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N
anoscale materials have been known
to show superior properties for appli-
cations in several fields, compared to

their corresponding bulk materials.1 Among
different kinds of nanoscale morphologies,
one-dimensional (1D) nanostructure arrays of
solids attract wide interest because of their
excellent technological advantages in electro-
nics, optoelectronics, andmemory devices.2 In
addition, 1Dnanostructurearraysareknown to
be beneficial for electronic conduction along
the axial direction through the arrays to their
substrate.3,4 In order to fabricate 1Dnanostruc-
ture arrays of thematerials which cannot grow
in 1D direction directly, some solid template-
assisted methods were applied.5�8 These
methods typically include three steps: the first
step for synthesizing the 1D nanostructure
arrays of the template material on the sub-
strate, the second step for coating the target
material on the template, and the third step for
removing the template and obtaining the
required 1D nanostructure. Among several
template materials, anodic aluminum oxide
(AAO) is the most common and successful
one used for the synthesis of 1Dnanostructure
arrays. However, the synthesis by using AAO is
associated with several inconveniences, espe-
cially the removal of the template to obtain
robust nanostructure arrays without any struc-
tural variation.9 Another alternative approach
to prepare 1Dnanostructure arrays is the direct
conversion of the 1D arrays of the precursor
material on the substrate to the1Darraysof the
targetmaterial. For instance, Li et al.applied this
strategy to prepare CdS or CdSe microtube
arrays by converting CdOHCl microrod arrays
to them on a glass substrate directly; this
methodhas several advantages,with reference
to themethodusingAAO.10 However, research
on the construction of 1D nanostructures or
microstructure arrays byusing this strategy is at
a low profile.
Cobalt sulfides are known to show a vari-

ety of chemical formulas (e.g., Co9S8, CoS,

Co3S4, Co4S3, and CoS2).
11 Among these com-

pounds, Co9S8 has been studied for its role in
the hydrodesulfurization catalyst.11 In recent
years, cobalt sulfides have been also proposed
for the electrochemical capacitors12�14 and for
the cathodes of lithium batteries,15 due to their
excellent electrocatalytic ability. In order to
further enhance the electrocatalytic ability of
cobalt sulfide, its nanostructures with various
morphologies were synthesized, such as three-
dimensional (3D) nanospheres13,15 and two-
dimensional (2D) nanoflakes.14,16 Research on
the synthesis of 1D nanostructures of cobalt
sulfides is still insufficient due to the difficulty of
growing cobalt sulfides in the 1D direction
directly.17 Chen et al. synthesized the powder
of 1D Co3S4 nanotubes by converting the
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ABSTRACT

One-dimensional cobalt sulfide (CoS) acicular nanorod arrays (ANRAs) were obtained on a

fluorine-doped tin oxide (FTO) substrate by a two-step approach. First, Co3O4 ANRAs were

synthesized, and then they were converted to CoS ANRAs for various periods. The compositions

of the films obtained after various conversion periods were verified by X-ray diffraction,

UV�visible spectrophotometry, and X-ray photoelectron spectroscopy; their morphologies

were examined at different periods by scanning electron microscopic and transmission electron

microscopic images. Electrocatalytic abilities of the films toward I�/I3
� were verified through

cyclic voltammetry (CV) and Tafel polarization curves. Long-term stability of the films in I�/I3
�

electrolyte was studied by CV. The FTO substrates with CoS ANRAs were used as the counter

electrodes for dye-sensitized solar cells; a maximum power conversion efficiency of 7.67% was

achieved for a cell with CoS ANRAs, under 100 mW/cm2, which is nearly the same as that of a

cell with a sputtered Pt counter electrode (7.70%). Electrochemical impedance spectroscopy

was used to substantiate the photovoltaic parameters.

KEYWORDS: acicular nanorods . cobalt oxide . cobalt sulfide .
counter electrode . dye-sensitized solar cell
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powder of Co(CO3)0.35Cl0.20(OH)1.10 nanowires to it.18

Bao et al. developed a biomolecule-assistedmethod to
synthesize a powder of CoS nanowires on a Ni sub-
strate by using some organic binders.12 The powder
of Co9S8 nanotubes was synthesized by Wang et al.

by using Co(CO3)0.35Cl0.20(OH)1.10 nanorods as the
template.17 However, only powders of 1D nanostruc-
tures of cobalt sulfides were prepared in the men-
tioned literatures, that is to say, they were not in the
form of a thin film and it was not viable to arrange or
deposit them on a substrate in a regular fashion. CoS2
nanowire arrays were, however, prepared by Yue et al.
by using AAO.7,19

Dye-sensitized solar cells (DSSCs) have in recent
years attracted great attention from researchers all
over the world for their inherence of low cost, easy
fabrication, and relatively high efficiency for the con-
version of sunlight into electricity.20,21 Basically, a DSSC
consists of a photoanode with titanium dioxide, ad-
sorbedwith a photosensitizing dye, a redox electrolyte,
and a counter electrode (CE). CE is not only an essential
part of aDSSCbut also an important component in deter-
mining its performance. A platinum-sputtered (s-Pt)
conducting glass is usually employed as the CE for a
DSSC. However, platinum is very expensive and is rare on
earth. Fabrication of CEs with other cheaper materials is
expected to bring down the production cost of the cells,
especially when it is a matter of large-scale production.
Several materials, including carbon materials22,23 and
conducting polymers,24 have been used to fabricate
platinum-free CEs for DSSCs. In recent years, CoS has
been proposed for the CE of DSSCs due to its excellent
catalytic ability toward I3

