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In this work, the application of hexagonal CuS nanoparticle layers as counter electrodes for dye sensitized solar
cells has been studied. A fast, cheap and reliable deposition method was proposed for the one-step preparation
of Cu2−xS layers on F-doped SnO2 within 30 min through an ink-based technique. The electrodes prepared
with our method were tested with iodine/iodide electrolyte, Co(II)/(III) bipyridine redox shuttle and Fe(II)/
(III) ferrocene-based liquid electrolyte. The Cu2−xS layers showed high efficiency and stability with the ferro-
cene/ferrocenium redox couple, showing a fast charge recombination kinetic, low charge transfer resistance
(Rct = 0.73Ω cm2), reasonably high limiting current (11.8 mA cm−2) and high stability in propylene carbonate.
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1. Introduction

The search formore efficient and cheapermaterials is a fundamental
part of research on renewable energy. In this direction, efforts have been
made in the two decades following the discovery of themodern version
of dye sensitized solar cell (DSSC) also known as Grätzel cell [1,2]. This
type of solar cell has proved to be very promising owing to its cheaper
costs, ease of fabrication and its high efficiencies up to 13% [3]. However,
one of the biggest problems of DSSCs is long-term stability, due mainly
to the use of a liquid electrolyte. Furthermore, themost commonly used
liquid electrolyte is based on the I−/I3− redox couple which is reactive in
nature leading to degradation of the components of the cell. For exam-
ple, traces ofwater catalyze the formation of the ion IO3

−, which contrib-
utes to the bleaching of the dye into the device [4,5]. Iodine, along with
3-methoxyproprionitrile (3-MPN), can also participate in other degra-
dation processes leading to the formation of solid electrolyte interfaces
[6] and the depletion of thiocyanate ligands of the dye [7,8]. Actually
good alternatives to the iodine-based electrolytes do exist, such as co-
balt (II)/(III) polypyridine complexes [9–11] and ferrocene [12]. Such
redox couples are less reactive than I−/I3− and thus are very interesting
to improve the long-term stability of the device. Another important part
of the DSSC is the counter electrode (CE). This part of the cell, in a com-
mon n-type device, is responsible for the reduction (cathode) of the
).
oxidized redox mediator. A typical CE for DSSC consists of transparent
layer of deposited platinum (Pt) nanoparticles on F-doped tin oxide
(FTO) [13,14]. However, Pt is a scarce and expensive material and its
use can significantly influence the overall cost of the device. Other effi-
cient and cheap materials can be used for the fabrication of CEs such as
carbon nanotubes [15,16], graphene [17] and transition metals sul-
phides [18–20]. The latter is very promising for the production of low-
cost solar cell devices owing to their high abundance and ease of pro-
duction. For example cobalt sulphide (CoS) has been studied and ap-
plied in DSSC with iodine-based liquid electrolytes resulting in good
efficiency and stability in comparison to Pt [19,21,22]. In our two recent
works, we have shown the potential use of CoS CEs with iodine-free
electrolytes for both DSSC and quantum-dots sensitized solar cells
(QDSSCs) [19,23]. However, cobalt is a heavy and relatively toxic
metal and its presence, along with other inorganic pollutants, is strictly
monitored in drinkingwater, in food and in soils, inmany industrialized
countries. Another interesting material for solar energy is copper sul-
phide (CuS). CuS is p-type semiconductors with a direct band gap ener-
gy ranging from 0.6 to 2.35 eV depending on crystal structure and
stoichiometry [24]. CuS forms five stable phases: covellite (CuS), anilite
(Cu1.75S), digenite (Cu1.8S), djurleite (Cu1.95S) and chalcocite (Cu2S).
Cu2−xS have been largely used in heterojunction solar cells combined
with CdS since 1952 [25]. In the field of sensitized solar cells, CuS has
been used for the production of QDSSCs CEs [26–28]. Hereby we pro-
pose (Cu2−xS) nano-crystals thin films as active and catalytic layer for
the simplest and cheapest preparation of high efficient CEs for DSSCs
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Fig. 1.XRD patterns of the FTO substrate (a) and CuS (*) thin films annealed at 200 °C for 30
(b) and 240 (c) minutes. In the diffraction spectra (b) and (c) it is possible to see the peaks
characteristic of a Cu2−xS phase, composed by amixture of covellite CuS (79–2321), digenite
(Cu1.8S, 47–1748) and djurleite (Cu1,97S, 20–0365). JCPDS database.
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and QDSSCs, showing the advantages and limitations of this material
with different redox liquid electrolytes.

