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Abstract

A novel, cheap, reliable water based precursor ink has been used for the large scale production of amorphous cobalt sulfide (CoS) on
fluorine doped tin oxide (FTO). The method uses a metal-organic complex of Co(II) and thioglycolic acid (TGA), it is cheap and easy to
prepare. The electrodes prepared using our method have been applied in the oxidation/reduction using different redox couples dissolved
in liquid electrolytes containing: 17/I3; ferrocene/ferrocenium; bipyridine [Co(bpy)3]2+/ 3 complexes and sodium polysulfide. The
composition, morphology and the efficiency of the CoS electrodes have been investigated. The CoS films show a good adherence to
the substrate, good transparency and an excellent electrocatalytic efficiency with all of the different redox electrolytes. The electrodes have

been used in DSSC devices using the organic dye D5 with efficiencies up to 6.8%.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Dye sensitized solar cell (DSSC) (O’regan and Gritzel,
1991) is a very interesting technology due the facility of pro-
duction, good efficiencies up to 13% (Mathew et al., 2014)
and low costs. A typical DSSC consists of a dye, responsible
for the light absorption, anchored to a wide band-gap semi-
conductor, such as TiO,. The photocurrent is generated by
the injection of electrons into the conduction band of the
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n-type TiO,. After the charge injection, the dye is regener-
ated by a redox couple, dissolved in a liquid electrolyte.
The redox couple is finally regenerated on the surface of
the counter electrode, ensuring the continuous functioning
of the device. The I7/I5 redox couple is generally used, in
DSSCs clectrolytes, despite the problems related to the
long-term stability (Lee et al., 2010; Yanagida et al.,
2009) and the partial absorption of visible light (Hamann,
2012). Todine-free liquid electrolytes based on cobalt
(ID/(IIT) organic complexes (shuttles) have been applied
with efficiencies up to 12.3%, in DSSC sensitized with a por-
phyrin organic dye (Yella et al., 2011). Another interesting
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redox couple is the ferrocene/ferrocenium (Fc/Fc™) pro-
posed, for DSSC sensitized with organic and natural dyes
(Daeneke et al., 2011; Sonmezoglu et al., 2012). Other
advantages of both Fc/Fc' and [Co(bpy)3]2+/ 3* shuttles
are the low molar extinction coefficients in the visible region
and the mono-electronic redox reaction, different from than
of the I7/I5 that involves two electrons and the formation
of highly reactive radical species (Boschloo and Hagfeldt,
2009). The counter electrode (CE) is a fundamental part
of a dye solar cell. In a typical DSSC the CE consists of a
thin transparent layer of platinum nanoparticles deposited
on the FTO by sputtering, electrodeposition or screen-
printing (SP) (Khelashvili et al., 2006; Lan et al., 2010).
The technique for Pt counter electrodes preparation is
screen printing of a paste based on hexachloroplatinic acid
(HCPT), a chemical precursor of Pt. This relatively simple
process has led to its widespread use. In fact, HCPT is sol-
uble in ethanol and water, solvents that are commonly used
for the preparation of SP pastes. The same precursor can be
used in other deposition techniques such as spin coating
(Lan et al., 2010) and electrodeposition (Fu et al., 2012).
However platinum is a scarce and expensive element and
thus its application increases the costs of DSSC. Several dif-
ferent materials have been proposed to replace Pt such as
multi-walled carbon nanotubes (AbdulAlmohsin et al.,
2012; Ahn et al., 2014; Anwar et al., 2013), graphene
(Wang and Hu, 2012), carbon-based nano materials
(Ahmad et al., 2014) and transition metal sulfides such as
Ni,S; and CoS (Lin et al., 2011; Yang et al., 2014). Cobalt
sulfide in particularly, has been demonstrated in numerous
studies to be more efficient than platinum in the catalytic
reduction of triiodide (I3) to iodine (I") in DSSC elec-
trolytes (Congiu et al., 2015; Wang et al., 2009). Among
those counter electrodes with high catalytic efficiency,
CoS has shown a reasonably good chemical stability with
the 17/I°~ redox couple. In functioning DSSCs devices a
30 day study was conducted by (Lin et al., 2011) showing
good stability in all cell parameters. In our previous
research on CoS counter electrodes we have investigated
the effect of electrochemical stress on the electrocatalytic
activity of dummy cells (Congiu et al., 2015). Another
advantage of CoS is that it can also be used in quantum-
dot sensitized solar cells (QDSSC) (Faber et al., 2013). It
is important to remember that platinum counter electrodes
are unsuitable for QDSSCs uses due the surface poisoning
caused by sulfur polysulfide electrolytes normally used in
these type of solar cells (Ke et al., 2014; Meng et al.,
2014). Despite the great advantages and reduced costs,
cobalt sulfide counter electrode is not as commonly used
as Pt, and remains excluded from industrial production.
In fact there is still no commercial product based on this
material. Among the reasons why, are the preparation
methods proposed so far in the literature for CoS CE.
One of the most common technique for the deposition of
CoS is electrodeposition (ED). This technique produces
excellent CEs, however it requires the use of highly toxic

