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Di Carlo,* Danilo Dini,** and Carlos F. O. Graeff**

We proposed a novel application of cobalt sulfide (CoS) in the
configuration of transparent thin film as anode in p-type dye-
sensitized solar cell (p-DSC). The anodes here considered have
been prepared using a water-based method that is suitable for
the large scale production of large-area electrodes. The photo-
active cathodes of the p-DSC were mesoporous nickel oxide
(NiO) thin films deposited via rapid discharge sintering. The NiO
electrodes were sensitized with the benchmark dye erythrosine
B (ERY), while the couple |I7/I;~ was the redox mediator. The
CoS anodes showed higher electrocatalytic efficiency in com-
parison with the commonly used platinized Fluorine-doped Tin

Introduction

Solar energy represents by far the most important source of re-
newable energy and the sole convincing alternative to fossil
fuels for the production of electrical energy without any secon-
dary production of carbon dioxide. For this reason, many ef-
forts have been done by the scientific community to discover
and improve new technologies for renewable energy pro-
duction within the context of photovoltaics. Within the frame-
work of solar energy conversion technologies and devices, the
dye sensitized solar cell (DSC)™" constitutes one of the most im-
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Oxide (Pt-FTO). This was determined by means of electro-
chemical impedance spectroscopy of CoS based dummy cells,
with CoS showing a lower charge-transfer resistance with re-
spect to Pt-FTO. The overall conversion efficiency of the p-DSC
employing ERY-sensitized NiO as photoactive cathode and CoS
anode was 0.026 %, a value very close to that obtained with Pt-
FTO anodes (0.030%). The external quantum efficiency spectra
of the p-DSCs with CoS anodes were similar to those obtained
with Pt-FTO anodes under illumination with AM 1.5 solar simu-
lator.

portant developments after the pioneering advent of silicon
based pn junctions. DSC can be considered an organic cell
since it utilizes an organic (or organometallic) dye as main pho-
toactive component. The latter is anchored to the surface of a
metal oxide semiconductor (e.g. TiO,, ZnO or NiO) with nano-
strucrtured morphology and it is generally responsible for light
harvesting in the visible and near UV spectrum. When DSC ap-
peared for the first time as a solar conversion device with supe-
rior performance, in 1991 O'Regan et al. reported on DSCs ca-
pable to produce efficiencies up to 8% utilizing a ruthenium-
based complex as sensitizer to be anchored to a mesoporous
TiO, sintered layer.” More recently the same type of solar con-
version device reached efficiencies up to 13% using a porphyr-
ine sensitizer on mesoporous TiO, when Co(ll)/(lll) was the re-
dox mediator."’ Recent research on n-type DSCs involved also
the use of ZnO as alternative n-type semiconductor but the re-
sults were not as promising as those obtained with the photo-
electrochemical cells employing TiO, photoanodes.”’ In n-type
DSCs, the electron of the HOMO of the dye is excited to the
LUMO level and then injected into the conduction band of the
n-type semiconductor. The injected electron is collected at the
external contact after diffusing in the sensitized nanostructured
metal oxide. The as oxidized dye is regenerated by the redox
mediator with the mediator which, in turn, will be regenerated
at the cathode. On the contrary, in a p-type DSC the electron
promoted from HOMO to LUMO upon light absorption of the
dye is transferred directly to the redox mediator. The oxidized
dye is thus regenerated by the oxide substrate through hole
injection into the valence band (VB) of the p-type semi-
conductor (generally made of NiO).” The reduced redox media-
tor is then regenerated at the counter electrode (CE). Basically a
general DSC is composed by 5 elements: a transparent con-
ductive layer (TCO), a dye, a mesoporous semiconducting film
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(either p-type NiO or n-type TiO,), an I7/l;” based electrolyte
and a catalytically active CE. In order to obtain a performing
solar cell, all components need to be properly assembled by
means of appropriate procedures including dying of the meso-
porous films and electrolyte definition/preparation. The quality
of starting materials and the performance of each single com-
ponent are also strongly influencing the efficiency of DSCs. The
counter electrode (CE) is a fundamental part of a DSC device
since it is responsible for the regeneration of the redox couple
and allows the continuous cycling of the device. In the case of
n-type solar cells, the CE transfers an electron to the oxidized
form of the redox mediator whereas in p-type DSCs the CE
gives rise to the oxidation of the reduced form of the mediator.
In a standard DSC either of n- or p-type, the CE consists of a
thin layer of electrocatalytically active platinum nanoparticles
deposited by sputtering,” screen-printing® or electro-
deposition” onto a TCO. However, Pt is a rare and expensive
metal and its employment in DSCs increases noticeably the
overall costs of the devices production. In order to reduce the
costs of CEs several alternative materials have been proposed
so far in the literature. These include graphene,”® carbon nano-
tubes,” metallic PEDOT!” and transition metal sulphides."” The
more promising class of alternative materials is represented by
metal sulphides, due to its low production cost, great avail-
ability, high stability and durability."'¥ Different metal sul-
phides have been proposed as cathodes in n-type DSC such as
Ni,S;, Co,S;, CoS, and Cu,,S."™ ' As reported by us in 2015,
thin transparent CoS films have shown high efficiency and sta-
bility also using a ferrocene-based liquid electrolyte (FCE) in-
stead of the largely used I;7/I” which possesses corrosive prop-
erties. Furthermore such electrodes were prepared using water-
based solutions of starting materials that were cheap and suit-
able for large scale production since their disposal would have
a very low environmental impact."® Cobalt sulfide (CoS) films
can be obtained through several chemical or electrochemical
processes such as electrodeposition, chemical vapor deposition
and ink-based methods. CoS electrodes have shown an electro-
catalytic effect in the process of I;~ reduction in comparison to
platinized TCOs in n-type DSC.">""'¥ However, so far in the lit-
erature, we have not noticed any application-specific study of
CoS in p-type cells probably because of the prevention caused
by the fact that CoS is a p-type semiconductor in itself. In the
present work, we consider the utilization of CoS thin films as
anodes to be coupled with NiO photocathodes sensitized with
erythrosine B (ERY) in p-type DSCs employing the redox media-
tor 17/1;7. It will be here demonstrated for the first time that
CoS is a suitable material as anode of a p-type DSC when NiO is
the photoactive cathode and |;7/I" is the redox shuttle.