2. Materials and methods

Copper(II) chloride (CuCl2·2H2O); acetylacetone (acac); sodium
hydroxide (NaOH); 2,2-bipyridyl; tioacetamide (TAA) ammonium
hexachlorophosphate (NH4PF6); hydrogen peroxide (H2O2 30% solu-
tion); dichloromethane (CH2Cl2); acetonitrile (ACN); isopropanol
(IPA); ammonium hydroxide; F-doped tin oxide glass slides (~7 Ω/□);
acetone and absolute ethanol (EtOH) were provided by Sigma-Aldrich.
High stability I−/I3− electrolyte (HSE) was provided by Dyers, Rome-
Italy. Electrochemical Impedance Spectroscopy (EIS) and current versus
potential analysis were performed using a MetrohmAutolabPGStat 330.
The EIS spectrawere registered in the dark using a single sinewaveform
with amplitude of 10 mV and a fixed offset of 0.0 V, from 100 kHz to
10mHz. X-Ray diffraction (XRD) patterns were collected with a diffrac-
tometer DMAXUltima (Rigaku International Corporation, Tokyo, Japan)
using CuKα1 radiation, operating at 40 kV and 20 mA. Scans were per-
formed from 5° to 80° with a step size of 0.02° with a scan speed of
2°/min. The morphology of the CEs was investigated through atomic
force microscopy (AFM) using a Park Systems XE7 microscope. The
measurements were performed in contact mode scan in X,Y direction
to avoid artifacts. Using a tip: 0.2 N/m, resonance frequency 23 kHz,
PPP-CONSTCR Nanosensors, tip radius b10 nm.

CuS hexagonal stacked plates have been prepared following
the method proposed by Busuet al. [29]. Briefly, a solution 0.1 M of
Cu(acac)2 in DCM was prepared dissolving the copper complex in the
solvent by sonication. In a test tube, 2.5 mL of the as prepared solution
was then transferred and 1.25 mL of 0.2 M TAA and 1.25 mL of 0.2 M
NaOH were added. The tube was screw capped and the reaction was
let to take place during 4 h heating the tube under a 100 W light bulb.
After 4 h, the particles which formed at the liquid-liquid interface,
were extracted, washedwithmethanol and dissolved in absolute ethanol
by sonication (5 mg/mL). A deep green suspension was then obtained.
The square 2 × 2 cm FTO substrates were cleaned by the RCA process,
using a bath of water, H2O2 and ammonium hydroxide (5:1:1 v:v:v)
followed by a bath of water, H2O2 and HCl (5:1:1 v:v:v) at 70 °C for
15 min. Then, the cleaned FTO substrates were rinsed with isopropyl
alcohol. The FTO substrates were heated at 200 °C on a laboratory hot
plate, then 150 μL of CuS ethanol suspension was rapidly dropped on
the substrate. The rapid evaporation of ethanol produced a transparent-
green layer of CuS. The as deposited CuS films were annealed during
240 min at 200 °C.