� and its low cost.25 The perfor-
mance of the cell with CoS is comparable to that of the
cell with platinum, and this indicates the high potential of
CoS to replace platinum for the CE of a DSSC.
In this study, novel 1D CoS acicular nanorod arrays

(ANRAs) were prepared by a two-step approach. The
Co3O4 ANRAs were deposited first on a conducting
fluorine-doped tin oxide (FTO) substrate and thenwere
converted to CoS directly by a simple chemical bath
process. To the best of our knowledge, this is the first
time that 1D nanostructure arrays of cobalt sulfides have
been prepared directly on a conducting substrate, that
is, in the absence of a template such as AAO. This study
thus provides a breakthrough in the nanoscale synthe-
ses of cobalt sulfides. This is also the first report on the
use of a CE with 1D nanostructure of cobalt sulfides for
a DSSC. The novel 1D CoS ANRAs were applied for the
counter electrodes of DSSCs; one of the DSSCs with
these CoS ANRAs shows a high efficiency of 7.67%,
under 100mW/cm2, which is nearly the same as that of
a DSSC with Pt as its CE (7.70%).

RESULTS AND DISCUSSION

Characterization of the Films. X-ray Diffraction Patterns.
Figure 1 shows X-ray diffraction (XRD) patterns of the

thin film of Co3O4 ANRAs and the thin films of CoS
ANRAs, obtained after various conversion periods. As
revealed in pattern (i) in Figure 1, all of the diffraction
peaks of the Co3O4 ANRAs film before the conversion
process can be indexed to Co3O4, according to Joint
Committee on Powder Diffraction Standards (JCPDS,
PDF no. 80-1545). The diffraction pattern of the Co3O4

ANRAs film after 3 h of conversion period shows still
minute remains of the peaks of Co3O4, indicating that
the conversion to well-crystalline CoS has not yet
begun; however, for the sake of explanations, we still
designate this film as CoSANRAs-3h. In the XRDpattern
of the CoSANRAs filmobtained after 12 h of conversion
(CoS ANRAs-12h), only the diffraction peaks of CoS can
be observed, according to JCPDS, PDF no. 75-0605. The
peak positions (degrees) and peak intensities of the
XRD pattern of the CoS ANRAs film obtained after 24 h
of conversion (CoS ANRAs-24h) are the same as those
of the XRD pattern of the CoS ANRAs-12h. In the XRD
pattern of the CoS ANRAs film obtained after 36 h of
conversion (CoS ANRAs-36h), the diffraction peaks of
CoS can still be observed, but the peak intensities show
considerable decrease; the possible reason for this
observation is the formation of some amorphous sub-
stance on the film surface of CoS ANRAs-36h.

Morphological Characterization. The scanning elec-
tron microscopic (SEM) images of the films of Co3O4

ANRAs, CoS ANRAs-3h, CoS ANRAs-12h, CoS ANRAs-
24h, and CoS ANRAs-36h are shown in Figure 2a�e,
respectively. From Figure 2a, it can be seen that the
Co3O4 film before the conversion has 1D acicular
nanorod arrays, with relatively smooth surface of the
nanorods. After 3 h of the conversion process, the 1D
acicular morphology remains the same, but the surface
of each nanorod becomes rougher, as shown in
Figure 2b. Figure 2c shows the surface morphology
of CoS ANRAs-12h, which is almost the same as that of
CoS ANRAs-3h. The surfacemorphology of CoS ANRAs-
24h is shown in Figure 2d. The surface of each nanorod
in Figure 2d is much rougher and shows several flake-
like nanostructures. The surface morphology of CoS
ANRAs-36h is shown in Figure 2e; several large

Figure 1. XRD patterns of the thin films of ANRAs obtained
after various conversion periods: (i) 0 h (Co3O4 ANRAs),
(ii) 3 h, (iii) 12 h, (iv) 24 h, and (v) 36 h.
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nanoflakes are arranged densely, and they cover
the full surface of each nanorod; this morphology is
quite different from those of others. A small-scale SEM
image of CoS ANRAs-24h is shown in Figure 2f; the
surface of the nanorods of CoS ANRAs-24h is composed
of several tiny nanoflakes. The insets of Figure 2a�e
show the large-scale SEM images of the corresponding
ANRAs. These insets in Figure 2a�e show that all nano-
rods of the films, obtained at different conversion
periods, are arranged uniformly, and they cover the
full surface of their substrates; this observation indi-
cates that the conversion process does not damage the
basic morphology of the 1D nanorod arrays. The cross-
sectional SEM images of the films of Co3O4 ANRAs and
CoS ANRAs-24h are shown in Figure 2g,h, respectively.
From these two images (Figure 2g,h), the thicknesses
of both films could be estimated to be about 7 μm.
Figure 2g,h shows that the acicular nanorods are ar-
ranged uniformly in an array form, and the adhesion
between the ANRAs and the substrate is strong. The
inset of Figure 2g shows a single rod of the Co3O4

ANRAs. While the surface of a single nanorod of CoS
ANRAs-24h (Figure 2f) shows tiny nanoflakes, the sur-
face of the single nanorod of Co3O4 ANRAs (inset of
Figure 2g) shows tiny spherical or elliptical nano-
particles.

