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A photoanode with a mesoporous F-doped ZnO prism array (F-ZnO PA) is prepared on an F-SnO, (FTO)
glass substrate and its application in a dye-sensitized solar cell (DSSC) is investigated. A superstructure
of mesoporous F-ZnO PA is obtained by thermal treatment of ZnF(OH) PA precursor, which has been
previously grown directly onto the FTO substrate via chemical bath deposition. The structure and mor-
phology of the films are characterized by X-ray powder diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and TEM-EDS elemental mapping. The ZnO prisms are

Ilffgxoerjsz:no homogenously doped by F and composed of oriented nanograins and nanopores. Owing to the higher
Prism array surface area and stronger light scattering, as well as longer electron lifetime and lower charge-transfer
Mesoporous resistance, an electrical energy conversion efficiency (1) of 3.43% is achieved for a DSSC containing a

5 wm thick mesoporous F-ZnO PA photoanode, which is much higher than that for a similar cell based on
aZnO nanorod photoanode. The knowledge acquired in this work is important for the design of efficient

Dye-sensitized solar cell
Photovoltaic

photoanode materials for DSSCs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As a promising candidate for the photoanode of dye-sensitized
solar cells (DSSCs), nanostructured ZnO with different morpholo-
gies has attracted much attention over the last few years due to
the similarity in energy band gap and electron-injection process
of ZnO to those of TiO,. More importantly, its much higher car-
rier mobility is more favorable for the collection of photoinduced
electrons [1,2]. It is well known that one-dimensional (1D) ZnO
nanostructures exhibit excellent device performance in optoelec-
tronic light-emitting diodes and photoanodes for DSSC applications
[3-5]. Recent studies on ZnO DSSCs have mostly focused on pho-
toanodes with 1D nanostructures, such as nanowires or nanotubes,
in view of their low trap density and the direct path to the
current collecting electrode that can speed up charge migration
without adversely affecting recombination [6-8]. However, the
overall solar-to-electric energy-conversion efficiency is limited by
insufficient surface area of the nanowire/nanotube array or poor
light-scattering capabilities. Until now, no more than 2.4% power
conversion efficiency has been reported for ZnO nanowire or nan-
otube array photoanodes [9,10]. One effective approach to increase
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the surface area of the array is to produce mesopores within 1D
ZnO arrays, as has been demonstrated for 2D ZnO nanoplates [11].
On the other hand, ZnO films with hierarchical structure can offer
both sufficient internal surface area for dye-adsorption and large
particles for effective light-scattering [12,13]. In addition to high
porosity and specific surface area, cationic or anionic doping with
an alternate element has been found to be a very effective way to
enhance the efficiency of DSSCs [14,15].

Many research groups have demonstrated that thermal decom-
position of precursors, e.g., zinc oxalate, zinc hydroxide, or zinc
carbonate, can successfully lead to construction of complex ZnO
nanoarchitectures [16-18]. Very recently, Xu et al. [19] have
reported the synthesis of mesoporous rhombus-like ZnO nanorod
(NR) arrays via a two-step approach. The route first involved elec-
trodeposition of vertically aligned rhombic ZnFOH nanorod arrays,
followed by pyrolysis of the ZnFOH intermediate into ZnO with
the same morphology. However, their resultant ZnO products
were polycrystalline in nature, resulting from the polycrystalline
ZnFOH nanorod precursor, which may limit the overall solar-
to-electrical energy-conversion efficiency of the corresponding
Zn0O-based DSSCs. Wet chemical routes are useful for “electroless
deposition” processes, which do not require complex equipment
or electricity [20]. In the present study, we have attempted
to fabricate single-crystalline ZnF(OH) prism arrays on an FTO
glass substrate in a Zn-NH4F solution via wet chemical routes.
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A superstructure of mesoporous F doped ZnO prism array (F-
ZnO PA) with highly oriented crystal grains has been obtained
by thermal transformation of ZnF(OH) prism array precursors in
air. Several design benefits can be envisaged for such an F-ZnO
photoanode. First, the mesoporous prism structure provides a
large internal surface area for dye molecule adsorption, which
is significant for a DSSC. Second, because of its aligned single-
crystalline-like structure, the F-ZnO prism, despite its nanopores,
is almost as effective as vertically aligned NR in reducing the num-
ber of electron-hopping junctions in the film. Conventional porous
nanoparticle films, in contrast, have significant resistance from
these junctions. Third, the submicrometer-sized prisms act as light
scatterers to enhance the light harvesting. In our preliminary exper-
iments, we have achieved a maximum conversion efficiency of
3.43% using a 5 pm thick mesoporous F-ZnO PA as the photoan-
ode in a DSSC under 90 mW cm~2 illumination; this is much more
efficient than a similar DSSC based on a ZnO NR film photoanode.