The cobalt polypyridine [Co(byp)3]2+/3+ complexes were syn-
thesized as follows: 1 equiv of CoCl2·6H2O and 3.3 equiv of the
polypyridine ligand were dissolved in a minimal amount of metha-
nol, and the solution was stirred at reflux for 2 h. An excess of ammo-
nium hexafluorophosphate was then added to the solution to
precipitate the compound that was filtered, washed with methanol
and ethanol, dried under vacuum, and used without further purifica-
tion. The oxidation of the Co(II) complexwas performed using an excess
of H2O2 and concentrated HCl (1:1 v:v). The oxidized complex was pre-
cipitated and washed several times with methanol and ethanol. After
the synthesis, the cobalt complexes were used to prepare the cobalt liq-
uid electrolyte (CoLE). The electrolytewas prepareddissolving the com-
plexes in amixture of ACN andmethoxyproprionitrile (MPN) 30:70 v:v
0.1 M [Co(byp)3]2+ and 0.05M [Co(byp)3]3+. The ferrocene electrolyte
(FCE) was prepared dissolving 0.1 M of ferrocene and 0.05 M of
ferrocenium tetrafluoroborate in propylene carbonate. In order to
minimize the contact with atmospheric oxygen, due to the degradation
of ferrocenium ion, the solution was kept inside a glove box, under ni-
trogen atmosphere. Dummy cells were fabricated using two CuS CEs
sealed facing one another using a 25 μm hotmelt Bynel® spacer. The
mask had been cut, leaving a square chamber (0.5 cm2), connected to
the outside through a small hole in the polymer. The sealing was
performed at 150 °C and the electrolytes (FCE, CoLE and HSE) were
injected by vacuum backfilling using the small hole left in the mask
polymer. The hole was then closed using a piece of Bynel®. In order
to study the stability of dummy cells, the electrochemical parameters
were monitored as a function of time on devices exposed to sun light
soaking, ageing in the dark and consecutive CV cycles (20 mV s−1)
from −1.0 to 1.0 V.

3. Results

The characterization of the crystal structure of CuS thin films was
performed through XRD measurements, directly on the surface of the
CEs. The patterns obtained were compared with those contained in
the JCPDSdatabase. The characteristic diffraction peaks of hexagonal co-
vellite (CuS, 79–2321), hexagonal digenite (Cu1.8S, 47–1748) andortho-
rhombic djurleite (Cu1.97S, 20–0365), are shown in Fig. 1.

Fig. 1 shows the effect of the annealing time on the characteristics of
the CuS layers deposited on FTO. Notice that, as confirmed formXRD pat-
terns, increasing the annealing time the films becomemore crystalline. A
non-stoichiometric crystal phase of (Cu2−xS) was detected, due to the
coexistence, in the material, of both Cu2+ and Cu+. A longer annealing
time (240min) also improves the adherence of the films to the substrate.
This was observed by scratching the film using a metal blade.

The AFM images of the CEs surface are shown in Fig. 2 with two
different magnifications. The CE presented a rough surface, uniformly
covered by CuS nanoparticles without any fractures.

Symmetric dummy cells were characterized through cyclic volt-
ammetry in order to determine the reversibility of the liquid electro-
lytes and the limiting currents (IL). Dummy cells with Pt CEs were
used as reference. As shown in Fig. 3(B), just the Fc/Fc+ redox couple
shows good charge transfer characteristics with Cu2−xS CEs. In fact,
the [Co(byp)3]2+/3+ curve is asymmetric within the considered
overpotential window (from −1.0 V to 1.0 V) and thus the redox re-
action is probably irreversible. I−/I3− redox couple, resulted not suit-
able for application with Cu2−xS CEs. In fact, as shown in Fig. 4, a
little drop of HSE can rapidly dissolve the Cu2−xS layer causing an ir-
reversible damage to the CE. On the other hand, all of the redox elec-
trolytes show a good reversibility using Pt CEs.



Fig. 2. AFM images of the surface of the CuS CEs. The two images represent two different
magnifications of the same region considering in (A) 6.26 and in (B) 0.64 μm2.