Results and Discussion
Optical and electrochemical characterization of CEs

Prior to their employment as anodes in p-DSC devices, the CoS
CEs have been characterized with electrochemical and optical
methods. In order to obtain a good performance in the final p-
DSC, CEs have to fulfill several requirements: (i) they should
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possess thermal and electrochemical stability; (ii) show a rever-
sible behavior toward any redox process that must occur at the
CE; (iii) warrant the flow of the charge through their structure
with a minimal electrical resistance.

First of all, we conducted a compared optical analysis of
CoS and Pt-based CEs. Pt-CE showed a slightly higher trans-
mittance compared to CoS-CE. The FTO (substrates con-
tribution) transmittance spectrum was subtracted from the
spectra of the samples. In Figure 1 the optical transmission
spectra of Pt and a CoS thin films on FTO are shown.
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Figure 1. Transmittance spectra of CoS CE (blue line) and Pt-FTO CE (red
line). The profiles here shown were obtained after subtraction of the FTO
contribution (blank: bare FTO in air).

In the range 550-700, CoS resulted at least 10% less trans-
parent than Pt as shown in Figure 1. However, the trans-
mittance in the range 400-550 nm is quite similar for CoS and
conventional Pt-based CE. Notice that the visible light absorp-
tion band of the considered dye (ERY) is located between 480
and 560 nm with a peak at 524 nm (see supporting information
(S.1), Figure S1). This aspect is particularly relevant if one con-
siders that a CE, transparent in the absorption region of the
dye, allows the efficacious illumination of the cell from both
cell sides thus increasing the quantity of direct or diffuse light
reaching the photoactive electrode. Successively, the electro-
chemical properties of p-DSC CEs were evaluated with a three
electrode cell through cyclic voltammetry and electrochemical
impedance spectroscopy (EIS) (Figure 2) in order to understand
the characteristics of the charge transfer process at the CE/elec-
trolyte interface.

