEM-EDX. The results of EDX analysis are
shown in Fig. 3 and conrmed the presence of Zn over the
surface of TiO2. The results also showed the existence of the
characteristic peaks of Zn and TiO2. The presence of Ti was
conrmed based on the peaks present at 0.5 keV, 4.5 keV and
4.9 keV, whereas the peaks at 9.6 keV, 8.6 keV and 1.0 keV were
associated with Zn.
TEM analysis of the samples

To elucidate the structure of NP/NF–ZnO, TEM measurements
were taken and are shown in Fig. 4. As shown in Fig. 4(A), the
optical ber has a diameter of 245.7 nm and a length of several
micrometers. As in the FE-SEM analysis, not all of the values of
the bers were obtained. Fig. 4(B) and (C) shows HR-TEM
images of the same ber in the prepared material. The regular
atomic formation of the atomic planes conrmed the crystalline
structure of the prepared samples. The clear lattice fringes with
a d-spacing of 2.57 Å corresponded to the (002) planes of the
hexagonal wurtzite ZnO. The edge of the anatase TiO2 molecule
had a crystalline spacing of 3.4 Å assigned to the (101) plane.
The result conrmed the growth of high-quality TiO2 nano-
particles, as shown in Fig. 5 by XRD analysis.
XRD analysis of the samples

The results of the XRD analysis of the NP/NF and NP/NF–ZnO
composites are provided in Fig. 5. The diffraction peaks of the
two samples were identied as anatase TiO2 [JCPDS card no. 21-
1272] based on the diffraction peaks obtained at 26.1�, 38.7�,
48.8�, 52.3�, 55.8�, and 63.3�, and as rutile TiO2 [JCPDS card no.
21-1276] based on the peaks at 27.4�, 54.7�, 66.3�. The
Fig. 3 EDX analysis of the NP/NF–ZnO nanocomposite.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) TEM image of the surface morphology of the NP/NF–ZnO
nanocomposite and (B–D) HRTEM images with different morphol-
ogies of the sample.

Fig. 5 XRD patterns of NP/NF and NP/NF–ZnO nanocomposite.

Fig. 6 (A) XPS survey spectra of the NP/NF–ZnO nanocomposite. (B)
Fine-scanned XPS spectrum within the Ti 2p region. (C) Fine-scanned
XPS spectrum within the O 1s region. (D) Fine-scanned XPS spectrum
within the Zn 2p region.
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diffraction peaks appeared at 32.5�, 35.2�, 37.1�, 48.3�, 57.3�,
and 68.6� corresponded to the (100), (002), (101), (102), (110),
and (112) planes, respectively, of hexagonal wurtzite ZnO
[JCPDS card no. 36-1451]. Based on XRD analysis, the composite
samples were mainly composed of anatase TiO2 and zincite
ZnO.
Fig. 7 J–V curves of the fabricated DSSCs based on NP/NFs in 2.0 M,
2.5 M, 3.0 M, 3.5 M, and 4.0 M, Zn(NO3)2 solutions.
X-ray photoemission spectroscopy analysis of the samples

X-ray photoemission spectroscopy (XPS) was performed to
further investigate the composition of NP/NF–ZnO. The results
are shown in Fig. 6. Fig. 6(A) shows Ti 2p, O 1s and Zn 2p peaks
exist in the full XPS spectra of the NP/NF–ZnO nanocomposite.
As shown in Fig. 6(B), two peaks exist in the Ti 2p region, a peak
with the binding energy of 458.28 eV attributable to the Ti 2p3/2,
and a second peak at 464.18 eV that corresponded to Ti 2p1/2. In
addition, the splitting between Ti 2p1/2 and Ti 2p3/2 was 5.90 eV,
indicating a normal state of Ti(IV) in the as-synthesized NP/NF–
This journal is © The Royal Society of Chemistry 2017
ZnO nanocomposite. As shown in Fig. 6(C), the O 1s peak from
the composite materials is located at about 529.48 eV and is
attributable to the composite materials. As shown in Fig. 6(D),
the binding energy of ZnO is located at 1021.7 eV and an
additional two peaks with the binding energy of 1021.8 eV and
1044.8 eV correspond to Zn 2p3 and Zn 2p1, respectively.