Fig. 3. Cyclic voltammetry response of dummy cells filled with CoLE (A) and FCE (B). The
current vs voltage response of Cu2−xS (-■-) CEs have been compared with that of Pt (red
continuous line).
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The values of the IL for FCE obtainedwith Cu2−xS and Pt CEswere re-
spectively 11.8± 0.5 and 12.2± 0.4mA cm−2. The value of the IL calcu-
lated for CoLE was 6.8 ± 0.4 mA cm−2 using Pt as CE. In Fig. 3 one can
see that the curve of FCE, using CuS CEs, has smaller currents compared
to Pt on the same potential.

EIS has been used in order to study the recombination kinetics and
understand the different contribution of the resistive and capacitive
components of the dummy cell. The impedance spectra have been fitted
using a Randles equivalent circuit. In Fig. 5 one can see the different
electrochemical responses of both Pt and Cu2−xS CEs with FCE (a) and
CoLE (b).

In the Nyquist plot using Pt and CoLE (Fig. 5) the charge transfer ki-
netic associated to the [Co(byp)2]2+/3+ redox couples showed a value
of Rct of 0.13 Ω cm2 and a capacitance of 38.10 μF/cm2. Cu2−xS CE,
using the same electrolyte, shows high charge transfer resistance,
935.30 Ω cm2. The capacitance calculated for the dummy cells with
Cu2−xS CEs and CoLE was 3.13 μF/cm2. The charge transfer resis-
tance associated to the Fc(0)/Fc(+1) redox couple (Fe2+/Fe3+) was
0.73 Ω cm2 with a capacitance of 23.4 μF/cm2. As one can see in the
Nyquist plot referred to the FCE, the EIS response of the dummy cells
made with Pt CEs presents just a diffusive behaviour. The diffusion re-
sistancewas calculated byfitting using aWarburgfinite length diffusion
element (Ws) [30]. For Pt in FCE, the real part of the Warburg diffusion
resistance (WR) was 17.9Ωwhile theWarburg time constant (WT) was
4.2 s.

The stability of Cu2−xS CEs was studied by impedance spectroscopy,
monitoring the value of Rct for 10 days. In order to determine the effect
of light exposure, some cells were left to age under simulated sun light
(AM 1.5, 1 sun) while other samples were kept in the dark. In order to
compare different samples, Rct was normalized, the value of Rct was
then divided by the lowest value for each sample. The results are pre-
sented in Fig. 6 for the as-deposited (A) and annealed (B) CEs.

As seen in Fig. 6(A), the unannealed samples show a significant loss
in charge transfer efficiency, there is an increase of Rct by about a factor
of 8. On the other hand, thermal annealed samples show an increase of



Fig. 4. The corrosion of Cu2−xS electrodes byHSE. On the surface of a Cu2−xS electrode (a) a small drop of the iodine-basedHSE is dropped (b). The electrode has been let to reactwith HSE
during 10 min (c), then is washed with absolute ethanol (d).
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Rct during the first 150 h, followed by stabilization over the considered
time. However, the increase in Rct remains below 50% of the initial
value of the overall time of the experiment. As shown in Fig. 6(B), the
light exposure has no effect on the evolution of Rct.

In order to evaluate the electrochemical stability of our Cu2−xS CEs,
dummy cells filled with FCE have been cycled with CV slow scans
(20mV s−1) from−1.0 to 1.0 V. Fig. 7 shows the evolution of Rct apply-
ing successive CV cycles to the dummy cells filled with FCE. After the
first 50 cycles, one can observe a reduction of the Rct value. Probably,
during the first cycles, the electrolyte starts to penetrate inside the po-
rous Cu2−xS layer, improving the overall efficiency of the charge trans-
fer process at the interface CE/electrolyte. The value of Rct remains
below 0.8 Ω cm2 up to 300 CV cycles.