In the comparative analysis of the electrochemical behavior
of CoS and Pt nano islands a particularly important parameter
must be determined: the charge transfer resistance (R.) asso-
ciated to the electrocatalytic efficiency of the CE. The lower the
R, the most efficacious will result the electrocatalytic effect of
the CE. From the voltammograms of Figure 2 (left plots) it re-
sults that CoS and Pt CEs showed a similar current/voltage re-
sponse in dummy cells using I7/1;~ as redox shuttle (electrolyte:
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Figure 2. Left: cyclic voltammetry (CV) responses of CoS-CE (blue) and Pt-CE (red) dummy cells. Right: corresponding electrochemical impedance spectra of the
dummy cells with CoS-CE (blue) and Pt-CE (red) electrodes. In the right plot the green line represents the fit obtained with the equivalent circuit of Figure 3
(vide infra). Both CV and EIS measurements were carried out in dark conditions, using two identical electrodes (WE=CE) in the case of dummy cells while in the
measurements performed on complete DSCs the photochatode was considered as WE and CoS or Pt as CEs. In both the configurations, the iodine-based

electrolyte was BV12-HSE (Dyers).

High Stability Electrolyte (HSE)). It must be noted that the slope
of the voltammograms represents a resistive term that can be
correlated to the efficiency of the electrode. In fact, the straight
part of the voltammogram represents a linear ohmic response.
In this portion of the voltammogram the slope of the two
curves is inversely proportional to the sum of all the resistive
elements of the system, according to the Ohm’s law. Beside
electrolyte resistance, the term R, (for its meaning vide infra)
depends also on the external resistance of the electrical contact
between the substrate (FTO) and the active layer (Pt nanois-
lands or CoS). At the extremes of the linear portion the voltam-
mogram becomes horizontal with the current reaching a con-
stant value (plateau). Such a value of limiting current depends
on the concentration of the redox active species in the electro-
lyte, and on its diffusion coefficient according to the equation
of Cottrell.®™ In fact, the maximum current that can flow
through the device is limited by the concentration of the ions
in the electrolyte (I/1;7). The values of limiting current were
1347 and 13.87 mA/cm? for Pt nanoislands and CoS, re-
spectively. The Randles equivalent circuit (Figure 3) has been

Figure 3. Randles equivalent circuit used to fit the EIS spectra and calculate
the charge transfer resistance (R.,); the series resistance (R;); the double layer
capacitance (Cg4) and the impedance (Z,) associated to the Warburg diffusion
element (W,).
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taken as circuit model to fit the EIS profiles (Figure 2, right
plots) of the dummy cells using separately the CEs under inves-
tigation. Besides R, the Randles circuit includes two other re-
sistances: the series resistance (R,) of the various ohmic con-
tacts and ohmic elements in the cell, and the resistance
contained in the Warburg diffusion element W.. In order to cal-
culate R, the double layer capacitance (Cy) and the diffusion
impedance (Z;) associated to the Warburg element (Figure 3)
the EIS profiles of the dummy cells (Figure 2, right graphs) were
fitted using the Z-view software (see Experimental Section). The
high frequency semicircle referred to CoS CEs resulted smaller
than that of Pt nanoislands. The fitting values of R for CoS and
Pt CEs were 1.51 and 2.30 Q cm? respectively. The lower value
of R, for CoS indicates the higher electrocatalytic efficiency of
CoS with respect to platinized FTO.

The double layer capacitance Cg4 associated to the charge
distribution at the CE/electrolyte interface is different for the
two different CEs: 13.01 and 40.09 uF ¢cm2 for CoS and plati-
nized FTO, respectively. The second semicircle of the im-
pedance spectra at lower frequencies is associated to diffusion
phenomena of the redox species in the electrolyte and will not
be further discussed.

Morphological characterization of mesoporous NiO

The sintering time required in the rapid discharge sintering
(RDS) procedure is much shorter than sintering with conven-
tional furnace, and for this reason films sintered by RDS exhibit
a finer crystallite structure as well as a larger surface area com-
pared to electrodes treated by furnace. These characteristics al-
low a higher quantity of dye to be adsorbed on the electrode’s
surface, the consequent increase of the photocurrent density
generated and the overall conversion efficiency.?"*? The XRD
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analysis showed that the films are composed by small crystal-
lites of cubic NiO of about 7.5 nm, as calculated with the Scher-
rer equation.

Both XRD pattern (Figure 4) and optical profilometry graph
(Figure 5) pointed out the mesoporous morphology of these

Intensity / a.u.