precursors such as thiourea (Lin et al., 2011; Wang et al.,
2009; Yang et al., 2014). Recently chemical vapor deposi-
tion (CVD) has been used to prepare efficient CoS CEs
(Mgabi et al., 2014). However both CVD and ED are not
ideal for large area electrodes nor for large scale produc-
tion. It is important to remember that modern industrial
production of DSSC is based on SP and other printing tech-
niques. An interesting review work on solar cells counter
electrodes materials, was recently published by Yun et al.
(2014). In this review work, the authors, highlighted the
importance of printing and in-situ growth process as the
requirements for future research in the field of Pt-free coun-
ter electrodes. Previously, we proposed a new single precur-
sor route for the deposition of efficient and cheap CoS CEs
(Congiu et al.,, 2015) using an ink based on cobalt
diethyldithiocarbamate (CoDTC,) as chemical precursor.
However this ink could only be prepared using organic sol-
vents, which are not ideal for large-scale production. In this
paper we propose a new single precursor-based method
suitable for the large area and large scale production of effi-
cient CoS CEs for DSSC and QDSSC. The method is based
on a water soluble chemical precursor that is cheap and
easy to prepare. We have tested these CoS CEs with differ-
ent redox couples, such as Fc/Fc™ (Daencke et al., 2011;
Sonmezoglu et al., 2012) and [Co(bpy)3]2+/ 3* electrolytes
as well as a polysulfide electrolyte suitable for QDSSC.

2. Materials and methods

Sulfur (S); sodium sulfide nonahydrate; cobalt chloride
hexahydrate (CoCl,-6H,0); thioglycolic acid (TGA);
ferrocene (Fe(CsHs),); NOBF,, ferrocenium tetrafluorobo-
rate (Fe(CsHs),BF,); propylene carbonate (PEC);
chenodeoxycolic acid (CHENO); absolute ethanol (EtOH);
acetonitrile (ACN) and fluorine doped tin oxide coated
glass slides (FTO ~ 7Q/[10) were purchased from Sigma—
Aldrich. Titanium dioxide (TiO, ~ 20 nm nanoparticles)
transparent screen-printing paste; Platisol T\SP paste and
high stability I /I3 electrolyte BV12 (HSE) were purchased
from Dyers, Italy and Solaronix. The organic dye 3-(5-(4-
(diphenylamino)styryl)thiophen-2-yl)-2-cyanoacrylic  acid
(D5) was purchased from Dyenamo, Sweden. Thermo-
gravimetry (TG) and differential scanning calorimetry
(DSC) were performed on a Netzsch Thermische
Analyse-STA 409 equipment, under nitrogen atmosphere.
X-ray diffraction patterns (XRD) were collected on powder
samples with a DMAX Ultima (Rigaku International Cor-
poration, Tokyo, Japan), operating at 40 kV and 2 mA.
Scans were performed from 5° to 80° with a step size of
0.02° with a scan speed of 2°/min. Scanning electron
microscopy and energy dispersive X-ray spectroscopy
(EDS) were performed using a Zeiss EVO LSISSEM
microscope. Electrochemical impedance spectroscopy
(EIS) spectra were collected on bisymmetric devices at
0V and on complete DSSC devices at V. applying a
sinusoidal modulation with a 10 mV amplitude with a
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variable frequency from 100 mHz to 100 kHz. The EIS
characterization was performed on an Autolab PGStat
300, equipped with a FRA2 impedance module. Cyclic
voltammetry was carried out on the same equipment
varying the applied potential between —1.0 and 1.0 V with
different scan rates. Cyclic voltammetry was performed on
dummy cells with 17/I3, Co(II)/Co(III), polysulfide and
ferrocene-based electrolytes. The characterization of
complete DSSCs devices have been performed through
JV curves under simulated sun light, using a Newport full
spectrum solar simulator with a 150 W lamp and AMI.5.
All of the JV measurements have been performed at 1
sun light intensity.