2. Experimental
2.1. Preparation of hierarchically mesoporous F-ZnO PA film

F-ZnO PA films were prepared using a two-step experimental
procedure, which comprised an initial low temperature chemical
bath process and a annealing following. Before chemical bathing, F-
doped SnO, glass substrates (FTO, 10-15 Qsq~1, Asahi Company)
were ultrasonically cleaned in water and ethanol before being dip-
coated to give a thin ZnO sol layer, and annealed at 500 °C for 30 min
to obtain a ZnO seed film. The chemical bath solution was made
by dissolving 0.05M Zn(NOs), and 0.2 M NH4F in deionized water.
The seeded substrate was placed vertically into a beaker with the
reverse side against the beaker wall. The chemical bath reaction was
carried out at 70°C for 1 h; prism arrays of ZnF(OH) were obtained
on the FTO substrate. Then the ZnF(OH) array films were cleaned
under running water and dried at room temperature, followed by
annealing in a tube furnace at 500°C for 1h to yield F-ZnO PA.
The annealing treatment must be carried out in a tube furnace in a
highly efficient fume hood, because the HF produced by the thermal
decomposition of ZnF(OH) is highly poisonous.

For comparison with the F-ZnO, ZnO NR films were fabricated
as described in our previous work [21].

2.2. Characterization

The crystallinity and phase purity of the product were exam-
ined by a Bruker D8 Advance X-ray diffractometer (XRD) with
monochromatized Cu Ko radiation (A= 1.5418 A), recorded with
26 ranging from 10° to 80°. The morphology and structure of the
as-synthesized product were characterized using a JEOL JEM-2010
transmission electron microscope (TEM) operating at 200kV and
a JEOL JSM-6700F scanning electron microscope (SEM). Energy
dispersive spectroscopy (EDS) elemental mapping measurements
were recorded using JEM2100F high-resolution transmission elec-
tron microscope (HRTEM) with energy filter (GIF Tridium). The
stoichiometry of the products was examined by X-ray photoelec-
tron spectroscopy (XPS) using a VG Multilab 2000X spectrometer
with a standard and monochromatic source (Al Ka) operated at
150 W. In the XPS measurements, all binding-energies were refer-
enced to the main Cq peak at 284.6 eV. Thermal analysis (TG-DTA)
was carried out with a Netzsch Sta 449c thermal analyzer at a heat-
ing rate of 10°Cmin~!.

2.3. DSSC fabrication and performance measurements

Prior to solar cell testing, the F-ZnO PA and ZnO NR obtained
were heated at 80°C for 30 min and then immersed in a 0.3 mM
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ethanolic solution of the ruthenium complex cis-bis(2,2’-bipyridyl-
4,4’'-dicarboxylato)-ruthenium(Il)-bis-tetrabutylammonium
(commercially known as N719 dye) overnight at room tempera-
ture. Then the sensitized films were rinsed with ethanol to remove
excess dye from the surface and air-dried at room temperature.

The sensitized electrode was incorporated into a typical cell;
namely, a Pt counter electrode was placed over the dye-sensitized
photoanode, and then the photoelectrochemical properties of the
DSSC were measured. The electrolyte solution, which consisted of
0.60 M 1-butyl-3-methylimidazolium iodide, 0.03 M I, and 0.50 M
tertbutylpyridine in acetonitrile/valeronitrile (85:15), was injected
into the space between the photoanode and the counter elec-
trode. The active area of the resultant cell exposed to light was
0.2cm?. The photoelectrochemical tests of the DSSCs were per-
formed under one sun conditions using a solar light simulator
(Oriel, 69911, AM 1.5 globe). The photocurrent-voltage characteris-
tics were measured using a Princeton Applied Research Model 263A
Potentiostat/Galvanostat. The incident photo-to-current conver-
sion efficiency (IPCE) was measured with a Dual-Channel Optical
Meter Model 2931-C (Newport). To quantify the dye content of the
ZnO electrodes, the dye was desorbed into 0.2 mM NaOH solution
[22],and then the absorption spectrum of the desorbed dye solution
was measured using a UV-vis spectrophotometer (Perkin Elmer
Lambda35). The electrochemical impedance spectra (EIS) measure-
ments in this study were carried out by applying bias of the open
circuit voltage Vo in a frequency range from 0.1 Hz to 100 kHz with
an ac amplitude of 10 mV. The photocurrent-voltage characteris-
tics and EIS measurements of all the DSSCs were performed under
the irradiation light intensity of 90 mW cm—2.