4. Discussion

In this research work, CuS hexagonal stacked nanoparticles, synthe-
sized through theprocess proposed byBusu et al. [29], have beendepos-
ited on FTO and thermally converted to Cu2−xS. The obtained CEs have
been considered for use with DSSCs liquid electrolytes such as the io-
dine based HSE, cobalt(II)/(III) tris-bipyridine redox shuttle and ferro-
cene. CuS thin films have been deposited on square (2 × 2 cm) FTO
substrates by drop casting a suspension of CuS hexagonal nanocrystals
in absolute ethanol [29]. As shown in Fig. 1, thematerial showed diffrac-
tion peaks characteristic of three different Cu2−xS phases (JCPDS): hex-
agonal covellite (CuS, 79–2321), hexagonal digenite (Cu1.8S, 47–1748)
and orthorhombic djurleite (Cu1.97S, 20–0365). The presence of digenite
and djurleite is probably due to the low deposition temperature. In fact,
it is known that CuS can be thermally converted to Cu2S. However the
absence of chalcocite (Cu2S) phase in the deposited films is due to its
lower stability, under ambient conditions, in comparison with the
more stable Cu1.97S phase as reported also by Zhao et al. [31]. The reac-
tion produces Cu2−xS (2,x ≤ 0) intermediate crystal phases. The sulphur
depletion reaction (Eqs. (1) and (2)) can occur in vacuum [32], under
inert atmosphere [28] and also in the presence of atmospheric oxygen
[33,34].

2CuSþ O2→Cu2Sþ SO2 ð1Þ

2CuS→Cu2Sþ½S2 ð2Þ

The fast evaporation of ethanol at 200 °C leads to the formation of a
semi-transparent CuS film. The as deposited material starts to lose sul-
phur through reaction (1) that leads to the formation of Cu2−xS phases.
In Fig. 1 one can see that the films became more crystalline for longer
thermal annealing treatments. This is confirmed by the increase of the
intensity of the peaks referred to Cu2−xS phases.
The study of themorphology through AFM imaging showed a rough
surface consisting of a uniform layer of CuS nanoparticles. As shown in
Fig. 2, the particles are in contact with each other. The roughness
(RMS) of the surface have been calculated by processing the AFM im-
ageswhich resulted to 0.439 μm,notice that the typical RMS of commer-
cial FTO is around 20 nm [35]. The presence of nanoparticles increases
the surface area of the CE. In order to calculate the surface area of the
CE, AFM images were collected on a square region (3 × 3 μm) of the
Cu2−xS film. The value of the surface area calculated by processing the
AFM images, was 11.3 μm2, 26% higher than the area of the considered
square region (9.0 μm2). The electrocatalytic activity of Cu2−xS CEs
has been investigated using three different electrolytes: CoLE; HSE and
FCE. In Fig. 4, one can see the corrosive effect of HSE, which rapidly dis-
solves the Cu2−xS layer. This occurs also in the dummy cell, for this rea-
son our CEs are not suitable for use with iodine-based electrolytes. This
could be due to the high affinity of I− ions for the Cu(I) atoms, which are
present in CuS as observed also by Lefèvre et al. [36].

Cyclic voltammetry and EIS measurements have shown the in-
compatibility of Cu2−xS CEs with the cobalt-based electrolyte used
in this study. In fact, as shown in Fig. 3, the voltammogram of CoLE
over CuS resulted asymmetric with a low slope near 0 V. This could
be due to a bad charge transfer kinetic at the CEs surface. The asym-
metry of the curve shown is probably the result of an irreversible
redox reaction involving the [Co(byp)3]2+/[Co(byp)3]3+ redox cou-
ple. EIS analysis confirmed the high charge transfer resistance at 0 V
over potential (935.30 Ω cm2), as shown in Fig. 5. On the other hand,
the same electrolyte showed a reversible electrochemical behaviour
on Pt CEs, as expected with a fast charge transfer kinetic. According to
the Debye model, the time constant (relaxation time) of the system
can be calculated from the impedance spectra of our dummy cells, ap-
proximated to a parallel RC circuit. The relaxation time of the system
(τ) can be written as follows (Eq. (3)):

τ ¼ RctCdl ð3Þ

where Rct is the charge transfer resistance and Cdl is the capacitance of
the double layer, both calculated by fitting (Fig. 8) the EIS spectrum
with Randles equivalent circuit. For CoLE, the value of τ is 4.9 μs for Pt
CE and 2.9 ms for Cu2−xS. This high difference of relaxation time is
due to the higher value of Rct at the Cu2−xS//CoLE interface (Fig. 4).