2.1. Preparation of the chemical precursors inks

The thioglycolic acid (TGA) complex of Co(II) has been
used as water soluble chemical precursor. The precursors
can be easily prepared through the following procedure.
Briefly, 1 mL of TGA was dissolved in 10 mL of Milli-Q
water then the pH of the solution was increased to slightly
alkaline (7.5-8.0) by dropping a concentrated (7 M) ammo-
nium hydroxide solution. In another Becker, the stoichio-
metric quantity (1:1) of cobalt chloride was dissolved in
10 mL of Milli-Q water. The two solution are mixed and
a dark brown solution is immediately obtained. The
TGA-metal complex was precipitated by the addition of
absolute ethanol until the starting of the flocculation. The
dark suspension was let to precipitate for 20-30 min with-
out stirring. After this time the suspension was filtered on a
Biichner funnel under reduced pressure. The precipitate
was washed several times with absolute ethanol and was
let to dry at ambient temperature. The precursor was dis-
solved in deionized water in order to prepare the ink.
The concentration of the precursor was 1 mg/mL.

2.2. Deposition of thin films

The precursor ink was dropped on a square (2 x 2 cm)
glass or FTO substrates. The ink was uniformly distributed
on the whole surface of the substrate. The as deposited ink
was dried at 50 °C precursor over a laboratory hotplate. In
this way a uniform film was obtained. The substrates were
transferred into a quartz tube. The chemical precursor
CoSCH,CO, was thermally converted to cobalt sulfide at
300 °C during 30 min. In order to minimize the contact
with atmospheric oxygen during the thermal treatment,
the quartz tube was connected to a nitrogen line
(O, <5ppm). After the temperature ramp (10 °C/min),
the substrates were let to cool at ambient temperature
and then was removed from the tube, washed with water
and isopropyl alcohol and dried at ambient temperature.
The films were stored without special cares at ambient con-
ditions until the use. Pt counter electrodes have been pre-
pared on FTO by drop casting a 50 mM solution of
hexachloroplatinic acid in isopropyl alcohol. The as depos-
ited electrodes were heated to 450 °C for 15 min.

2.3. Preparation of the electrolytes

The iodine/iodide based DSSC electrolyte was pur-
chased from Dyers, Italy. The polysulfide electrolyte
(PSE) was prepared dissolving 0.1 M of S in a 0.5 M
Na,S (Jun et al., 2013). The preparation of the ferrocene
based electrolyte (FCE) was carried out in a glove box,
under nitrogen atmosphere due the instability of the fer-
rocenium ion in contact with oxygen (Zotti et al., 1998).
The FCE was prepared in acetonitrile and propylene
carbonate 30:70 v:v, with 0.05 M ferrocenium (Fc") and
0.1 M ferrocene (Fc) as suggested by Daeneke et al. (2011).

The cobalt based liquid electrolyte (CoLE) has been pre-
pared as follows: 1 equiv of CoCl,-6H,O and 3.3 equiv of
the polypyridine ligand were dissolved in a minimal
amount of methanol, and the solution was stirred at reflux
for 2 h. An excess of ammonium 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 purification. The
oxidation of the Co(II) complex was performed by adding
a slight excess of NOBF, as suggested by Feldt et al.
(2010). The resulted powder were finally dissolved in
acetonitrile and MPN to obtain a solvent ratio of 30:70.