20 /degrees

Figure 4. Diffraction peak corresponding to the reflection of the (200) crys-
tallographic planes of nanocrystalline NiO; experimental data are shown in
blue while the Gaussian fit is shown in pink colour.

Figure 5. Top: surface imaging of nanocrystalline NiO film in 3D. bottom: de-
termination of the thickness with optical profilometry.

NiO layers which are characterized by a surface roughness, R,,
of about 800 nm. Since the NiO films are porous, increasing the
thickness causes the increase of the surface area, and con-
sequently of the quantity of dye which is possible to load on
the electrodes. On the other side, because of NiO dark color,
too thick film will result to absorb too much light, preventing
radiation from reaching the inner part of the electrode, and
thus affecting the overall conversion efficiency of the p-type
photoelectrochemical device. We decided to set the thickness
of the NiO cathodes between 2.0 and 2.5 um: this narrow
range, from previous works,?"?? resulted the optimum for this
kind of electrodes.

Photoelectrochemical characterization of NiO based p-DSCs

Complete assembled cells were first characterized by recording
the current voltage (JV) characteristic curves under illumination
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and in dark conditions (Figure 6) to determine the overall con-
version efficiency. The overall efficiency of the p-DSC devices

— ERYB_Pt

J / mA/icmA?2
2
|

m— ERYB_C0S =

R
0.08 0.1

et gmmilfimay g e By gomilbouy
429 0.02 004 006

E/V

Figure 6. JV curves of the complete p-DSC employing CoS (blue) or plati-
nized FTO (red) as CEs recorded (top) under illumination and (bottom) in
dark conditions.

using the platinized CE was slightly higher compared to that of
CoS CEs cells. Such a trend was mainly due to higher values of
open-circuit-voltage (V) and fill factor (FF) recorded for the p-
DSC with the Pt-based CE (Table 1). In theory the V,c parameter

Table 1. Photovoltaic parameters obtained from the JV curves registered
from 0 to 0.1 V under simulated sun light (AM 1.5). Open circuit voltage
(Voo); short circuit current (J,); fill factor (FF) and overall energy conversion
efficiency () are reported.

p-DSC configuration Voc / mV Jsc /mA cm™ FF/ % n/%
NiO/ERYB/Pt-FTO 80 -1.059 34.8 0.030
NiO/ERYB/CoS 74 -1.051 325 0.026

2811

of a DSC is affected by the relative positioning of the VB upper
edge of the oxide semiconductor (i.e. NiO), and the redox po-
tential level of the shuttle (i.e. I7/1;7). The difference here re-
ported could be due to a chemical reaction occurring between
CoS counter electrode and the redox shuttle which consumes
either the oxidized or reduced form of the redox mediator at a
different extent. This chemical process would bring about the
consequent alteration of the redox potential level of the 17/1;~
couple as defined by the Nernst equation,”® due to a change
of the concentration ratio [I"]/[l;7] at CoS surface. Such a con-
sideration would explain straightforwardly the behavior ob-
served with CoS.

The overall efficiency of the p-DSC devices using the plati-
nized CE was slightly higher compared to that of CoS CEs cells.
Such a trend was mainly due to higher values of V.. and FF
recorded for the p-DSC with the Pt-based CE (Table 1). In theory
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the V. parameter of a DSC is affected by the relative position-
ing of the VB upper edge of the oxide semiconductor (i.e. NiO),
and the redox potential level of the shuttle (i.e. 17/I;7). The dif-
ference here reported could be due to a chemical reaction oc-
curring between CoS counter electrode and the redox shuttle
which consumes either the oxidized or reduced form of the re-
dox mediator at a different extent. This chemical process would
bring about the consequent alteration of the redox potential
level of the 17/l;~ couple as defined by the Nernst equation,*
due to a change of the concentration ratio [I71/[I;7] at CoS sur-
face. Such a consideration would explain straightforwardly the
behavior observed with CoS. Nevertheless, as reported in dark
CV measurements (Figure 2, left plot), no evidence of CoS CE
degradation could be noticed. Another difference between Pt
and CoS CEs is evidenced by the JV measurements performed
in dark conditions (Figure 6, bottom plot). CoS shown a lower
dark current in comparison with Pt. This can be addicted to the
effect of CoS CE on the hole transport properties of NiO. In fact,
as confirmed by impedance spectroscopy (Figure 8 and Ta-
ble 3), the p-type nature of CoS CE influences the recombina-
tion kinetics at the interface NiO//electrolyte (see S.l., Tables S1
and S2). Different to p-type, n-type DSCs showed no significant
alterations in Voc nor degradation phenomena as demon-
strated in recent studies reporting the use of CoS as cathodic
counter electrode.""*"""® These reactions could be probably
ascribed to the working conditions adopted for CoS CEs in a p-
type device. Since CoS is intrinsically a p-type semiconductor, in
a p-type DSC it will be forced to operate as an anode. In such
conditions, CoS will result generally reverse-biased (RB) when
the cell is exposed to light. Adverse reactions in RB conditions
have been recently reported in previous studies of n-type DSC
when I7/l;~ as redox mediator.?**® However, the observed little
differences in V,. do not affect significantly the overall effi-
ciency of the two differently configured p-DSCs (Table 1).

