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In-situ grown nickel sulfide and cobalt sulfide hierarchical electrodes'” !* and the counter electrodes'*'® in DSSCs due to a
nanospheres on F-doped SnO, (FTO) substrates exhibited lot of advantages such as the large specific surface area providing
comparable catalytic activities to sputtering Pt on the counter s large electrode/electrolyte interface contact, the accessible inner
electrodes for dye-sensitized solar cells (DSSCs). The fresh surface for electrolyte filling and so on. Hierarchical Pt
cells with the nickel sulfide and cobalt sulfide on the counter aggregates have been deposited on a thin TiO, layer modified
electrodes could reach power conversion efficiencies of 6.81% ITO substrate as a counter electrode for the flexible DSSC by Fu

et al.."* Wang et al. has reported that hierarchical cobalt sulfide
spindles in the counter electrodes in DSSCs showed high
catalytic activity.'”> However, the fabrication procedures of
hierarchical structure were relatively complicated. In-situ growth
has been supposed to be much simple method for fabrication of
thin films on the substrates.'” Our previous work employed in-
situ growth procedures in the preparation of the vertically
oriented CulnS, nanosheet thin films with high catalytic activity
as counter electrodes in DSSCs.!® However, indium is still an
expensive and scarce metal. Herein, we present one-step
solvothermal process to in-situ prepare highly stable hierarchical
os nickel sulfide and cobalt sulfide nanospheres without any scarce
elements, which increase catalytic sites for the catalytic reaction
of the couple redox I'/I;". Meanwhile, DSSCs assembled with the
nickel sulfide and cobalt sulfide counter electrodes were further
investigated by long term stability test and showed comparable
stability to Pt in 504 hours, which are the potential materials for
future manufacturing.

The nickel sulfide and cobalt sulfide thin films were in-situ
grown on the FTO conductive glass by solvothermal method
without any post-treatment. The experimental details were shown
75 in the supplementary information. The SEM image in Fig. la

shows that the nickel sulfide nanospheres are distributed

and 6.59% respectively, approaching to the efficiency of
6.85% based on the sputtering Pt counter electrode. Both
nickel sulfide and cobalt sulfide counter electrodes could
maintain the cell’s relatively high performance in the long-
term stability test in 504 hours.
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Dye-sensitized solar cells (DSSCs) have been considered as the
potential next-generation photovoltaic devices due to their
acceptable efficiencies, low cost materials and simple fabrication
procedures and so on.' One of the most important components
in a DSSC is the counter electrode (CE) whose main role is to
collect the electrons from the external circuit and catalyze the
reduction of I3 to I' at the CE/electrolyte interface. Therefore, a
high electrical conductivity for the electrons collecting®”, a large
specific surface area for the CE/electrolyte contact®™ and a high
catalytic activity for the reaction of I3 to I' are supposed to be
preferred characteristics for the ideal CEs in DSSCs. In this
respect, Pt sheets have been recognized as the suitable counter
electrodes because of their high catalytic activity and stability.
However, Pt is an expensive and scarce metal, which inevitably
influences large-scale manufacturing of the DSSCs containing
expensive Pt. Therefore, the Pt-free materials used as DSSCs’

counter electrodes are important for the future industrial ) ) ; ) :
application of DSSCs uniformly on the FTO glass. The inset of Fig. la is the higher

The nickel sulfides and cobalt sulfides have high catalytic resolution SEM'image of the nickel sulﬁ@e napospheres which
activities for the redox couples I7l; in DSSCs. In 2009, CoS shows that the nickel sulfide nanospheres with sizes of about 200
so nm are composed of smaller nanoparticles. Fig. lc and its inset
are TEM images of nickel sulfide nanospheres which demonstrate
that the nanospheres are composed of crystalline grains with
smaller size. Fig. 1b and Fig. 1d show that the morphologies of
the cobalt sulfide nanospheres are almost the same with those of
the nickel sulfide nanospheres. The SEM and TEM images
indicate that both of the two materials present hierarchical
nanospheres structures with high surface roughness. The BET
tests were undertaken on the films in-situ grown on the FTO

-
S

electrodeposited on the flexible ITO/PEN substrate showed a
comparable catalytic activity to Pt as the counter electrodes in
DSSCs, which opens up the way to exploring more transition
metal sulfides.!” In 2011, Sun et.al. found that electrodeposited
NiS counter electrode by a potential reversal technique showed
high catalytic activity for the reduction of I; to I"."!