Photovoltaic efficiency of the fabricated DSSCs

We rst investigated some optical properties of the DSSC lms
with different ZnO contents (zinc salt concentration). Fig. 7
depicts the J–V characteristics of the DSSCs based on NP/NF
immersed in 2.0 M, 2.5 M, 3.0 M, 3.5 M, or 4.0 M of Zn(NO3)2
solutions. The photovoltaic parameters, like Jsc, Voc, ll factor
(FF), and PCE are listed in Table 1. The results indicated that the
Jsc, Voc, FF and PCE of DSSCs are dependent on the ZnO content
of the photoanodes. Experimental results showed that Jsc
increased in the order of 3.5 M (12.83 mA cm�2) > 3.0 M (10.74
RSC Adv., 2017, 7, 41738–41744 | 41741
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Table 1 Performance characteristics of the DSSCs based on NP/NF immersed in 2.0 M, 2.5 M, 3.0 M, 3.5 M, or 4.0 M Zn(NO3)2 solutions

Concentration Jsc (mA cm�2) Voc (V) FF (%) PCE (%) Dye loading (10�7 mol cm�2)

2.0 M 9.65 0.744 66.44 4.77 1.84
2.5 M 9.91 0.774 68.05 5.22 2.31
3.0 M 10.74 0.774 65.2 5.42 2.39
3.5 M 12.83 0.765 66.69 6.45 2.79
4.0 M 4.51 0.795 66.94 2.4 1.46
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mA cm�2) > 2.5 M (9.91 mA cm�2) > 2.0 M (9.65 mA cm�2) >
4.0 M (4.51 mA cm�2). The increase in photocurrent can be
attributed to rapid electron transport and the shortened
electron-transfer distance that both resulted from ZnO
contents. Moreover, the Voc improved with the addition of ZnO
owing to the suppression of electron recombination, conse-
quently improving the conversion efficiency. However, when
a higher ZnO concentration was introduced, Jsc decreased
because higher ZnO concentrations formation of the Zn2+/dye
complexes,31 which hinder dye absorption, electron transport,
and electrolyte penetration. Consequently, the DSSCs that used
NP/NF–ZnO photoanodes prepare with 3.5 M exhibited the
highest PCE of 6.54%.

The UV-vis spectra of dye adsorption on different composite
lms are shown in Fig. 8. The amounts of N719 loaded on the
photoanodes are provided in Table 1, which illustrates that the
absorbance of photoanode lms rst increases with the ZnO
content of composite lms and then decreased. The maximum
absorption value was 3.5M and the amount of dye adsorbed was
2.79 � 10�7 mol cm�2. This result is consistent with the results
of the above analysis and further conrmed that a high electron
injection efficiency and light capture efficiency improve Jsc.

Based on the above conclusions, we compared the structure
of the NP/NF–ZnO immersed in 3.5 M Zn(NO3)2 with that of NP/
NF. We also compared the optical properties of NP/NF and NP/
NF–ZnO. These photoanodes have different structures. The
photocurrent–photovoltage characteristics of the DSSCs based
on the two photoanodes are shown in Fig. 9, and the
Fig. 8 UV-vis spectra of desorbed dye (N719) in 5 mL of NaOH
(ethanol : deionized water¼ 1 : 1) on NP/NF immersed in 2.0 M, 2.5 M,
3.0 M, 3.5 M, or 4.0 M Zn(NO3)2 solutions.

41742 | RSC Adv., 2017, 7, 41738–41744
corresponding photovoltaic performance parameters of the
photoanodes are summarized in Table 2. The UV-vis spectra of
dye adsorption by the different composite lms are shown in
Fig. 10.

The DSSCs with the NP/NF photoanode lm had a Jsc of
11.66 mA cm�2, Voc of 0.764 V, and PCE of 5.17%. Compared with
it, the DSSCs with the NP/NF–ZnO photoanode exhibited the
highest Jsc of 12.83 mA cm�2 and Voc of 0.764 V. The NP/NF–ZnO
photoanode also exhibited the maximum PCE of 6.54%, which
was higher by 26.5% than that of NP/NF (5.17%) the same
electrolyte. The signicant enhancements in the PCE of the NP/
NF–ZnO-based DSSC compared with that of the NP/NF-based
DSSCs are mainly attributed to the remarkable enhancement in
light scattering and the marked increase in Jsc.