3. Results and discussion
3.1. Structure and morphology of ZnF(OH) prism arrays

The intermediate product, ZnF(OH) column array with a prism
structure, was prepared by chemical bath deposition - placing a
seeded FTO substrate into a mixed solution consisting of 0.05M
Zn(NOs3), and 0.2 M NH4F at 70°C for 1 h. X-ray diffraction (XRD)
measurements show that the intermediate product obtained is
orthorhombic ZnF(OH) (Fig. 1a, JCPDS file No. 74-1816) with lat-
tice constants of a=10.13A, c=3.12A. No impurity peaks were
detected, indicating the high purity of the obtained ZnF(OH) array
film. The SEM image in Fig. 1b shows an overview of the as-prepared
ZnF(OH). The product consists of a large, well-aligned, prism-like
nanostructure, which uniformly covers the entire surface of the
FTO substrate. The cross-section view in Fig. 1c shows that these
ZnF(OH) prisms are aligned in a dense array approximately per-
pendicular to the substrate surface, and have large gaps between
them. The surface of each prism is very smooth. The prisms range
from 100 nm to 1.5 pm across and the film thickness is 5 wm, which
is approximately the average prism length (Fig. 1c). The surface of
the ZnF(OH) column precursors is also found to be smooth in the
transmission electron microscope (TEM) image of Fig. 1d. The cor-
responding selected-area electron diffraction (SAED) pattern of the
ZnF(OH) prism in the inset of Fig. 1d exhibits two sets of diffraction
spots, indicating that the prisms possess single-crystalline struc-
ture.

3.2. Structure and morphology of the mesoporous F-ZnO PA

Thermo-gravimetric/differential thermal analysis (TG/DTA) was
used to follow the heat treatment process of the as-prepared
ZnF(OH) in air. The DTA curve in Fig. S1 in the Supporting Infor-
mation shows that the thermal decomposition of the precursor is
an endothermic process, with only one obvious endothermic peak
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Fig. 1. (a) XRD pattern, (b) SEM, (c) SEM cross-section and (d) TEM image of the ZnF(OH) precursors.

at about 403 °C. The total weight loss of 13.8% in the TG curve is
ascribed to the release of HF during decomposition of the ZnF(OH)
according to Eq. (1).

Zn(OH)F — ZnO + HF 1 (1)

After heat treatment of the ZnF(OH) prism array at 500°C for 1h
in air, XRD shows that the final product is single-phase hexagonal
wurtzite ZnO (Fig. 2a, JCPDS file No. 74-1816), which is in agree-
ment with the previous report. However, XPS results (see Fig. S2
in the Supporting Information) show that the annealed ZnO film
contains a small amount of F(1.38 atom%). A detailed chemical anal-
ysis was carried out using EDX elemental mapping. Fig. 2b shows
a typical TEM image of a prism scratched from an annealed film
and its corresponding EDS elemental maps are shown in Fig. 2c—e.
The Zn, O, and F elemental maps have the same spatial distribution
as the TEM image. This indicates quite a uniform distribution of
elements in the synthesized products, and demonstrates that the
ZnO prisms are homogenously doped with F. The UV absorbance
edge (Fig. S3 in the supporting information) of the F-ZnO film is
close to 425 nm (Eg =3.08 eV) in the visible region, which is a large
shift toward the lower energy side (red-shift) relative to the pure
ZnO (about 380 nm). This result is accordance with Vijayakumar’s
reports about the optical absorption changes of F-doped ZnO films
[23]. The typical green emission PL spectra of F-ZnO PA and ZnO
NR array films with the same thickness of 3 wm (Fig. S4 in the sup-
porting information) were analyzed. The deep-level emission in the
green band is generally related to variation in the intrinsic defects
in ZnO films, such as zinc vacancies (Vz,), interstitial zincs (Zn;)
and oxygen vacancies (Vo) [24,25]. In our case, the green emission
peak intensity of F-ZnO is much weaker than that of ZnO NR. The
significant difference in the intensity between F-ZnO PA and ZnO
NR is ascribed to the low density of V, resulting from substitution
of doped F for O in F-ZnO [26].