Figure 3a�d shows the transmission electron mi-
croscopic (TEM) images of the nanorods scraped from
the films of Co3O4 ANRAs, CoS ANRAs-12h, CoS ANRAs-
24h, and CoS ANRAs-36h, respectively. From Figure 3a,
it can be seen that the Co3O4 nanorods possess a
highly porous nanostructure, composed of several tiny
spherical or elliptical nanoparticles. This observation
agrees with that of the SEM image in the inset of
Figure 2g, which also shows a nanorod of Co3O4. After
12 h of the conversion process, the nanorod becomes
much denser inside, with a rougher surface outside, as
shown in Figure 3b. Figure 3c shows the TEM image of
a nanorod from CoS ANRAs-24h; the nanorod has
several nanoflakes in it (compare with Figure 2f). After
36 h of conversion, as shown in Figure 3d, the nanorod
shows several large and mosaic flower-like nanoflakes
on its surface (compare with Figure 2e). After various
periods of conversion (Figure 3b�d), it should be
noted that all of the CoS nanorods are solid instead
of hollow, implying that the conversion process is
homogeneous and reaction-controlled. This observation

Figure 3. TEM images of the nanorods scraped from the
films of (a) Co3O4 ANRAs, (b) CoSANRAs-12h, (c) CoSANRAs-
24h, and (d) CoS ANRAs-36h; HRTEM images of a single
nanorod scraped from the films of (e) Co3O4 ANRAs and (f)
CoS ANRAs-24h.

Figure 2. SEM images of the films of (a) Co3O4 ANRAs, (b)
CoS ANRAs-3h, (c) CoS ANRAs-12h, (d) CoS ANRAs-24h, (e)
CoS ANRAs-36h, (f) CoS ANRAs-24h, at high magnification,
(g) Co3O4 ANRAs at cross section, and (h) CoS ANRAs-24h at
cross section. The insets of (a�e) show the large-scale SEM
images of the corresponding ANRAs, and the inset of (g)
shows a single nanorod of the Co3O4 ANRAs.
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can be explained by the highly porous Co3O4 nanorod
used for the conversion process (Figure 3a), which is
beneficial for the facile diffusion of S2� or HS� into the
core of the nanorod of Co3O4 during the conversion
process. The films of Co3O4 ANRAs and CoS ANRAs-24h
were subjected to further investigation using high-
resolution transmission electron microscopy (HRTEM).
HRTEM images of single nanorods of Co3O4 ANRAs and
CoS ANRAs-24h (scraped from the corresponding
films) are shown in Figure 3e,f, respectively. The image
in Figure 3e indicates a lattice spacing of 2.476 Å; this
can be ascribed to the (311) planar spacing of Co3O4

(PDF no. 80-1545). The estimated value of the lattice
spacing in the case of CoS ANRAs-24h is 2.818 Å, which
can be ascribed to the (100) planar spacing of CoS (PDF
no. 75-0605). The results of HRTEM agree well with the
XRD patterns in Figure 1.

Single nanorods of Co3O4 ANRAs and CoS ANRAs-
12h were further investigated by TEM along with en-
ergy-dispersive spectroscopy (EDS) mapping, and the
results are shown in Figures S1 and S2 in the Supporting
Information. Figure S1 shows that the porous nanorod
of Co3O4ANRAs consists of uniformly distributedCoand
O; Figure S2 shows that the nanorod of CoS ANRAs-12h
consists of Co and S. It can be seen in Figure S2 that the
mapping points of Co and S are uniformly distributed in
the nanorod; this indicates that the nanorod is in the
solid form andnot in the hollow form. Furthermore, only
the background points of oxygen can be seen in the
mapping result of CoS ANRAs-12h (Figure S2c); this
shows that Co3O4 was completely converted to CoS
after 12 h.

UV�Visible Spectra and X-ray Photoelectron Spec-

troscopy. In order to confirm the compositions of the
nanorods obtained after various periods of conversion,
they were scraped from their films, their suspensions
were obtained in ethanol, and their UV�visible spectra
were obtained; the spectra are shown in Figure 4a.
Three broad absorption peaks with their centers lo-
cated at about 260, 480, and 760 nm can be observed
in the UV�visible spectrum of Co3O4 ANRAs. These
three broad peaks agree with the characteristic UV�
visible absorption peaks of Co3O4.

26 Despite some
shifts, the broad peaks at 480 and 760 nm still remain
in the spectrum of CoS ANRAs-3h; however, two new
peaks can be observed in this spectrum, located at 215
and 270 nm. This result indicates the incomplete
conversion of Co3O4 to CoS ANRAs after 3 h. Similar
absorption behaviors are observed in the cases of
CoS ANRAs-12h, CoS ANRAs-24h, and CoS ANRAs-
36h. The characteristic peaks of Co3O4 do not appear
in these three spectra; only the peaks at 215 and
270 nm corresponding to CoS can be seen in these
spectra. The results of UV�visible spectra confirm that
the Co3O4 ANRAs film could be completely converted
to the film of CoS after the conversion periods of more
than 12 h. UV�vis spectra measured by UV�vis diffuse

reflectance spectroscopy were also obtained for the
films of Co3O4 and CoS to verify the results of UV�vis
absorption spectra in Figure 4a; the spectra are shown
in Figure S3 in the Supporting Information. A detailed
discussion is made in this regard in the Supporting
Information.

X-ray photoelectron spectroscopy (XPS) analysis
was applied to further verify the surface compositions
of the film of Co3O4 ANRAs and the films of CoS ANRAs
obtained after various periods of conversion; high-
resolution XPS spectra of the films, obtained for the
regions of Co 2p3/2 and S 2p are shown in Figure 4b,c,
respectively. In the case of Co3O4 ANRAs film, three
overlapped peaks can be observed for the spectrum of
the film in the region of Co 2p3/2, with the centers of
779.9, 780.8, and 781.8 eV. These three peaks corre-
spond to Co3O4, CoOOH, and Co(OH)2, respectively.

