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Dye-sensitized solar cells (DSSCs) have demonstrated
promise for solar-energy conversion to electricity because
of their low fabrication cost, easy manufacture process, and
relatively high efficiency.! The primary photovoltaic (PV)
material for DSSCs today is TiO,, for which conversion
efficiencies greater than 11% have been successfully
achieved.” In contrast, other metal oxide semiconductors,
such as zinc and tin oxides, have received less attention,
though these materials possess comparable band gap widths
and photoelectrochemical properties to TiO».>~’ ZnO has
higher electron mobility (~205—1000 cm® V™' s™") than
TiO, (~0.1-4 cm® V™' s7'), enabling faster diffusion
transport of photoinjected electrons when employed as the
electrode in DSSCs.® Moreover, ZnO can be easily pro-
cessed into various nanostructures, such as nanoparticles,9
nanowires,”> nanotubes,’ and tetrapods,'® providing nu-
merous options for optimizing the electrode morphology so
as to improve the charge collection. However, the conver-
sion efficiency of ZnO-based DSSCs reported so far still
remains lower than those fabricated from TiO,, leaving
plenty of room to improve the efficiency through structural
and morphology modification of the electrode.
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One way to enhance the efficiency of ZnO-based cells
is to construct one-dimensional nanostructures that pro-
duce more direct electron transport path so as to increase
electron diffusion length and reduce the charge recombi-
nation rate.> ® To this end, aligned nanowire/nanorod
arrays,” individual nanowires,” and inorganic core/shell
nanowire architectures'' have been fabricated as the
anode, with which an efficiency of 2.4% was achieved in
the most successful case.*'' Another approach is to
improve the light-harvesting capability of the film by
taking the optical enhancement effects, i.e., additional
admixing of submicrometer-sized ZnO particles as the
light-scattering centers and/or direct introduction of a
light-scattering layer in the photoelectrode film.'>~ '
Particularly, ZnO aggregates composed of nanosized
crystallites can be used as efficient light scatters, offering
relatively large specific surface area framework, and
removing the adverse effect caused by the lowered
adsorption of dye-molecules in the film. For the case
employing hierarchical structure of ~300 nm ZnO col-
loids, such approach can increase the conversion effi-
ciency up to 3.5%.'* Extending the spectral response to
the visible region represents another way to enhance the
light-harvesting capability of the electrode. Typically,
visible response of ZnO nanomaterials can be realized
by doping nonmetal elements such as N, S, and C as
previously reported for photocatalytic degradation of
pollutants and photoelectrochemical water splitting,
where ZnO was used as the photocatalysts.'>'® The
non-metal-doping not only narrows the band gap so as
to be responsible for visible light, but also inhibits the
recombination of photogenerated electrons and holes.'®
Combination of these two features will likely produce
higher efficiency for ZnO-based DSSCs. Nevertheless, to
the best of our knowledge, there has been no report on
the DSSCs that employ non-metal-doped ZnO as the
photoelectrode.

In this communication, we report on a hierarchically
structured PV nanomaterial based on iodine-doped ZnO
nanocrystalline aggregates (denoted as ZnO:I) exhibi-
ting large internal surface area as well as strong light-
scattering property, which can be used as effective photo-
anode in DSSCs. lodine has proven to be a promising
dopant for n-type materials to extend the visible response.
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Figure 1. (a) FESEM image of as-prepared ZnO:l. Inset showing a
magnified FESEM image of single aggregate. (b) EDS spectrum of
ZnO:I sample. Strong Zn peaks, as well as weak I atomic peaks at around
3.94 keV, were detected in the EDS spectrum. (¢) The fine-scanned (100),
(002), and (101) peaks of ZnO and ZnO:1, showing the peak broadening
and shifting due to the doping. The inset shows a full-range XRD patterns,
indexing as wurtzite hexagonal ZnO.

The doped iodine can often act as trapping site for the
electrons, thus preventing the unwanted charge recombina-
tion.!"” ! When fabricated as the photoanode in DSSCs,
the multifunctional ZnO:I films as-prepared produced an
efficiency of 4.5%, almost double that of undoped ZnO
aggregates (2.3%). This finding adds fundamental insight
into the ZnO-based DSSCs and provides new options for
improving the conversion efficiency.