2.4. Fabrication of DSSC and dummy cells

The photoanodes (PAs) were fabricated by screen-
printing the nanocrystalline TiO, paste on a fresh cleaned
FTO substrate, using a square layout (0.25 cm?). The as
deposited PAs were transferred into an alumina furnace
and annealed at 480 °C for 30 min. The annealed PAs were
let to cool slowly to almost 80 °C, then were dipped into a
solution of 0.5mM D5 with 16 mM of CHENO in
acetonitrile:t-butanol (1:1 v:v) for 17 h. The coloration with
N719 was performed in a 0.3 mM solution of the dye in
absolute ethanol during 16 h at ambient temperature. After
coloration, the PAs were rinsed throughly with absolute
ethanol and dried before cell mounting. The counter elec-
trode was sealed with the PA using a hot-melt Bynel® mask
with a little hole on the bottom side. The iodine based elec-
trolyte was injected in the DSSC by vacuum back filling
and the hole was finally sealed with a melted piece of
Bynel®. After the final sealing, the cells were let to stabilize
in the dark for 24 h before measurements. In the case of the
dummy cell, two identical counter electrodes have been
sealed using the same configuration of the complete DSSC.
Ferrocene, polysulfide and cobalt based electrolytes have
been used in order to evaluate the efficiency of the electrode
with different redox couples.

3. Results

The thermal degradation of the water soluble CoS
chemical precursor, prepared according to the procedure
described in the previous section, was studied through
TG and DSC. As shown in Fig. 1, there is a first mass loss
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Fig. 1. Thermal analysis of the chemical precursor powder; the DSC
(differential scanning calorimetry) is the solid line while TG (thermo-
gravimetry) is the dashed line. The values of the heat flow (d V) can be read
in the right axis, the positive peaks dV' >0 are referred to endothermic
processes, the negative ones ¢ exothermic processes. The analysis was
performed under nitrogen atmosphere.

between 100 and 150 °C, this is probably due to humidity.
In the same figure one can see a great mass loss (200-300 °C)
due to thermal degradation of the chemical precursor, that
stabilizes after 300 °C. From the DSC spectra one can see
the exothermic peak referred to the decomposition of the
precursor at 256 °C. So we decided to perform the thermal
treatment at 300 °C to ensure a complete degradation of
the chemical precursor.

The XRD analysis, performed on the powdered residues
of the chemical precursor after the TG, has shown a pat-
tern typical of amorphous materials, without any diffrac-
tion peaks. This could be due to the low processing
temperature (300°) that is not enough to induce the forma-
tion of crystals. Further details are provided in Supporting
Information (SI).

High uniform CoS thin films have been deposited on
FTO substrates following the procedure described in the
previous section. In order to obtain information on the
morphology of the electrode surface, SEM has been used.
The images were collected in a central region and near
the border of the electrode. As can be seen from Fig. 2
(a), the film obtained is uniform and does not presents
any nano-sized structure, in the same figure one can see a
little hole on the surface. Looking at Fig. 2(b) we can see
that near the border of the substrate there are some imper-
fections, due to the processing of the electrodes before
SEM analysis. In this region we can see the differences
between the amorphous cobalt sulfide film and the FTO
substrate. In the same Fig. 2(b) we can also see that the film
is homogeneous far from the scratched region. In Fig. 2(c)
we can see a magnification of the scratched region near the
border of the electrode that clearly shows the morphologi-
cal differences between the crystalline FTO substrate and
the amorphous cobalt sulfide layer. In order to determinate
the chemical composition of the layer EDS has been

Fig. 2. SEM-FEG images of the central region of the counter electrode
(a); at the border near a scratch (b); the same region of (b) with higher
magnification (c). In (c) we can see the morphological differences between
the crystalline FTO substrate and the amorphous CoS layer.

performed in several regions of the electrode. From the
EDS analysis (please see the SM) the atomic ratio between
Co and S is near 1:1. The EDS spectra have revealed the
presence of traces of oxygen in the film, probably due
to a partial oxidation of the material during the thermal
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treatment. Another evidence of the 1:1 stoichiometry is
that if the films are processed at higher temperature
(400 °C), the peaks of the hexagonal CoS phase starts to
appear. For further details please see the SI.