Different from what is seen with CoLE and HSE, Cu2−xS CEs have
shown an excellent electro-catalytic activity and stability with FCE.
From cyclic voltammetry (Fig. 3) it is possible to observe a symmetric
hysteresis of the current/voltage curve, characteristic of reversible
redox reactions. Notice that the slope of the curve is very close to that
observed using Pt CEs since the high part of the resistance through the
cell is given by the diffusion resistance, which depends just on the
solvent, temperature and the redox shuttle. As shown in Fig. 5(B), the



Fig. 5. Nyquist plots of dummy cells with platinum and with Cu2−xS CEs, filled with FCE
(a) and CoLE (b). All of the EIS measurements were performed at 0.0 V DC offset. The
equivalent circuit used to fit all of the impedance spectra in the insert of (a).

Fig. 6. Time-dependent evolution of charge transfer resistance (Rct) for unannealed
(a) and annealed (b) Cu2−xS CEs with FCE. The normalized Rct was calculated
normalizing all of the values by the lower.
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first semicircle in the Nyquist spectrum, referred to the charge transfer
process, presents an amplitude on the real-Z′ axes of just 1.46 Ω cm2,
which corresponds to a value of Rct of 0.73 cm2. The calculated capaci-
tance of the Cu2−xS//FCE dummy cell is 23.4 μF/cm2, and thus the
value of τ is 17.1 μs. Notice that the relaxation time of the commonly
used Pt/FTO CEs with a commercial HSE is around 100 μs, showing Rct

values around 2 Ω cm2 [19,37,38]. The Nyquist plot of a dummy cell
filled with FCE using two Pt CEs is represented in Fig. 5(A). For this sys-
tem (Pt//FCE//Pt), the charge transfer impedance is so small that can it
be neglected in the fitting model. In fact, the experimental data can be
fitted using a circuit composed of a series resistance Rs, which considers
the resistance due to the electric contact and a Warburg diffusive ele-
ment Ws, which considers the impedance resulting from a finite diffu-
sion of the ions through the electrolyte layer between the CEs. It is
important to remember that the Warburg diffusion element (Ws) is a
constant phase element which presents a constant phase angle of 45°,
independent of the frequency (ω). The impedance modulus |ZWs| of
this element is described by Eq. (4):

ZWsj j ¼
ffiffiffiffiffiffiffi
2σ

p

ω0:5 ð4Þ

the Warburg constant (σ) is defined by Eq. (5):

σ ¼ RT

n2 F2A
ffiffiffi
2

p 1

D0:5
O CO

1

D0:5
R CR

 !
ð5Þ

where n is the number of electrons in the redox reaction, F is the Fara-
day constant R is the real gas constant, T is the temperature, A is the
area of the CE, DO and DR are the diffusion coefficients of the oxidized
and reduced forms of the species; CO and CR are their respective



Fig. 7. Evolution of Rct applying continuous CV cycles with a scan rate of 20 mV/s from
−1.0 to 1.0 V. Typical dummy cells, with two identical Cu2−xS electrodes, was filled
with FCE and used to perform the stress tests, registering the value of Rct through EIS.
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concentrations in the electrolyte. Eq. (4) can bewritten also as (Eq. (6))
[39]:

ZWs ¼ WR

tanh
ffiffiffiffiffiffiffiffiffiffiffiffiffi
iωWT

p� �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
iωWT

p ð6Þ

where WR is the real part of the Warburg impedance (at very low fre-
quency) andWT is theWarburg time constant, experimentally obtained
Fig. 8. Results of the fitting of the EIS spectrum (Nyquist plot) of a typical CuS dummy cell
filled with FCE. The Randles circuit perfectly fits the experimental data, considering both
the charge transfer (first semicircle) kinetics and the diffusion impedance (Warburg
diffusion).
by fitting the experimental data. The diffusion coefficient of the redox
species can be calculated fromWT, using Eq. (7):