Overall SEM observations (Fig. 3a) show that the F-ZnO prisms
have similar shape and size distributions to the intermediate

ZnF(OH) prisms, implying the prism-like conformation of the pre-
cursor is maintained. However, in contrast to the intermediate
ZnF(OH), the F-ZnO prism contains numerous nanocrystals (about
20 nm) and mesopores, which are visible on the top surfaces of the
prisms as shown in the high-magnification SEM image (the inset
of Fig. 3a) of an individual prism top end. The cross-section image
(Fig. 3b) also shows that the prism morphology of F-ZnO has not
been deformed during the pyrolysis of ZnF(OH). The magnified SEM
image (Fig. 3¢) for the region marked as B in Fig. 3b clearly shows
uniform nanoporous channel morphology at the side of the prism,
resulting from the release of HF produced during the pyrolysis pro-
cedure. To explore the inner morphology of the F-ZnO prism, we
took an SEM image of the region marked C (Fig. 3b) in which the
F-ZnO prisms were broken. It can be distinctly seen from Fig. 3d
that there are many pores located along each prism.

The mesoporous F-ZnO prisms were subjected to further inves-
tigations by TEM, HRTEM, and SAED. The TEM image in Fig. 4a
reveals unambiguously that there are numerous mesopores inside
the prism. The corresponding SAED pattern of the prism is com-
posed of isolated symmetrical spots (inset of Fig. 4a), meaning that
all the nanoparticles in the prism possess almost the same crys-
tallographic orientation. The HRTEM of an individual F-ZnO prism
is shown in Fig. 4b, together with the enlarged image (Fig. 4c) of
the area marked by frames in Fig. 4b. Obvious porous structure
could be observed in Fig. 4b and the typical size of the mesopores
is about 10 nm. The HRTEM image of the single prism exhibits clear
and coherent lattice fringes running through the whole porous
prism. Slight misorientations between nanoparticles, as well as
defects (such as dislocations), can also be observed; these are
responsible for the arc texture of the diffraction spots in the SAED
pattern corresponding to the imperfectly oriented attachment of
the nanoparticles. The measured lattice spacing from HRTEM is
almost the same as that for ZnO and the planes with much finer
spacing can be attributed to (1 0 1 1) and (0 1 1 1) char-
acteristic of hexagonal ZnO (Fig. 4c). The inset in Fig. 4c is the
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Fig. 2. (a) XRD pattern, (b) typical TEM image and X-ray elemental mapping results corresponding to (c) Zn, (d) O, and (e) F of the sample after annealing.

corresponding Fourier Transform (FFT) pattern from the whole typical polycrystalline porous ZnO rhombus-like NRs reported by
area. Therefore, both the results of SAED and HRTEM indicate that Xuetal. [19].

these F-ZnO prisms are composed of highly oriented nanograins, The SEM and TEM images of the F-ZnO films indicate that
which sets our novel hierarchically porous prisms apart from the ZnF(OH) prism films are used as “self-templates” for producing

Fig. 3. (a) SEM image (inset: high magnification image) and (b) cross-sectional SEM image of the porous F-ZnO PA. (c) and (d) Enlarged SEM images corresponding to region
B and region C in panel (b).
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Fig. 4. (a) TEM image and corresponding SAED pattern (in the inset) of a single F-
ZnO prism. (b) TEM image at high magnification. (c) HRTEM taken from the square
in panel (b) and its corresponding FFT pattern from the whole area in (c).
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F-ZnO films with similar morphology. Furthermore, F-ZnO PA
films have a large surface area because each prism consists of
nanoparticles and nanopores. Porous structure is necessary for the
penetration of electrolyte into the photoanode. Thus the novel hier-
archically porous PA films, which maintain the characteristic fast
electron transport channels of vertically aligned NR, while offer-
ing enlarged surface area for dye adsorption, might significantly
enhance the overall efficiency of the DSSCs.