27,28

The peak at 779.9 eV shows the largest enclosed area,
which indicates that the major phase of the film is
Co3O4. No peak can be observed for the spectrum of
Co3O4 ANRAs in the region of S 2p. This indicates that
the Co3O4 film does not contain any sulfide. The XPS
spectra of CoS ANRAs-3h, CoS ANRAs-12h, and CoS
ANRAs-24h show the samepatterns for both the regions
of Co 2p3/2 and S 2p. Three peaks for CoS ANRAs-3h, CoS

Figure 4. (a) UV�visible absorption spectra of the suspen-
sions obtained from the scraps of the films of (i) Co3O4

ANRAs, (ii) CoS ANRAs-3h, (iii) CoS ANRAs-12h, (iv) CoS
ANRAs-24h, and (v) CoS ANRAs-36h; XPS spectra in the
regions of (b) Co 2p3/2 and (c) S 2p for the films mentioned
above.
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ANRAs-12h, and CoS ANRAs-24h can be observed at
777.8 eV in the region of Co 2p3/2, and three peaks for
the same can be observed at 163.5 eV in the region of S
2p; in both of these regions, the peaks agree well with
XPS spectral characteristics of CoS reported in the
literature.29�31 The film of CoS ANRAs-36h shows quite
different XPS spectra in the regions of Co 2p3/2 and S 2p,
that is, a broad Co 2p3/2 peak at the center of 780.2 eV
and a S 2p peak at 159.7 eV. The Co 2p3/2 peak for CoS
ANRAs-36h agrees with the Co 2p3/2 peak for CoSOH
reported previously;32 however, the S 2p peak for CoS
ANRAs-36h shifts, with respect to the S 2p peak of
CoSOH reported in this work, in which the S 2p peak
appears at about 162.5 eV. In the absence of any other
report in this regard and because of the agreement in
the location of Co 2p3/2, we assume that the peak in our
case at 159.7 eV is due to CoSOH.32 In the presence of
oxygen, CoSOH is known to be oxidized from CoS in the
alkaline solution used for the conversion process.14

CoSOH may be the major composition of the large
and mosaic flower-like nanoflakes of CoS ANRAs-36h
observed in the SEM and TEM images. CoSOH may be
amorphous on the surface of the nanorods and may be
the root cause for the decrease in the intensities of XRD
peaks of CoS ANRAs-36h. A possible mechanism is
proposed for the conversion process and is shown in
Scheme 1. In the aqueous solution, Na2S dissolves to
form S2� ions and is also hydrolyzed to generate HS�

andH2S species.
17,33 All of these species can serve as the

sulfur sources for the ion-exchange reaction to convert
Co3O4 to CoS. The porous Co3O4 ANRAs allow these
sulfur sources to diffuse easily into the core of each
nanorod. Thus, the reaction occurs relatively slow, as
compared to the diffusion, to convert all of the Co3O4

ANRAs to CoS ANRAs homogeneously. Thereafter, due
to the presence of oxygen, the surface redox reaction
takes place on the surface of eachCoS nanorod. The CoS
on the surface is oxidized by oxygen to form CoSOH.
Thus, at the conversion period of 36 h, the large and
mosaic flower-like nanoflakes of CoSOH, which are
obtained due to the conversion of CoS, would cover
the full surface of the CoS nanorods.

Electrocatalytic Abilities of the Counter Electrodes toward I�/I3
�

Redox Couple. Electrocatalytic abilities of the CEs with the
films of Co3O4 ANRAs, CoS ANRAs-3h, CoS ANRAs-12h,
CoS ANRAs-24h, CoS ANRAs-36h, and sputtered Pt were

studied by cyclic voltammetry (CV), performed as ex-
plained in the Methods section. The obtained CV curves
of the CEs are shown in Figure 5a. The CVs were scanned
from �0.7 V. It can be seen in Figure 5a that each of the
CV curves, except that for Co3O4 ANRAs, shows two pairs
of redox peaks. The redox peaks at more negative poten-
tials, representedbya1andc1, correspond to the reaction
of eq 1, and the redox peaks at more positive potentials,
represented by a2 and c2, correspond to eq 234

3I� T I3
� þ 2e� (1)

2I3
� T 3I2 þ 2e� (2)

The electrocatalytic ability of a CE for I3
� reduction in a

DSSC can be visualized in terms of its cathodic peak

Scheme 1. Mechanism of the conversion process from Co3O4 ANRAs to CoS ANRAs and then to CoSOH.

Figure 5. (a) CV curves of the CEs with the films of Co3O4

ANRAs, CoS ANRAs-3h, CoS ANRAs-12h, CoS ANRAs-24h,
CoS ANRAs-36h, and sputtered Pt, obtained in ACN solution
containing 10.0mMLiI, 1.0mM I2, and 0.1MLiClO4, at a scan
rate of 50 mV/s. (b) Tafel polarization curves of these CEs,
obtained by using symmetrical cells with two identical
electrodes in the same electrolyte as that used in DSSCs at
the scan rate of 50 mV/s.
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current (Ipc) atmorenegativepotential, that is, at c1 in this
case, related to the reaction shown in eq 1.34 The
magnitude of this cathodic peak current density at c1
indicates the electrocatalytic ability of the pertinent
counter electrode for the reduction of I3

� ions in the
corresponding DSSC. From Figure 5a, it can be seen that
the CV curve of the CE with Co3O4 ANRAs shows a quite
different behavior compared to other CV curves; this CV
curve does not show any redox peaks at more negative
potentials, implying the poor electrocatalytic ability of
Co3O4 ANRAs toward I3