In order to evaluate the performance of the material for
DSSC applications, the electrodes have been used both in
dummy cells and complete solar cells devices. In the case
of the dummy cells, four different electrolytes have been
used. Cyclic voltammetry has been performed on the sealed
dummy devices and the curves are plotted in Fig. 3. As can
be seen all of the redox couples considered in this work
(I"/15; Fc/Fc™; [Co(bpy)s 3" and S27/S27) are reversible
on the electrode surfaces. In Fig. 3 we can see the voltam-
mogram of the dummy cell filled with the high stability
liquid electrolyte based on the I7/I; redox couple,
commonly used for DSSCs. The perfect hysteresis of the
current/voltage graph shows the complete reversibility of
both the reduction and oxidation reaction.

From Fig. 3 we can also calculate the limit current of the
HSE in the dummy cell; 11.2+0.4mA cm 2 for both
the anodic and cathodic part of the curve after 200 mV.
The green line in Fig. 3, represents the voltammogram
relative to the cobalt-based liquid electrolyte. As can
be seen the [Co(bpy)3]2+/3Jr redox couple shows also a
complete reversibility. In fact the curve is symmetric and,
in the saturation region, the values of the limiting currents
are equal in modulus (5.1 & 0.8 mA cm?).

The complete reversibility of the redox couple was
observed also for the ferrocene/ferrocenium redox couple
in the FCE electrolyte, as can be seen in Fig. 3. The limiting
in this case was 7.3 + 0.5 mA cm 2. With the QDSSC poly-
sulfide electrolyte (PSE) the reversibility is also observed
with a limiting current of 10.8 + 1.3 mA cm 2.
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Fig. 3. Typical voltammogram (10 cycles, 100mVs™!) of a 0.5cm?
dummy cell of two cobalt sulfide counter electrodes filled with the
iodine/iodide (red line), cobalt polypyridine (green line) and Ferrocene
liquid electrolyte (blue line). Polysulfide QDSSC electrolyte (pink line).
The respective error bars are plotted on the graphs (n=3). (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Impedance spectroscopy has been used to characterize
the dummy cells. The spectra have been fitted with the
Randles equivalent circuit (Fig. 4).

In order to calculate the charge transfer resistance (R),
the double layer capacitance (Cg) and the series resistance
(Rs) of the CEs in each electrolyte. Warburg finite length
diffusion element (W) have been used in order to obtain
information from the low frequencies impedance associ-
ated to the ions diffusion in the electrolyte. The experi-
ments have been performed with three experimental
replicates (n = 3) and the average values, extracted from
the EIS fitting analysis, are reported in Tablel.

As can be seen in Table 1 the CoS CEs shows good
charge transfer characteristics in all considered electrolytes.
For comparison purposes we have included in Table 1
results from a Pt based CE in HSE. As can be seen for
the HSE electrolyte the R, obtained using the CoS CE
(1.53 £ 0.25 Q cm?) is lower than that obtained with the
Pt-FTO (2.32i0.1SQcm2). The value of R, obtained
with the PSE electrolyte was (5.30 4 0.44 Q cm?) showing
a performance similar to that of the CoS, CEs for QDSSC
proposed by Rao et al. (2015).

The CoS CEs were used in DSSC devices using D5 and
N719 dyes with HSE. The Pt-FTO has been used as refer-
ence using the same cell configuration. The cells were char-
acterized by current-voltage curves to calculate the
photovoltaic parameters (PV). The typical IV curves for
the 0.25 cm? SP photoanodes, sensitized with D5 dye, are
reported in Fig. 5 and the photovoltaic parameters are
resumed in Table 2.