Expectedly, the incident photon-to-electron conversion effi-
ciency (IPCE) spectra of the two p-DSCs differing for the sole CE
presented the same profile (Figure 7) with the display of two
main broad peaks: the peak comprised in the wavelength
range 350-420 nm (which is due to the photoelectrochemical
activity of bare NiO®”); the doubly peaked large absorption in
the spectral region 450-550 nm associated to the photo-
electrochemical activity imparted by the absorption of ERY sen-
sitizer.?>?® The small differences in the IPCE peak values are as-
cribable to the analogously small differences in optical
transmission for the two types of p-DSCs (Table 2).

Therefore, we concluded that the employment of CoS as a
cheaper and valid alternative to platinized-FTO in the role of CE
of a NiO based p-DSC is feasible since p-DSCs with CoS CEs
reach practically the same overall cell efficiency of those using
Pt-FTO. The EIS characterization was performed on assembled
p-DSCs differing solely for the nature of the CE (Figure 8) to
evaluate quantitatively the effect of the different CEs on the
electrochemical parameters determinable through the defi-
nition of an appropriate equivalent circuit model fitting the EIS
profiles. The latter were determined when the two different
types of p-DSCs were kept in both dark and illuminated con-
ditions. Impedance measurements were conducted at the value
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Figure 7. IPCE spectra of Pt-FTO based p-DSC (red) and CoS based p-DSC
(blue) with the same photoelectroactive cathode of RDS NiO.

Table 2. Wavelengths of the two main IPCE maxima (Figure 7),and optical
transmittance values of assembled devices in correspondence of these
wavelengths.

2812

NiO/ERY/Pt NiO/ERY/CoS
A / nm (T /%) 385 (5.00) 385 (4.25)
A/ nm (T /%) 535 (8.10) 535 (9.19)
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Figure 8. Top: EIS spectra of the p-DSCs differing for the CE when the cell
was polarized at Vi (see Table 1) and illuminated with 1 sun. Bottom: corre-
sponding EIS profiles of the same cells at open circuit potential (see Figure 6
in dark conditions. The inset in the bottom plot reports the dark El spectra
zoomed in the high frequency region. Empty dots indicate experimental data
(CoS in blue, Pt-FTO in red) whereas green solid lines represented the fitting
curves.

of open circuit potential (see Figure 6 and Table 1). The analysis
of the impedance spectra generated by the NiO based p-DSCs
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under investigation has been conducted utilizing the approach
first employed by Bisquert® for the analysis of the electro-
chemical impedance spectra of TiO,-based n-DSC.

In Figure 9 it is shown the equivalent circuit we have adopt-
ed to model the experimental EIS profiles of Figure 8. For the

Rs Rce Tr: issi
ransmission
VNG Line
CPE
N
s

Figure 9. Equivalent circuit used to fit the experimental data of impedance
for the complete p-DSC devices under artificial solar light and in dark con-
ditions. Rs represents the series resistance (vide supra), R is the charge
transfer resistance at the interface counter electrode/electrolyte, CPE is the
constant phase element linked to the charge distribution at the double layer
generated at the counter electrode/electrolyte interface with prevalently ca-
pacitive character. The transmission line is an element that considers the
electrochemical behavior of the porous film of RDS NiO, i.e. the p-type semi-
conductor.

calculation of the relevant kinetic parameters related to the fit-
ting values of the circuital elements (vide infra) we have taken
into account the different nature of the photoinjected charge
carriers in p-DSC with respect to n-DSC, i.e. holes instead of
electrons.