�. The CV curves of the CEs with
CoS ANRAs-3h, CoS ANRAs-12h, CoS ANRAs-24h, CoS
ANRAs-36h, and with the sputtered Pt show two pairs of
redox peaks, indicating that they all have electrocatalytic
ability for the reduction of triiodide ions. It should be
noted that all of the CoS ANRAs show higher anodic and
cathodic peak current densities than those of sputtered
Pt. This observation implies that the electrocatalytic
ability of CoS toward the I�/I3

� redox couple is better
than that of Pt. Moreover, among the four CEs with CoS
ANRAs, the CE with CoS ANRAs-3h shows the least peak
current density at c1; this may be attributed to incom-
plete conversionofCo3O4 toCoS for theperiodof 3h. The
CE with CoS ANRAs-24h shows the highest peak current
density among all, indicating that 24 h is the optimal
period for the conversion process; in other words, the
electrocatalytic ability of CoS ANRAs-24h is the best
among all and is even better than that of Pt. The CV
curve of the CE with CoS ANRAs-36h shows a smaller
peak current density at c1, compared to that of the CE
with CoS ANRAs-24h. The amorphous flower-like nano-
flakes of CoSOH on the surfaces of the nanorods of CoS
obtained after 36 h may act as a resistive layer for the
reduction of triiodide ions and may thus be a reason for
this poorer electrocatalytic ability of CoS ANRAs-36h.

Tafel polarization curves are usually used to study
the electrocatalytic abilities of CEs for DSSCs.25,35 In
order to verify the electrocatalytic abilities of the CEs
with sputtered Pt and with different films of CoS
ANRAs, their Tafel polarization curves were obtained
using symmetrical cells. The electrolyte used for the
symmetrical cells was the same as that used for the
DSSCs; 60 μm thick Surlyn was used as the spacer,
which was the same as that used for the DSSCs. The
Tafel polarization curves are shown in Figure 5b. The
exchange current density (J0), which is directly related
to the electrocatalytic ability of an electrode, can be
estimated from the extrapolated intercepts of the
anodic and cathodic branches of the corresponding
Tafel curves.36 From Figure 5b, it can be seen that the
CE with CoS ANRAs-24h shows the highest J0 among
all, and the tendency of the J0 totally agrees with the
tendency of the peak current density observed in
Figure 5a. It should be noted in Figure 5b that the
exchange current densities of all CEs with CoS are
much larger than that of sputtered Pt-CE; this observa-
tion may be attributed to the much higher surface

areas of CoS ANRAs, which were apparently provided
by their lengthy nanorods (about 7 μm).

Long-Term Stability Test in the I�/I3
� Electrolyte. In order

to verify that the CoS ANRAs are reliable materials to
replace sputtered Pt on the CE of a DSSC, long-term
stability of the CE with the film of CoS ANRAs-24h was
studied in the I�/I3

� electrolyte, again by cyclic vol-
tammetry, using 200 cycles of scan. The CV was
obtained in the same electrolyte, containing 10.0 mM
LiI, 1.0mM I2, and 0.1M LiClO4 in acetonitrile (ACN). The
scan rate was also the same 50 mV/s, but the potential
windowwas changed to�0.4 to 0.25 V, which includes
only the redox peaks of eq 1. As the reference, the CV of
the sputtered Pt-CE was also obtained. The CV curves
obtained for 200 cycles for the CEs with CoS ANRAs-
24h and sputtered Pt are shown in Figure 6a,b, respec-
tively. In Figure 6a, it can be seen that there is only a
slight change between the first and 200th CV curves of
the CE with CoS ANRAs-24h. The CV curve after 200
cycles of scan shows a 7% increase in the cathodic peak
current density and a 5% decrease in the anodic peak
current density, indicating that the electrode becomes
more beneficial for the electrocatalytic reduction of I3

�.
However, the CV curves of the sputtered Pt-CE show a
significant difference between the first cycle and the
200th cycle, as shown in Figure 6b. Both the anodic and
cathodic peak current densities decrease dramatically
after 200 cycles of scan, implying the deactivation of Pt

Figure 6. (a) CV curves of the CE with CoS ANRAs-24h,
obtained for 200 cycles, and (b) CV curves of the CE with
the sputtered Pt, obtained for 200 cycles. The CVs were
obtained in the electrolyte containing 10.0 mM LiI, 1.0 mM
I2, and 0.1 M LiClO4 in ACN at a scan rate of 50 mV/s.
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in I�/I3
�medium. Thedeactivationof Pt in I�/I3

�medium
has been reported previously.37 From Figure 6, it can be
clearly seen that the CE with CoS ANRAs-24h is more
stable than theCEwith the sputteredPt in I�/I3

�medium.
Thus, it is now very clear that CoS ANRAs-24h is a reliable
material to replace sputtered Pt on the CE of a DSSC.

Performance of DSSCs Using Various Counter Electrodes.
Photocurrent density�voltage (J�V) curves of the
DSSCs using CEs with the films of Co3O4 ANRAs, CoS
ANRAs-3h, CoS ANRAs-12h, CoS ANRAs-24h, CoS AN-
RAs-36h, and sputtered Pt were obtained under a light
intensity of 100mW/cm2, which is defined as 1 sun. The
obtained J�V curves are shown in Figure 7a; the
photovoltaic parameters of the DSSCs, including
open-circuit voltage (VOC), short-circuit current density
(JSC), fill factor (FF), and cell efficiency (η) are listed in
Table 1. The error bars in Table 1 were estimated from
the J�V curves of three separate experiments for each
condition. From Figure 7a, it can be seen that the DSSC
with Co3O4 ANRAs shows a poor cell performance,
obviously due to the poor electrocatalytic ability of
Co3O4 ANRAs for I3