Highly monodispersed and spherically structured ZnO:
I nanocrystalline aggregates were synthesized by the
solvothermal process from zinc salt and iodic acid in
polyol medium along with heating at 160 °C. The experi-
mental details of synthesis are provided in the Supporting
Information. For comparison, pristine monodispersed
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ZnO nanocrystalline aggregates were fabricated follow-
ing the similar synthesis procedure. Scanning electron
microscopy (SEM) image (Figure 1a) of ZnO:I shows that
~250 nm-sized monodispersed aggregates are nearly
spherical in shape and each aggregate consists of random
agglomeration of tiny nanocrystalline particles (inset of
Figure la). Transmission electron microscopy (TEM)
image (see Figure S1 in the Supporting Information)
reveals that ZnO:I aggregates are well-defined and po-
rous. Energy-dispersive spectroscopy (EDS) measurement
demonstrates the existence of iodine in ZnO matrix
(Figure 1b). By scanning spherical aggregates of ZnO:I
in different areas, the average iodine concentration is
estimated to be ~2.2 wt % (see Figure S2 in the Support-
ing Information), which is in good agreement with the
result obtained by a high-resolution X-ray photoelectron
spectroscopy (see Figure S3 in the Supporting Informa-
tion). Additionally, the shift of fined scanned X-ray
diffraction (XRD) peaks has been employed to demon-
strate a discernible change in the lattice constants due to
doping.”*~?* As can be seen from the Figure Ic, the strong
diffractive peaks of ZnO:I with the index of (100), (002)
and (101) shift toward lower 26 values and the peak width
broadens in comparison to the pristine ZnO, suggesting
the successful doping of I in ZnO crystal structure. The
inset shows the full-range XRD patterns of undoped and
doped ZnO, indexing as wurtzite hexagonal ZnO. The
crystallite sizes are estimated around 22 and 16 nm for
undoped and doped ZnO nanoparticles, respectively.
Further evidence (see Figures S3 and S4 in the Supporting
Information) and discussion for the doping of I into the
ZnO lattice are given in the Supporting Information.
The ZnO:I film of approximately 8§ um in thickness (see
Figure S5 in the Supporting Information) was formed
using a drop-cast method onto a fluorine-doped tin oxide
(FTO) coated glass substrate and subsequently followed
by calcinations at 350 °C for 60 min in air. For compar-
ison, undoped ZnO film with thickness of ~8 um identical
to that of the ZnO:I film was also prepared, and it was
found that the two films maintained analogous structure
and morphology (see Figure S6 in the Supporting In-
formation). To study the PV performance of undoped
and doped-ZnO based DSSCs, undoped ZnO as well as
ZnO:1 films were adopted to form photoanodes of
DSSCs, and their current—voltage characteristics were
measured under the AM1.5 simulated sunlight with a
power density of 100 mW/cm? (Figure 2). For the ZnO-
based cell, the Jy. 0f 9.0 mA/cmz, Voe0of 612 mV and 5 of
2.3% were achieved. The efficiency thus obtained is
within the range (1.5%-2.7%) that is typically achieved
for the cells based on 160—350 nm-sized monodispersed
spherical ZnO aggregates without doping.'? After doping
with iodine, the Ji. and #n were significantly increased,
reaching a maximum of up to 14.0 mA/cm? and 4.5%,

(20) Alpuche-Aviles, M. A.; Wu, Y. J. Am. Chem. Soc. 2009, 131, 3216.

(21) Cui, J. B.;; Soo, Y. C.; Chen, T. P.; Gibson, U. J. J. Phys. Chem. C
2008, 112, 4475.

(22) Sheini, F. J.; More, M. A.; Jadkar, S. R.; Patil, K. R.; Pillai, V. K.;
Joag, D. S. J. Phys. Chem. C 2010, 114, 3843.