3.3. Formation mechanism of the single-crystalline ZnF(OH) PA

During the process of ZnF(OH) precursor formation, NH4F is
used as a control agent to inhibit homogeneous precipitation of
zinc hydroxide in solution and to make fluoride hydroxide deposit
heterogeneously on the substrate [27]. Saito et al. [27] reported the
heterogeneous nucleation and growth mechanism of ZnF(OH), and
indicated the chemical reaction in the process could be formulated
as follows:

A small amount of Zn?* forms complexes with OH™:

Zn*t +nOH™ & Zn(OH),>™" (2)
Zn%* ions form complexes with existing F~ ions:
Zn*t +F~ & ZnFt (3)

and zinc fluoride hydroxide precipitates through the reaction
between ZnF* and OH~:

ZnF* + OH™ & ZnF(OH) | (4)

Moreover, Zn%* forms amine complexes with NH3 under high pH
conditions:

Zn** +nNH; & Zn(NH3),?* (5)
with n=1-4, where NHj3 is in equilibrium with NH4* and OH~ as
NH4"+OH™ < NH3 (6)

In our case, during the nucleation stage, the newly produced
ZnF(OH) nanoparticles are heterogeneously nucleated on the ZnO
seed nanoparticles that were pre-dip-coated on the surface of FTO,
because the energy barrier for this nucleation is lower than that
for nucleation in solution. Then, oriented vertical growth occurs
via attachment of ZnF(OH) nanoparticles, leading to the forma-
tion of prisms. The unique rhombus-like endplanes originate from
the intrinsic crystalline habit of the orthorhombic crystals. To
evaluate the influence of growth duration on the morphology of
ZnF(OH), we have studied the time course of the reaction by SEM.
Fig. S5 in the Supporting Information displays a series of images
that show the morphological evolution of ZnF(OH) films reacted for
different times (from O to 120 min). In Fig. S5a, the SEM image of
the ZnO seed layer produced by dip-coating shows a large expanse
of ZnO seed nanoparticles. After 5 min of reaction, thin NRs could
be observed over the whole substrate as shown in Fig. S5b. As the
reaction continued to 10 min, we can see that the prisms grew per-
pendicular to the substrate as shown in Fig. S5c. Increasing the
growth time to 60 min leads to an increase of not only the prisms
length, but also their width (Fig. S5d-S5e). Even though the width
increases, no tapering of the prisms can be found. The distances
across the prisms have a wide range, from 100 nm to 1.5 pm, result-
ing from the non-uniform distribution of the nanocrystalline ZnO
seed layer. Such a polydispersed size distribution of prisms in the
film is thought to promote effective light scattering. Further pro-
longing the growth time to 120 min results in the formation of
ZnF(OH) prisms with micrometer size and near-disappearance of
the spaces between the prisms as shown in Fig. S5f. This lengthy
growth time led to the fusion of prisms with each other. The growth
time is therefore crucial to obtain a thick ZnF(OH) film with this
novel architecture.
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Fig. 5. J-V curves and IPCE curves (in the inset) of DSSCs based on F-ZnO PA and
ZnO NR photoanodes.

3.4. Photovoltaic properties of the mesoporous F-ZnO PA base
DSSCs

In a preliminary attempt, mesoporous F-ZnO PAs with a thick-
ness of approximately 5 wm were fabricated for use as photoanodes
in DSSC tests. For comparison, a hexagonal ZnO NR array (Fig. S6)
photoanode with the same thickness was also constructed. Fig. 5
shows the characteristic photocurrent-voltage (J-V) curves with
both curves under AM 1.5 sunlight illumination (90 mW cm2) and
(in the inset) monochromatic incident photon-to-current conver-
sion efficiency (IPCE), and their photovoltaic parameters derived
from the J-V curves are summarized in Table 1. An overall solar to
electrical energy conversion efficiency (1) of 3.43% was achieved for
F-ZnO PA DSSC with a current density (Js¢) of 10.75 mA cm~2, open-
circuit voltage (Vpc) of 0.53 V, and fill factor (FF) of 54%, much higher
than the performance of the ZnO NR array based DSSC (n=1.04%,
Jsc=3.66 A cm~2, Voc =0.52V, FF = 48%). This efficiency (3.43%) is
attractive, taking into account that the film thickness is only 5 pm.
The improvement in 1 value of the F-ZnO PA DSSC is obviously
caused by the higher Jsc. Moreover, the IPCE values obtained for the
F-ZnO PA DSSC are higher than those of the ZnO NR DSSC in the
visible-wavelength. The evidence of the improvement in the IPCE
values further confirms the higher Js. for the F-ZnO PA DSSC as com-
pared with the ZnO NR DSSC. The enhanced photocurrent could be
attributed to the enhanced light harvesting due to the better dye
adsorption, enhanced light reflection and scattering of the photoan-
ode, as well as improved charge collection due to increased electron
lifetime, which will be discussed below. The slightly higher V¢ of
F-ZnO PA DSSC should be a result of the addition of the F into the
ZnO to decrease charge recombination [28].