�. However the VOC of the cell with
Co3O4 ANRAs is the highest among all (Table 1). The
redox potential of the triiodide/iodide couple with the
Co3O4 electrode is different from that with the CoS
electrode; such a difference varies the open-circuit
voltage in a DSSC because the open-circuit voltage is
the difference between the redox potential of the

mediator and the Fermi level of the nanocrystalline
film. Among the four DSSCs using various kinds of CoS
ANRAs as their CEs, the DSSC using CoS ANRAs-3h
shows the lowest JSC, FF, andη, as shown in Table 1; this
is to be attributed to the incomplete conversion of
Co3O4 in CoS ANRAs-3h. The DSSCwith the CEwith CoS
ANRAs-24h shows the best performance among all.
The cell efficiency of this cell is 7.67%, which is virtually
the same as that of the DSSC with the sputtered Pt-CE
(7.70%, Table 1). Both the JSC and FF are found to
decrease for the cell with CoS ANRAs-36h, compared to
those of the cell with CoS ANRAs-24h; this led to a
reduced η in the case of the cell with CoS ANRAs-36h,
with reference to that of the cell with CoS ANRAs-24h.
These decreases may be attributed to increased resis-
tance for electron transfer at the CEwith the film of CoS
ANRAs-36h, owing to the amorphous flower-like nano-
flakes on the nanorods of CoS ANRAs-36h; the de-
creased CV currents of the three-electrode cell and J0 of
the symmetrical cell with CoSANRAs-36h, with respect to
those of such cells with CoS ANRAs-24h (Figure 5), are in
agreement with this explanation of increased resistance.
It should be noted that all of the DSSCs using CoS ANRAs
show smaller FF values than that of the DSSC with
sputtered Pt-CE. This result may be attributed to the
lower conductivity of CoS compared to that of Pt.

Figure 7b shows electrochemical impedance spec-
tra (EIS) of the DSSCs using CEs with the films of CoS
ANRAs-3h, CoS ANRAs-12h, CoS ANRAs-24h, CoS AN-
RAs-36h, and sputtered Pt, obtained under 100mW/cm2;
the inset shows the equivalent circuit model used
for DSSCs. Each of the Nyquist plots consists of three
semicircles, and they represent, from left to right, the
electrocatalytic resistance at the interface between the
electrolyte and the CE (Rct1), the charge-transfer resis-
tance at the interface of TiO2/dye/electrolyte (Rct2), and
the Warburg diffusion resistance of I�/I3

� in the elec-
trolyte (Zw). Since a very thin spacer (Surlyn) of 60 μm
was used in the DSSC, Zw is insignificant and is not
followed with interest here. From Figure 7b, it can be
seen that the values of Rct2 are nearly the samebecause
only CEs differ here. The values of Rct1 for the DSSCs
with the sputtered Pt, CoS ANRAs-3h, CoS ANRAs-12h,

Figure 7. (a) J�V curves of the DSSCs with the films of Co3O4

ANRAs, CoS ANRAs-3h, CoSANRAs-12h, CoS ANRAs-24h, CoS
ANRAs-36h, and sputtered Pt measured under a light inten-
sity of 100 mW/cm2. (b) EIS spectra of the DSSCs mentioned
above, measured under a light intensity of 100 mW/cm2.

TABLE 1. Photovoltaic Parameters of the DSSCs with the

Films of Co3O4 ANRAs, CoS ANRAs-3h, CoS ANRAs-12h,

CoS ANRAs-24h, CoS ANRAs-36h, and Sputtered Pt,

Measured under a Light Intensity of 100 mW/cm2

CE VOC (V)

JSC

(mA/cm2) FF η (%)

Rct1

(Ω)

Rs

(Ω)

Co3O4 ANRAs 0.74 ( 0.01 11.72 ( 0.61 0.16 ( 0.01 1.42 ( 0.10

CoS ANRAs-3h 0.70 ( 0.01 14.37 ( 0.37 0.63 ( 0.02 6.36 ( 0.30 3.18 18.9

CoS ANRAs-12h 0.71 ( 0.01 15.11 ( 0.55 0.66 ( 0.01 7.16 ( 0.27 2.15 16.4

CoS ANRAs-24h 0.71 ( 0.01 16.31 ( 0.28 0.66 ( 0.01 7.67 ( 0.22 1.25 15.8

CoS ANRAs-36h 0.71 ( 0.01 15.00 ( 0.68 0.65 ( 0.01 6.89 ( 0.34 2.53 17.6

sputtered Pt 0.71 ( 0.01 16.17 ( 0.49 0.67 ( 0.01 7.70 ( 0.17 2.60 14.2
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CoS ANRAs-24h, and CoS ANRAs-36h CEs are 2.60, 3.18,
2.15, 1.25, and 2.53 Ω, respectively (Table 1). It can be
observed that the tendency of Rct1 agrees with the
tendencies of cell efficiency and JSC in Table 1, except in
the case of sputtered Pt-CE. To explain this observation,
the effect of the series resistance (Rs) is considered. The
values of Rs for the DSSCs with the films of sputtered Pt,
CoS ANRAs-3h, CoS ANRAs-12h, CoS ANRAs-24h, and CoS
ANRAs-36h are 14.2, 18.9, 16.4, 15.8, and 17.6 Ω, respec-
tively (Table 1). The tendency of Rs totally agrees with the
tendencies of FF and cell efficiency listed in Table 1,
indicating that the DSSC with a lower value of Rs shows
a higher FF and cell efficiency. The DSSC with the sput-
tered Pt-CE shows the smallest Rs and highest FF and η,
due to highest conductivity of Pt among all. Although the
electrocatalytic ability of the sputteredPt-CE is not thebest
(thecorrespondingRct1 is not the smallest), theDSSCusing
sputtered Pt still shows the highest power conversion
efficiency (η) among all of the DSSCs.