The equivalent circuit presented in Figure 9 for the analysis
of p-DSC impedance spectra consists in: (i) a series resistance
element associated to the ohmic transport through the ex-
ternal circuit of device (R,, see Figure 3); (ii) the resistance term
Rce in parallel with the capacitive term CPE, i.e. the constant
phase element, representing the phenomena occurring at the
CE/electrolyte interface; (iii) a transmission line element model-
ing the behavior of the porous NiO film at the interface with
the electrolyte, which takes also into account the internal
charge transport through the mesoporous film of NiO. Some
key parameters related to the charge transport properties of
the NiO film can be directly obtained from the interpolation
process: the most important ones are the hole transport resist-
ance (R, through NiO film, and the charge transfer resistance
R.. through the NiO-ERY/electrolyte interface at the condition
of open circuit potential, which is also described as recombina-
tion resistance. Moreover, the chemical capacitance C, included
in the transmission line (Figure 9) can be straightforwardly de-
ducted from the fitting value of CPE through the relationship
C.= (Cre*Ried)”"/ Roc Where both Cpe and n are fitting parame-
ters.’>3" Other parameters directly related to the terms present
in the definition of the transmission line are: the hole diffusion
time 74 (= R.C), i.e. the transit time spent by the photo-
injected charge carrier to cross the semiconducting layer (pa-
rameter of charge transport characteristic of the DSC in non-
open circuit condition); the recombination time 7, (= R.C),
i.e. the lifetime of the photoinjected hole before it undergoes
recombination phenomena (this DSC parameter is character-
istic of the open circuit condition); the diffusion coefficient D,
(= L%/ tg) of the photoinjected hole in the NiO layer with nomi-
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nal thickness L; the diffusion length L, [= L.(R../R)*’] i.e. the
distance the photoinjected hole travels by diffusion within the
p-type semiconductor layer. As far as the CE of the p-DSC is
concerned, its characterization and performance evaluation re-
lies on the determination of the term R, i.e. the charge trans-
fer resistance at the CE/electrolyte interface, and of the term
Cce describing the capacitance of the double layer generated at
the CE/electrolyte interface. A more in-depth electrochemical
characterization and the calculation of the key transport pa-
rameters are provided in the S.l. (section S2).

The charge transfer resistance of the CE is generally higher
in passing from the illuminated to the dark state. This is expect-
able since the arrival of a larger number of holes in the CE from
the external circuit, and the presence of a larger concentration
of the reduced form of the redox mediator at the CE/electrolyte
interface as a consequence of the light induced injection of
holes in ERY-sensitized NiO, favors the bimolecular anodic proc-
ess of iodide oxidation at the CE. When the p-DSC is in the illu-
minated state the R of the Pt-based counter electrode (Ta-
ble 3) is lower than that of CoS due mainly to the p-type

Table 3. CE characteristic terms obtained by fitting the experimental data
of Figure 8 with the model of equivalent circuit depicted in Figure 9. Ree
and Cc are the resistive and capacitive terms associated respectively to the
charge transfer resistance and the double layer capacitance at the CE/elec-
trolyte interface

CE cell state R/ Q Cee / WF

Pt-FTO illuminated 16.90 £ 0.14 2.82 + 0.06
CoS illuminated 156.2 + 3.8 142 +0.10
Pt-FTO dark 333+ 04 3.03 £0.12
CoS dark 1035 + 17 1.61 £+ 0.08