The cells were sealed using two different counter elec-
trodes, Pt-FTO (-o-) and CoS (-A-). From the two curves
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Fig. 4. Nyquist plots of the impedance measurements performed on
dummy cells devices filled with the four different electrolytes (HSE, FCE,
CoLE and PSE). In the insert a representation of the equivalent circuit,
used to perform the fitting of the experimental data, is shown. In the
circuit we can see the series resistance R, the charge transfer resistance R,
the Warburg diffusive element and the constant phase capacitive element
Cdl.
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Table 1
Fitted parameters + standard deviation (n = 3) of dummy cells filled with the different electrolytes. The measurements were performed at 0 V offset.
Electrolyte CE R, (Qcm?) Ry (Qcm?) Cq (uF cm™?) n W, — R W,—T W,— P
HSE CoS 13.34 £ 1.50 1.53+0.25 12.0+0.1 0.81 +0.10 2.31 +£0.50 1.324+0.15 0.38 +0.10
HSE Pt 1233+ 1.34 2.32+0.15 409 +3.5 0.96 +£0.12 2.544+0.43 1.16 £ 0.21 0.51 +£0.09
CoLE CoS 12.25 +£1.07 2.40 £0.20 18.0 £2.2 0.80 £0.15 13.00 £ 1.35 2.81 £0.20 0.44 £0.10
FCE CoS 12.70 £1.20 2.234+0.25 41+0.6 0.79 £0.19 10.46 £2.17 0.83 £0.12 0.38 +£0.15
PSE CoS 13.34 +2.00 5.30 +0.44 1.3£0.6 0.78 £ 0.11 6.92 +£2.10 1.25 £ 0.55 0.50 +0.21
20 . . . T . . : T details on DSSCs devices and stability are provided in the
18 SI.
1 —o—Pt

Photocurrent density (mAcm™)

+—— 5

0,0 0,1 0,2 0,3 0,4
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Fig. 5. Typical IV curves of 0.25 cm® DSSCs sensitized with the D5 dye,
whose structure is shown in the figure. The IV characterization was
performed at AM 1.5 simulated sun light. The standard deviation
associated to the current measurements are reported in Table 2.

it is possible to see that the two DSSCs achieve similar
values of V,. and J,. showing a similar performance.
From Table 2 it can be seen that the CoS CEs showed a
performance very similar to that of the Pt electrode in all
configurations used. Using the D5 dye the photo-current
density obtained in the SP CoS cell was 16.4 mA cm? very
close to that obtained using the Pt-FTO in the same cell
configuration (15.7 mA cm?). Due to the larger area and
also the different deposition system, the devices fabricated
using the DB photo-anodes shown PV performance lower
than that of the SP devices with both D5 and N719 dyes
and both Pt-FTO and CoS CEs. As can be seen in Table 2,
using the D5 dye we obtained an improvement in the FF of
the devices however both the photo-current and the effi-
ciencies was lower than those achieved with N719. Further

Table 2

4. Discussion

As described in the previous section, the synthesis and
preparation methods are simple. The precursor ink can
be easily prepared using standard laboratory glassware,
cheap reagents and no toxic or dangerous solvents. The
one step synthesis of the CoTGA complex is performed
at pH7, after the neutralization of the thioglycolic acid
solution with diluted ammonium hydroxide. Cobalt chlo-
ride CoCl, has been used as the source of Co®>" ions. For
this reason it is important that the neutralization of TGA
is performed using ammonium hydroxide instead of
NaOH. The use of NH;0H ensures the complete removal
of CI™ ions traces after thermal treatment. In fact any pos-
sible traces of chloride are removed as NH4CI, since it
evaporates at the annealing temperatures used. The ink is
dropped on the substrate and, after the evaporation of
the solvent (water), a thin uniform film is obtained without
the formation of aggregates nor crystals. After a thermal
treatment (300 °C, 30 min) the precursor is completely con-
verted in amorphous CoS. The synthetic pathway is
resumed by the following chemical reactions:

HSCH,CO,H + NH,OH — HSCH,CO,NH, + H,0 (1)
HSCH,CO,NH, + CoCl, + NH,OH
— CoSCH,CO, + 2NH,CI + H,0 )

In reaction (1) the first step of the preparation of the
chemical precursor is described as in the materials and
methods section. In this acid/base reaction the ammonium
salt of the TGA is formed. The addition of the CoCl, solu-
tion led to the formation of the water soluble complex

Photovoltaic parameters of DSSCs with N719 and D5 dyes and different CE (4 standard deviation n = 3). The small area 0.25 cm? photoanodes (bold
values) were fabricated through screen-printing (SP) while the larger photoanodes were fabricated by doctor blade process (DB). All measurements were
performed under simulated sun light (AM 1.5).