It is well known that a high specific surface area is benefit for
the increase of the active sites. In the past years, the hierarchical
nanostructures have been applied in both of the working

%0
a5

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1



o

)
S

w
=3

40

ChemComm

Fig. 1 The SEM image of hierarchical nickel sulfide (a) and cobalt sulfide
(b) nanospheres with high resolution SEM inset. The TEM image of
nickel sulfide (c) and cobalt sulfide (d) nanospheres with high solution
TEM images inset.

substrates. Unfortunately, we could not get the data of surface
areas because the films were too thin to meet the lowest
requirement in BET test.

From the HRTEM image inset in Fig. Ic and Fig. 1d we can
measure the lattice spacing of the nickel sulfide and cobalt sulfide
crystalline grain is about 0.272 nm and 0.283 respectively, which
corresponds to the (222) lattice plane spacing of Ni;S, and the
(211) lattice plane spacing of CosS,. The result was in accordance
with XRD data in Fig S1. However, the EDS and XPS results
shown in Fig. S2 indicated the atomic ratio of sulfur to metal was
not 4:3, which demonstrate that there are some other phases or
amorphous nickel sulfide or cobalt sulfide in the nanospheres
besides Ni;S,; and CosS,.

Electrochemical impedance spectroscopy (EIS) is widely
applied in the investigation of the electrochemical behaviour of
the counter electrodes.'®?' Fig. 2a is the Nyquist plots of the
corresponding symmetrical cells with the equivalent circuit in the
inset. The simulated data from the EIS spectra are summarized in
Table 1. The nickel sulfide and cobalt sulfide counter electrodes
show pretty small R, of 043 Q-cm? and 0.75 Q-
cm? respectively, which are comparable to that (0.56 Q - cm?) of
sputtering Pt, indicating the catalytic activities of the nickel
sulfide, cobalt sulfide nanospheres are comparable to that of
sputtering Pt. The similar serial resistances Rg listed in Table 1
indicate that the electrical conductivities of nickel sulfide and
cobalt sufide film are comparable to sputtering Pt.

Polarization curves and cyclic voltammetry (CV) were used to

further demonstrate the catalytic activity of the counter electrodes.

From the polarization curves in Fig. 2b, the slope values at 0 V of
nickel sulfide and cobalt sulfide counter electrodes are close to
that of sputtering Pt, indicating that the catalytic activities of
nickel sulfide and cobalt sulfide counter electrodes are
comparable to sputtering Pt, which is corresponding to the EIS
data. From the polarization curves, the values of the limiting
diffusion current density of the symmetrical cells assembled with
nickel sulfide, cobalt sulfide and the sputtering Pt electrodes
respectively range from 30 mA/cm? to 40 mA/cm?, which are
much larger than short-circuit current of the DSSCs assembled
with the three counter electrodes showed in Fig. 2d. From our
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Fig. 2 The EIS Nyquist plots (a), polarization curves (b) and CV curves (c)

of the nickel sulfide, cobalt sulfide and sputtering Pt counter electrodes.

(d) The J-V curves of different DSSCs integrated with the same

photoanode and the nickel sulfide, cobalt sulfide and sputtering Pt as

counter electrodes.

previous research on the maximum performance of the counter
electrodes, we can see the three counter electrodes plays no
obvious negative effects on the assembled DSSCs. > CV curves
in Fig. 2c all show two pairs of redox peaks. The two redox peaks
at more negative potentials correspond to the reaction of

Alrely+2¢ ()]
The catholic peak current densities (I,.) indicate the catalytic
activities of the CEs for I3;” reduction in DSSCs. The nickel
sulfide and cobalt sulfide thin films show comparable I, to that
of the sputtering Pt, demonstrating that nickel sulfide and cobalt
sulfide counter electrodes comparable catalytic activities to the
sputtering Pt.