Communication

14
q‘,\12 L

m
-
© O

Jsc (mA ¢

N b O

ZnO

o

0 100 200 300 400 500 600 200 500 600 700 800
E (mV) Wavelength (nm)

Figure 2. (a) Photocurrent—voltage characteristics and (b) IPCE spectra
of DSSCs based on ZnO and ZnO:1.

respectively. The highest 5 of ZnO:I cell corresponds to
a 96% increment of undoped ZnO cell. Besides, the
adsorbed amount of dye in ZnO or ZnO:I films were
determined by measuring the eluted dye concentrations
with UV—vis absorption spectroscopy. It was found that
almost identical adsorption amount of dye was in the
films before (5.16 x 10~ mol cm™?) and after iodine
doping (5.38 x 10~® mol cm™?), which is in good agree-
ment with their analogous BET data (51.0 and 59.7 m’g ™!
for ZnO and ZnO:I, respectively) as well as film texture
framework. Thus, the performance enhancement of ZnO:
I cells can be reasonably inferred to be arising from the
intrinsic components of the films as well as sunlight
harvesting and photon-to-electron transfer process of
the cells.

To find out the reasons for a higher photocurrent result
for a solar cell based on ZnO:I, we measured incident
photon to current conversion efficiency (IPCE) to study
the photoactive wavelength regime for the undoped and
doped ZnO cells (Figure 2b). Notably, IPCE data of the
ZnO:I cell show a red shift, facilitating the utilization of
sunlight in the full spectrum range. Such a red shift was
also observed in UV —vis absorption spectroscopy mea-
surements (see Figure S4 in the Supporting Information).
Besides, IPCE profile of ZnO:I cell is found broadened
and strengthened over the entire wavelength region com-
pared with that of undoped ZnO cell. The maxima of
IPCE value measured at approximately 510 nm are 42
and 61% for ZnO and ZnO:I cells, respectively.

To gain further insight into electron transport and
recombination properties of the ZnO:I cell, we measured
electrochemical impedance spectroscopy (EIS) spectra
(Figure 3) at an applied bias of V. under illumination.
In the Nyquist plots (see the inset of Figure 3) a well-
defined semicircle in the low-frequency region (100—1 Hz)
attributed to electron transfer at the ZnO/dye/electrolyte
interface dominates the impedance of the DSSC, and
is recognized as the characteristic shape of recombina-
tion through the semiconductor.” Under V. condition,
no current passes through the external circuit, and
the electrons injected into ZnO or ZnO:I must be recom-
bined by redox electrolyte at the ZnO/dye/electrolyte
interface. Electron lifetime (z.) in the ZnO-based films
can be determined from the maximum frequency of the
low-frequency peak (fmax) value following the equation
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Figure 3. Bode phase plots of DSSCs based on ZnO and ZnO:I measured
at the V,. under 100 mW cm™? illumination. The inset displays the
Nyquist plots of the two cells.

Te = 1/®max = 1/27fimax. > 2> Bode phase plots (Figure 3)
show that iodine doping in ZnO led to a decrease in the

fmax values, and 7. is determined to be 4.7 and 12.3 ms for

ZnO and ZnO:I cells, respectively. This means that the
electron transfer through a longer distance is unblocked to
a larger extent across the ZnO:I/dye/electrolyte interface,
leading to more effective capture and collection of electrons.
The increased 7. and decreased charge recombination found
for the ZnO:I cell could be attributed to the doped iodine,
which acts as charge trapping site for the electron—hole
separation, hence leading to the enhancement of photon-to-
electron conversion efficiency.®* 2

In summary, monodispersed ZnO:I nanocrystalline
aggregates synthesized by a facile solvothermal process
were used as photoanodes of DSSCs, which exhibited
improved cell performance with an efficiency of up to
4.5%. IPCE spectra of ZnO:I cell exhibited a significant
enhancement in light harvesting, especially in the visible
region. EIS data and analysis results further confirmed
that T doping lowered recombination resistance and
prolonged electron lifetime of the hierarchically struc-
tured ZnO cell, thus diminishing the recombination pro-
cess. Therefore, ZnO:1 may be developed as a promising
photoelectrode material for high-efficiency DSSCs. The
reported doping system is expandable to other non-metal-
doped semiconductors that may be used to enhance the
DSSC performance.
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