semiconducting nature of the latter material. Such an ex-
perimental evidence could be explained with a higher number
of photoelectrons reaching the CE to warrant continuity of
charge transport through the external electronic circuit in case
of Pt-based CE in comparison to CoS. Associated with the lower
resistance there is correspondingly the larger value of the dou-
ble layer capacitance since the less resistive CE material will af-
ford an accumulation as well as the passage of a larger amount
of charge carriers. The difference of capacitance at the CE can
be at the basis of the observed decrease of the open circuit
potential of the p-DSCs in passing from the Pt-based CE materi-
al to CoS CE (Table 1). The JV curves (Figure 6, top plot) and
IPCE data (Figure 7) prove that p-type CoS is capable to cata-
lyze also the oxidation of I~ upon neutralization of CoS holes in
the VB. The holes present in the VB of CoS have been partly
introduced by the process of the NiO-ERY hole photoinjection
through the external circuit. This is equivalent to say that the
electrochemical process of iodide oxidation at CoS CE is sup-
posed to be based on the transfer of the majority charge car-
riers of CoS, i.e. holes, localized in its VB (Figure 10). A major
problem might arise from the eventual surface formation of
Col, with consequent alteration of the band properties of the
iodide-modified CoS CE. The verification of the possible ex-
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Figure 10. Schematic band repre-
sentation of the functioning of the
p-DSC with CoS CE. The light ab-
sorption by the photosensitizer Ery
(B), promotes the electrons from the
HOMO (-5,69 ev) to the LUMO (-3,63)
level.®? The electrons are transferred
to the redox couple I7/I;7 (0,35 V vs
NHE) and the hole, in the HOMO of
the dye is transferred to the valence

i band of NiO. The reduced redox me-

diator (I7) migrates to the CE and is

- regenerated at the interface be-

[ tween the electrolyte and CoS. The
oxidation of 31~ to I;~ is promoted
by the hole recombination in the VB

LOAD

istence of the iodide salt can be done in a successive study by
means of the XPS analysis of the CE surface in contact with
triiodide/iodide electrolyte in rest condition and after electro-
chemical cycling. At this juncture it is important to highlight
that CoS is a suitable anodic material for p-DSCs despite the p-
type nature of its electrical transport since the employment of
this alternative material does not cause a considerable de-
crease of overall efficiency in the NiO based p-DSC (Figures 6,7
and Table 1).

Conclusions

In this paper it has been demonstrated for the first time that
CoS thin films can be used successfully as anodic counter elec-
trodes (CEs) of p-type dye-sensitized solar cells (p-DSC) based
on photoelectrochemically active NiO despite the intrinsic p-
type nature of CoS. p-DSCs employing CoS anodes showed
similar values of overall efficiency, fill factor and short circuit
current density in comparison to those obtained with the DSCs
utilizing platinized FTO anodes, i.e. the benchmark anodic ma-
terial of the p-DSCs. External quantum efficiency spectra of the
respective p-DSCs did not differ in passing from CoS to plati-
nized FTO when erythrosine B was the dye-sensitizer of NiO
photocathode. The analysis of the impedance spectroscopy
data for the two different types of p-DSCs differing for the na-
ture of the CE was conducted adopting the equivalent circuit
defined by Bisquert for n-type DSCs. The nature of the CEs af-
fected the charge transport parameters as well as the charge
carrier properties of NiO photocathode. It was found that the
CE influences the charge transport properties of the photo-
active cathode through the term of charge transfer resistance
at the CE/electrolyte interface whereas the double layer capaci-
tance of the CE/electrolyte interface affects the open circuit po-
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of CoS.(*) The band structure of CoS
‘ was approximated by VB XPS meas-
e urements.®?

tential of the device as well as the lifetime of the photoinjected
hole. CoS presented a higher value of interfacial charge transfer
resistance with respect to platinized FTO, and a lower value of
interfacial capacitance. The latter finding was in part ascribed
to the eventual occurrence of anionic exchange at the sulphide
surface with the iodide reactant. In conclusion, the present
study supports the use of CoS as anodic material for p-DSC
since CoS is much cheaper than platinized FTO but the corre-
sponding photoelectrochemical performances are very similar.
Further studies should be conducted in the near future to eval-
uate the efficiency and stability of CoS in variedly designed p-
DSCs. The use of redox couples alternative to the mediator |57/
I, here considered, is particularly envisaged since it is expected
to improve the efficiency and the stability of CoS counter elec-
trodes also in a p-type device. In this respect, it has been pre-
viously recognized that CoS works very well as anode for the
reversible oxidation of the reduced forms of redox shuttles like
ferrocinium/ferrocene or the bipyridyl complexes of Co(lll)/Co
(1.1 For the future work it is planned the use of a more per-
forming dye, e.g. P1, for NiO based p-DSCs to evaluate whether
how CoS CEs will sustain the more demanding conditions of
higher photocurrents and larger photovoltages.

SUPPORTING INFORMATION SUMMARY

o Experimental

e Section S1: Spectral data

e Section S2: Calculation of the charge transport parameters in
NiO porous layers
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