The efficiency of the DSSC with CoS ANRAs-24h on
its CE (7.67%) is less than that obtainable with a DSSC
with a TiO2 photoanode and a platinum CE (9�11%); it
is important to note that such a DSSC with Pt-CE
showed only 7.7% in this study. One major reason for
this less efficiency is that 60 μm thick Surlyn was used
as the spacer in the fabrication of DSSCs in this work,
while usually a 25 μm spacer is used in the cells with
TiO2 photoanodes and Pt-CEs. Our previous study has
indicated that a DSSC with a spacer thickness of 25 μm
gives a higher efficiency by about 0.8% than that of a
cell with a spacer thickness of 60 μm.38 Another reason
is that we focused on the counter electrode part, giving
less importance to power conversion efficiency.

The CE with CoS ANRAs was compared with other
CEs with CoS reported in the literature. Two kinds of
CoS have been prepared and used as the catalyst on
theCEof aDSSC in the literature.Wang et al.haveprepared
CoS film potentiostatically,25 and Lin et al. have prepared
honeycomb-like CoS film potentiodynamically;39 these
filmswere used as theCEs ofDSSCs. Thepower conversion

efficiency of the DSSC was 6.5% in the case of Wang et al.

and was 6.01% in the case of Lin et al. In this study, an
efficiency of 7.67%was achieved by using the CEwith CoS
ANRAs. Thus, the CE with CoS ANRAs renders a higher
efficiency than theCEswithCoS reported in the literature. It
is, however, to be noted that the substrates, electrolytes,
and spacers in DSSCs are totally different in these three
cases. As there is no perfectly comparable DSSC in the
literature with the DSSC in this study, the two CEs with
CoS mentioned above were prepared using the re-
ported methods25,39 and used in DSSCs, which were
fabricated by the method used in this study. The power
conversion efficiencies of these cells were compared.
The photovoltaic parameters of these three cells are
given in Table S1 in the Supporting Information. The
table clearly shows that the cell using the CE with CoS
ANRAs-24h performs better (η = 7.67%) than the other
two cells (6.76 and 7.45%). Further results and detailed
discussionon thismatter are provided in the Supporting
Information (Figures S4�S6 and Table S1).

CONCLUSIONS

Co3O4 acicular nanorod arrays (Co3O4 ANRAs) are
completely converted to crystalline CoS ANRAs after a
conversion period of 12 h.While the nanorods of Co3O4

are highly porous with tiny spherical or elliptical nano-
particles, the nanorods of CoS ANRAs-24h are in solid
formwith tiny nanoflakes on their surface. After 36 h of
conversion, each nanorod shows several large and
mosaic flower-like nanoflakes on its surface. XPS analysis
indicates that CoSOH may be the major composition of
thesenanoflakes. TheelectrodewithCoSANRAsobtained
after 24 h of conversion period (CoS ANRAs-24h) shows
thehighest electrocatalytic ability toward I�/I3

� amongall
of the electrodes. The electrodewith CoS ANRAs-24h also
shows a much better stability than sputtered Pt in I�/I3

�

electrolyte. A power conversion efficiency of 7.67% is
achieved for the DSSC with the CE with CoS ANRAs-24h,
and this efficiency is nearly the same as that of the DSSC
with sputtered Pt on its CE (7.70%).

METHODS

Chemicals. Cobalt chloride 6-hydrate (98%) was obtained
from Showa Chemicals Inc., Japan. Urea (99.0%) and LiClO4

(98%) were purchased from Sigma-Aldrich. Sodium sulfide
9-hydrate (ACS reagent, 98%) was purchased from Alfa Aesar.
Anhydrous LiI, I2, and acetonitrile (ACN) were purchased from
Merck. 4-tert-Butylpyridine (TBP, 96%) and tert-butanol (TBA,
99.5%) were received from Acros. cis-Bis(isothiocyanato)bis-
(2,20-bipyridyl-4,40-dicarboxylato) ruthenium(II)bis-tetrabuty-
lammonium (N719) and 1,2-dimethyl-3-propylimidazolium
iodide (DMPII) were obtained from Solaronix S.A., Aubonne,
Switzerland. Ethanol (ACS reagent, 99.5%) was purchased
from Aldrich Chemical Co. Two kinds of commercial TiO2

pastes (Ti nanoxide T and Ti nanoxide R/SP) were purchased
from Solaronix. All chemicals mentioned above were used as
received. Deionized water (DIW) was used throughout the
work.

Fabrication of the CoS ANRAs-CE. A thin film of Co3O4 ANRAs was
obtained on an FTO glass substrate, first by using chemical bath
deposition (CBD) followed by a pyrolysis treatment. In the CBD
process, the FTO substrate (TEC-7, NSG America, Inc., New
Jersey, USA, 7 Ω/0, with an exposed geometric area of
1.5 cm2) was suspended upside-down in a closed bottle with
an aqueous solution, containing 6.25 wt % of urea and 0.15M of
cobalt chloride, at 90 �C for 4 h. After the CBD process, the
obtained film on the FTO was converted to the film of Co3O4 by
pyrolyzing it at 400 �C for 30min in air. The preparationmethod
of Co3O4 ANRAs was reported in our previous work.40,41 There-
after, the obtained film of Co3O4 ANRAs on FTO was converted
to CoS ANRAs by soaking it in a closed bottle containing 0.01 M
Na2S aqueous solution at 90 �C. Various periods (i.e., 3 h, 12 h,
24 h, and 36 h) were used for the conversion process. After this
conversion process, the obtained film was washed with DIW
and dried at 60 �C; the CE with CoS ANRAs was thus obtained.
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Sputtered Pt-CE, with a platinum thickness of 50 nmon FTO,was
also prepared for comparison.