D ¼ L2

WT
ð7Þ

the value of WT obtained for the dummy cell Pt//FCE//Pt was 4.2 s
and thus the value of the calculated diffusion coefficient D
1.48 × 10−6 cm2 s−1 considering a diffusion length (L) of 25 μm
which corresponds with the thickness of the hot melt spacer used
to seal the cell. Notice that D is a value referred to both the oxidized
and reduced form of ferrocene (Fc+/Fc0). In fact, looking at Eq. (5)
one can see that in the Warburg equation, DO and DR are multiplied
by the respective bulk concentration. The value of WT and D calcu-
lated from Eq. (7) resulted close to the values of ferrocene and
ferrocenium in propylene carbonate (the same solvent used in our
FCE), calculated by CV measurements in a similar experiment
(2.03 and 1.38 × 10−6 cm2 s−1 respectively) [40]. Along with the
high electrocatalytic efficiency, Cu2−xS counter CEs have shown
also a good stability in dummy cells with FCE when annealed at
200 °C for 240 min. In fact, looking at Fig. 6(a), one can see that
there is a significant increase of Rct as a function of time for the
unannealed CEs (Fig. 6(B)) while the increase observed for the
annealed samples remained below 50% of the initial value. The
similar behaviour in the evolution of Rct of the annealed samples
in the dark and under illumination suggests that light exposure
does not affect the overall performance of the CE. Repeated slow
(20 mV s−1) CV cycles from −1.0 V to 1.0 V demonstrate that
Cu2−xS is very stable under high electrical stress. In fact, no signifi-
cant increase in Rct has been observed during the stress-test (Fig. 7).
Contrariwise there is an improvement of the performance during
the first 50 cycles. This behaviour is common in this kind of experi-
ments and it is probably due to diffusion of the electrolyte inside the
pores of the material (i.e. Cu2−xS) [41]. In fact, during the first few
hours of the life of the device, the electrolyte starts to penetrate
deeply inside the porous films, reaching more active sites of the
solid catalyst. The electrocatalytic efficiency of our Cu2−xS CEs are
very promising in comparison with other similar applications pub-
lished so far in the literature. An example is the use of a metallic
PEDOT as cathode for cobalt-based electrolytes, which shows an in-
terfacial charge transfer resistance of 2.7 Ω cm2 with a time constant
(relaxation time) of 18.03 μs (Rct × Cdl) [42]. The system Cu2−xS//
FCE that we proposed has shown a lower value of Rct of just
0.73 Ω cm2 with a time constant of 17.10 μs. Remember that, at
the CE, a fast charge recombination is preferred. Considering the
great advantages of ferrocene, in terms of fast kinetic and chemical
stability, its use with Cu2−xS CEs should be considered in DSSC
using organic or natural dyes, which commonly suffer chemical deg-
radation in contact with I−/I3−. Our method could also be considered
for large-scale application because of the low toxicity and cost of the
solvent (EtOH) used for the deposition.

5. Conclusions

An easy, cheap and fast method for the preparation of Cu2−xS CEs is
hereby proposed. The CEs prepared through this method have shown a
good electrocatalytic efficiency for both the reduction and oxidation of
the ferrocene/ferrocenium redox couple. Both cyclic voltammetry and
EIS measurements have shown an electrochemical behaviour similar
to that observed using themost expensive Pt CEs, presenting low values
of charge transfer resistance at the interface with the redox electrolyte.
The CEs have shown high stability under electrochemical stressing
conditions. We suggest Cu2−xS CEs for solar cell applications using
ferrocene-based electrolytes. In fact, this material could be a cheap
alternative to the common used Pt in dye solar cells using ferrocene as
redox shuttle.
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