The amount of adsorbed dye was measured by desorbing the
N719 dye into 0.2 mM NaOH solution and analyzing the solution
using the adsorption peak intensity of N719 at 501 nm, and the
results are also presented in Table 1. The dye loading was calculated
to be 1.47 x 10~*mM and 8.91 x 10~> mM for the F-ZnO PA and
the ZnO NR array, respectively (both anodes were 1.68 cm? in area
and 3 pwm thick). Since the amount of dye absorbed on the F-ZnO
PA DSSC is 1.7 times more than that on ZnO NR DSSC, some of
the improved photocurrent for the F-ZnO PA DSSC is because of its
mesoporous structure, which provides increased effective surface
area for dye adsorption.

The size and morphology of 1D ZnO have been demonstrated
to play important roles in controlling the light scattering [29].
Furthermore, it has been reported that dense nanocavities could
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significantly enhance the optical absorption coefficient of TiO; [30].
The enhanced light scattering of ZnO photoanode films is important
for improving the light-harvesting efficiency, and this has attracted
much interest in developing mesoporous hierarchical structures
to boost photon-to-current conversion efficiency of DSSCs [31,32].
Fig. 6 shows digital photographs of three FTO substrates coated
with F-ZnO PA (left), ZnO NR film (center) and ZnF(OH) PA (right)
with the same thickness (3 um). After thermal treatment, the F-ZnO
PA substrate became more opaque than that of ZnF(OH) PA, while
the ZnO NR coated substrate is nearly transparent. The opacity of
the F-ZnO PA substrate is due to the stronger light scattering by
the mesoporous prisms as compared with the ZnO NRs. The poly-
dispersity of the prisms’ width (100 nm to 1.5 wm) [33] and the
presence of the mesopores are particularly desirable for enhanced
light scattering and trapping.

To further investigate the F-doping effect on the electron-
injection process in the N719 dye sensitized F-ZnO PA (F-
ZnO/N719) structure, green PL measurements of F-ZnO/N719 film
and ZnO NR/N719 film were carried out (Fig. S7 in the support-
ing information). Both of the samples show a band at 550 nm
corresponding to N719 molecules [34], while the emission from the
F-ZnO/N719 film is completely quenched. The complete quenching
PL behavior of F-ZnO/N719 suggests efficient separation of holes
and electrons, which is critical for fast electron injection, and con-
sequently enhancement of photovoltaic performance of the F-ZnO
PA DSSC.

The EIS spectra of the two DSSCs based on the F-ZnO PA film and
ZnO NR film under illumination were measured ranging from 0.1 Hz
to 100 kHz at the V¢ with values of 0.53 V and 0.52 V, respectively,
as illustrated in Fig. 7. According to the diffusion-recombination
model [35,36], a suggested equivalent circuit representing the pro-
cesses of electron transport and recombination are shown in Fig. 7a.
Fig. 7b shows the corresponding Nyquist plots of the F-ZnO PA
DSSC and ZnO NR DSSC, respectively. The semicircles in the high-
frequency region are related to the charge-transfer process at the
electrolyte/counter electrode interface with the resistance (Rp¢) and
Cpt in parallel. In the low frequency the large arcs are assigned to
the electron transport resistance, Ry, and the charge-transfer resis-
tance related to recombination of electron at the ZnO/electrolyte
interface, Ry. As shown in Fig. 7b, there is a big difference in the
low frequency region for the tow DSSCs. In the case of F-ZnO PA
DSSC, there is much higher internal surface area of F-ZnO PA elec-
trode for sufficient dye adsorption and light harvesting efficiency.
Thus under illumination, the photogenerated electron density of
F-ZnO PA is remarkable higher than that of ZnO NR resulting in
an increase in the electron density which leads to both small Ry
and Ry, in the case of F-ZnO PA. As we all know, efficiency of
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Table 1
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Photovoltaic parameters of the F-ZnO PA and ZnO NR based DSSCs under AM 1.5 sunlight illumination (90 mW cm~2).