The calculated amounts of dye adsorption on the
membranes are listed in Table 2. The dye-loading amount of the
NP/NF–ZnO (2.79 � 10�7 mol cm�2) photoanode was higher
than that of NP/NF (2.13 � 10�7 mol cm�2) photoanodes. Based
on the J–V curves shown in Fig. 10, the NP/NF–ZnO cell with
higher dye loading amount possesses a higher Jsc.

To further understand the properties of electron transport
and recombination in DSSCs, electrochemical impedance
spectroscopy (EIS) measurements were taken at an applied bias
of Voc and a frequency between 0.1 Hz and 100 kHz under one-
sun illumination. The Nyquist plots of the EIS results are shown
in Fig. 11(A). An equivalent circuit diagram, which denes the
junction impedance in the tested system, is provided in
Fig. 11(B). The EIS generally comprises three parts in the elec-
trochemical system of DSSCs. Semicircles in the high-frequency
range are assigned to the redox reaction at the platinum counter
Fig. 9 J–V curves of NP/NF- and NP/NF–ZnO-based DSSCs.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Performance characteristics of NP/NF- and NP/NF–ZnO-based DSSCs

Sample Jsc (mA cm�2) Voc (V) FF (%) PCE (%) Dye loading (10�7 mol cm�2) Rs (Ohm) Rct1 (Ohm) Rct2 (Ohm)

NP/NF 11.66 0.764 58.03 5.17 2.13 16.57 22.17 101.2
NP/NF–ZnO 12.83 0.764 66.72 6.54 2.79 17.57 18.55 57.21

Fig. 10 UV-vis spectra of dye (N719) in 5 mL of NaOH (etha-
nol : deionized water ¼ 1 : 1) desorbed by NP/NF and NP/NF–ZnO.

Fig. 11 (A) Nyquist plots EIS spectra for DSSCs based on NP/NF and
NP/NF–ZnO. (B) The lowest part of the scheme displays the corre-
sponding equivalent circuit.
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electrode/electrolyte interface at high frequencies (Rct1),
whereas those in the middle frequency range represent electron
transfer at the photoanode/dye/electrolyte interface (Rct2) and
the Warburg diffusion process of I�/I3

� in the electrolyte at low
frequencies (Rdiff).36 The resistances in the photoanode/dye/
electrolyte interface represent the electron transfer impedance
in the excited state of the dye/photoanode interface, which is
This journal is © The Royal Society of Chemistry 2017
also equivalent to the relative barrier height of electron injec-
tion from the excited dye into the conduction band.37 Therefore
the lower the electron transfer impedance, the greater the
electron injection power, which can effectively increase Jsc.

As shown in Fig. 11(A), the Nyquist plots are composed of two
semicircles, which indicates charge-transfer resistance at the
counter electrode/electrolyte (Rct1) interface and at the TiO2/
electrolyte interface (Rct2, wider semicircle). The greater the
radius of Rct2, the greater the charge recombination resistance,
and vice versa. All DSSCs based on NP/NF–ZnO (57.21 U) have
considerably lower Rct2 values than the NP/NF-based DSSC
(101.2 U), indicating the low electrical resistance of the hybrid
lms. This result conrms that the NF scaffolds can provide
a direct electron pathway, shorten the electron-transfer
distance, and inhibit charge recombination in the hybrid
lms. This result also conrms that the incorporation of ZnO
particles in photoanodes provides fast electron transport,
a direct electron pathway, and short electron-transfer distance.
Consequently, the combined effect of fast electron transport,
longer electron life time, and lower recombination rate collec-
tively improve the Jsc of the DSSC.
Conclusions

We used an electrospinning technique to prepare TiO2 NFs. We
then performed a simple impregnation technique to compound
ZnO with TiO2 NFs to form ZnO/TiO2 composites. DSSCs based
on the ZnO/TiO2 nanocomposite exhibited enhanced the
conversion efficiency. The NP/NF immersed in 3.5 M Zn(NO3)2
aqueous solution showed the best electrochemical perfor-
mance. The Jsc of the NP/NF–ZnO-based DSSC was higher by
32.6% and 10.03% than those of the NP- and NP/NF-based
DSSCs, respectively, and PCE was greatly enhanced to 6.54%.
The NP/NF–ZnO enhances dye adsorption, light absorption and
electron transmission, consequently increasing conversion
efficiency.
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