Fabrication of the DSSC. The commercial TiO2 paste (Ti nan-
oxide T) was coated on a cleaned FTO substrate by doctor-blade
method. The coated substrate was gradually heated to 450 �C
(rate = 10 �C/min) in an oxygen atmosphere and subsequently
sintered at that temperature for 30 min. After sintering the
electrode at 450 �C and cooling it to room temperature, two
layers of Ti nanoxide T and one layer of another TiO2 paste
(Ti nanoxide R/SP) were then coated on the electrode by doctor-
blademethod; the thus coated electrodewas then sintered as in
the previous process. The total thickness of the TiO2 film was
about 16 μm, which included 6 μm of the mentioned Ti
nanoxide R/SP as the scattering layer on the top. A portion of
0.16 cm2was selected from the composite film as the active area
by removing the side portions by scrapping. Thereafter, the
electrodewas dipped in a solution, containing 0.3mMN719 dye
in ACN/TBP (v/v = 1:1) for 18 h. The TiO2 electrode was coupled
with one of the various CEs (CEs with Co3O4 ANRAs, CoS ANRAs,
and sputtered Pt) to fabricate the DSSC; these two electrodes
were separated by a 60 μm thick Surlyn (Solaronix S.A., Au-
bonne, Switzerland) and sealed by heating. A mixture of 0.6 M
DMPII, 0.125 M LiI, 0.045 M I2, and 0.5 M TBP in ACN was used as
the electrolyte. The electrolyte was injected into the gap
between the two electrodes by capillarity, and the hole was
sealed with hot-melt glue after the electrolyte injection.

Instrumentation. Cyclic voltammetric (CV) measurements
were performed with a CHI 440 electrochemical workstation
(CH Instruments, Inc., USA), using the conventional three-elec-
trode system. One of the various CEs, a platinum sheet, and a
Ag/Agþ electrode were used as the working electrode, counter
electrode, and reference electrode, respectively. The solution of
10.0 mM LiI, 1.0 mM I2, and 0.1 M LiClO4 in ACN was used as the
electrolyte for all CVmeasurements. CV curves were recorded at
a scan rate of 50 mV/s. Tafel polarization curves were obtained
using symmetrical cells, at 50 mV/s, using a CHI 440 instrument
with a two-electrode system. The symmetrical cell contained
two identical electrodes; the film area was confined to be
0.16 cm2 by removing the side portions by scrapping. The two
electrodes were separated by a 60 μm thick Surlyn. The
electrolyte used for the symmetrical cells was the same as that
used for the DSSCs. The assembled DSSCs were illuminated by a
class A quality solar simulator (PEC-L11, AM1.5 G, Peccell
Technologies, Inc.), and the incident light intensity (100 mW/
cm2) was calibrated with a standard Si cell (PECSI01, Peccell
Technologies, Inc.). Electrochemical impedance spectra (EIS)
were obtained by using a PGSTAT 30 potentiostat/galvanostat
(Autolab, Eco-Chemie, The Netherlands), equipped with a FRA2
module, under a constant light illumination of 100 mW/cm2.
The frequency range explored was 60 kHz to 1.0 Hz. The applied
bias voltage was set at the open-circuit voltage (VOC) of the
DSSC, between the CE and the FTO/TiO2/dye electrode, starting
from the short-circuit condition; the corresponding ac ampli-
tude was 10 mV. The impedance spectra were analyzed by an
equivalent circuit model. The morphologies of Co3O4 ANRAs
and CoS ANRAs were observed by using scanning electron
microscopy (SEM, Nova NanoSEM 230) and transmission elec-
tron microscopy (TEM, Hitachi H-7100, Japan). High-resolution
transmission electron microscopy (HRTEM, Tecnai G2, 200 kV)
was also employed to verify the crystalline compositions of the
nanostructures of Co3O4 and CoS. Fast Fourier transform (FFT)
was used to estimate the value of a lattice spacing from the
HRTEM image. Energy-dispersive spectroscopic (EDS) mapping
from TEM (JEOL JEM-2100) was also used for the elemental
analysis of the nanorods of Co3O4 and CoS. The crystalline
compositions of Co3O4 ANRAs and CoS ANRAs were verified
by X-ray diffraction patterns (XRD, X-Pert, The Netherlands)
with Cu KR radiation. The thin films of Co3O4 ANRAs and CoS
ANRAs were scraped from their substrates and dispersed each
in 50 mL of ethanol to form the suspensions for UV�visible
measurements. UV�visible spectrophotometry (UV�vis�NIR,
V670, Jasco Co., Japan) was applied to obtain the UV�visible
spectra of the suspensions. UV�vis diffuse reflectance spectra
of the Co3O4 and CoS films were obtained by the same
UV�visible spectrophotometer, equipped with an integral

sphere. The surface compositions of the films were also verified
by X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe
system, ULVAC-PHI, Chigasaki, Japan), using a microfocused
(100 μm, 25 W) Al X-ray beam, with a photoelectron take off
angle of 45�. The Arþ ion source for XPS (FIG-5CE) was controlled
by using a floating voltage of 0.2 kV. The binding energies
obtained in the XPS analyses were corrected for specimen
charging, by referencing the C 1s peak to 285 eV.
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