The J-V curves of integrated DSSCs based on nickel sulfide
and cobalt sulfide counter electrodes were shown in Fig. 2d. The
detailed photovoltaic parameters are summarized in Table 1.
From Fig. 2d, the assembled DSSCs based on the nickel sulfide
and cobalt sulfide thin film reach power conversion efficiencies
of 6.81% and 6.59% on the first day, which are comparable to
that (6.85%) of sputtering Pt. The high performances of nickel
sulfide and cobalt sulfide counter electrodes benefit from their
high catalytic activities and electrical conductivities as well as
their rough surface and accessible inner surface for electrolyte
filling.

Long-term stability is an important factor for device
industrialization. The sensitizer, electrolyte and sealant have been
considered as key factors for long service life of DSSCs.?*"*
Although some reports have claimed that the Pt counter
electrodes are at the risk of corrosion in the triiodide-containing
solutions to generate platinum iodides such as Ptl;, Pt counter
electrodes are more stable than the mentioned factors above.?
Long-term stability of the DSSCs assembled with nickel sulfide,
cobalt sulfide and sputtering Pt in 504 hours were shown in Fig. 3.
From the variation of Eff, Ji, V,. and FF of the DSSCs during
504 hours, we can see that the performances of the DSSCs stayed
stable and showed no obvious degration. The CV curves of each
counter electrode for 50 cycles were further obtained to
investigate the stability of the CEs. The variations of the three
counter electrodes are shown in Figure S3. The photovoltaic
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Table 1 Photovoltaic performance, EIS parameters of the CEs with nickel sulfide. cobalt sulfide nanospheres and sputtering Pt.

Isc FF 0 R R, CPE
CE Voc (V) B o PCE (%) s o O
(mA-cm™) (%) @Q-cm?) (Q-cm?) (uF-cm™@)
nickel sulfide 0.73 14.70 63.50 6.81 0.43 4.18 10.9
cobalt sulfide 0.72 15.03 61.00 6.59 0.75 430 18.2
sputtering Pt 0.75 14.00 65.24 6.85 0.56 4.20 17.7
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Fig. 3 Photovoltaic parameters variations of the DSSCs assembled with
nickel sulfide (—e—), cobalt sulfide (—m—) and sputtering Pt (—a—) as
counter electrodes subjected to aging for 504 hours.

parameters and CV data demonstrated that nickel sulfide and
cobalt sulfide counter electrodes had good stability compared to
Pt. It is worth mentioning that, during the 504 hours, the highest
power conversion efficiencies of nickel sulfide, cobalt sulfide and
sputtering Pt cells were 7.02%, 7% and 7.12% respectively.

In summary, the nickel sulfide and cobalt sulfide hierarchical
nanospheres counter electrodes were fabricated using a facile
one-step in-situ solvothermal method. The introduction of the
hierarchical structure to the counter electrodes lead to large
interface contact between the electrolyte and the nickel sulfide,
cobalt sulfide counter electrodes, accessible electrolyte filling in
the counter electrode and good electrode conductivity, which is
benefit for the catalytic reaction of the I'/I;. The as-synthesized
nickel sulfide and cobalt sulfide thin films were characterized
with various electrochemical methods and showed comparable
catalytic activities as counter electrodes to sputtering Pt. The
power conversion efficiencies of the DSSCs using nickel sulfide
(6.85%) and cobalt sulfide (6.59%) thin films as the counter
electrodes were comparable to that using sputtering Pt (6.81%).
The DSSCs assembled with nickel sulfide and cobalt sulfide
counter electrodes showed pretty high stability during 504 h of
aging at room temperature without illumination indicating that
nickel sulfide and cobalt sulfide counter electrodes showed good
stability.
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