Sample Jsc (mAcm~2) Voc (V) FF Efficiency (%) Dye adsorbed (mM)
F-ZnO PA 10.75 0.53 0.54 3.43 1.47 x 1074
ZnO NR 3.66 0.52 0.48 1.04 8.91x10°5
a Reazu apparently shifts to alower frequency, corresponding to anincrease
__‘W—_“H,__ W= in the electron lifetime (t) for F-ZnO DSSCs. The electron lifetime
R, —clm:- —— —_— — (t) can be extracted from the frequency (fmax) at the low-frequency
e 7 “cu ¥ =c, "k!__'J‘C,, R, peak in the Bode-phase plots using 7 =1/27fmax. A much longer
A= -T T~ A T was found in the case of the cell with porous F-ZnO (13.6 ms)
- %’— 4 thal? for the cell with ZnO NR.(S ms). The increased t cguld pe
dm ot attributed to the F dopant, which acts as a charge trapping site
for electron-hole separation. The longer electron lifetime will also
b 300 = favor electron transport over a longer distance with less diffusive
= ZnO NR exp. data hindrance to some extent, and thus lead to the reduction of electron
o = ﬂ:?)’;;":ip_data g“ combination and the capture of more effective .el.ectrons [37,38].
N e Therefore, the porous F-ZnO PA based DSSCs exhibit better perfor-
mance than the ZnO NR based DSSCs.
’é“ 180
] 4. Conclusion
Q
i 120 In summary, we successfully prepared a superstructure of meso-
porous F-ZnO PA with highly oriented crystal grains by pyrolysis of
&0 a ZnF(OH) PA precursor in air. The decomposition of the precursor
and the release of gases resulted in a large amount of nanopores
among the prisms. The preparation procedures for mesoporous F-
a L a 2 ZnO PA film are simple, reproducible, and easy to scale up at low
0 100 200 300 400 cost. A5 pm thick F-ZnO PA photoanode based DSSC showed a solar
Z' (Ohm) to electrical energy conversion efficiency (1) of 3.43%, while the effi-
C &0 ciency of a cell with ZnO NR photoanode was 1.04%. The superior
I performance of the DSSC with porous F-ZnO PAs, relative to that
sok = F-ZnO PA exp.data of the DSSC with ZnO NRs, is attributed to the higher IPCE, higher
& ZnO NR exp.data surface area, stronger light scattering, as well as longer electron
fitting result lifetime. This achievement is remarkable, as the DSSC parameters
=) 40 reported here are far from being optimized. Further experiments
g are under way to investigate the effect of the fundamental geomet-
;’ 30 rical features of F-ZnO PAs on solar cell conversion efficiency, to
) deduce the most promising strategies for improvement.
g 20
Supporting information
10 TG-DTA curves of the Zn(OH)F precursors; XPS spectrum,
UV-vis absorption spectra and PL spectrum of the F-ZnO PA; SEM
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Fig. 7. (a) Equivalent circuit model. R,y is electron transport resistance in the ZnO
film; Ry is the charge transfer resistance related to recombination at ZnO/electrolyte
interface; ¢, is the chemical capacitance in ZnO film; Z; is the Nernst diffusion
impedance; Rp; and Cp; are the charge transfer resistance and capacitance at the
Pt/electrolyte interface, respectively; Rrro/Zn0 and Cero/ZnO are the resistance and
capacitance at the contact between ZnO and FTO, respectively; Rrro/el and Cero/el
are the charge transfer resistance and capacitance at the FTO/electrolyte interface
on the photoanode side, respectively; R; is the sheet resistance. (b) Nyquist and (c)
bode plots of the impedance data of the F-ZnO PA and ZnO NR DSSCs. The solid lines
are the fitting results based on the equivalent circuit model, respectively.

photogenerated electron collection is determined by the com-
petition between transport of electron in the electrode and
recombination. As a result, the electrons for transport and recom-
bination in the F-ZnO PA electrode both increased, compared to
ZnO NR electrode. Above all, despite the increased charge recom-
bination, there are more photogenerated electrons for F-ZnO PA
than that of ZnO NR tranferring to the external circuit all the same.
In addition, from the Bode plot in Fig. 7c, the low-frequency peak

image and green PL spectrum.
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