Photoanode Dye Electrolyte Counter electrode Area (cm?) J. (A cm?) Voe (mV) FF (%) n (%)

SP DS HSE Pt 0.25 15.7+0.8 705 £ 15 614+ 1.1 6.9 1+0.5
SP D5 HSE CoS 0.25 16.4+0.9 685 + 25 61.3 +0.8 6.8+0.5
DB D5 HSE Pt 1.00 72+14 655+ 18 62.1+1.1 3.1+09
DB D5 HSE CoS 1.00 72+1.6 665 + 21 63.44+0.7 3.1+09
DB N719 HSE Pt 1.00 9.0+0.8 702 +7 56.4+1.2 3.6 +0.5
DB N719 HSE CoS 1.00 9.1+£0.8 700 £ 11 51.3+1.1 3.5+0.5
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CoTGA (Eq. (2)) with the deprotonation of the —SH moi-
ety of the thioglycolic acid. The loss of the thiolic proton is
confirmed by FTIR spectra that can be seen in Fig. 6.

As can be seen in Fig. 6, the signal of S-H stretching
(~2550 cm ™) visible in TGA, does not appear in the com-
plex. The signal of the carbonyl group, at 1732 cm ™! for
the TGA, is shifted to 1585 cm ™! in the COTGA complex.
This shift is due to the deprotonation of the acid -OH
group and its participation as a ligand in the formation
of the complex with the Co”>" ion. It is important to
remember that the reaction (2) of ammonium thioglycolate
(perm salt) with transition metals ions has been widely used
for the colorimetric determination of toxic metals in water
(Swank and Mellon, 1938). In fact the complexes formed
by the dianion -SCH,CO; are strongly colored. Another
important remark is the very low toxicity of ammonium
thioglycolate, that is commonly used in commercial hair
permanent products. As the complex is highly soluble in
water and completely insoluble in alcohols, the precipita-
tion has been performed adding small quantities of abso-
lute ethanol in the reaction vessel. Ethanol was used also
for the washing step, in order to remove the unreacted
reagents from the powder. From the thermogravimetric
graph of Fig. 1 it can be seen a first mass loss after 100 °C
due to the removal of absorbed water in the powder, in
the DSC graph one can see an endothermic peak in the
same region. The presence of water was also confirmed
by the characteristic signal in the FTIR spectrum. Around
256 °C a great mass loss due to the degradation of the com-
plex can be seen due to the cleavage of the carbon-sulfur
bond (=62 kcal/mol). The exothermic peak referred to
the degradation reaction of the metal complex can be seen
in the DSC graph. After the temperature ramp (30-400 °C),
TG shows a mass loss of 39%. Considering the molecular
weight of CoSCH,CO, (149.02 gmol™!) the molecular
weight of the residue, that remains after the degradation
is 90.88 g mol~'; a value close to the molecular weight of
CoS (90.99 gmol™'). The stoichiometry of the compound
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Fig. 6. FTIR spectra of thioglycolic acid (black line) and the CoTGA
complex (red line). The typical signals of the carbonyl and thiol groups are
visible in the spectra. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

has been confirmed by EDS and also XRD analysis on
films, 1:1 Co:S ratio.

The precursor ink consists of a 1 mg/mL solution of
CoSCH,CO, complex in deionized water. In order to make
the evaporation faster, the ink can be prepared using etha-
nol:water 40:60 (v:v). However all of the experiments
reported in this work have been performed using just
deionized water as solvent. Considering the results of the
thermal analysis we decided to perform the thermal treat-
ment at 300 °C in nitrogen for 30 min. In these conditions
the precursor is completely converted in a uniform layer of
amorphous cobalt sulfide. The amorphous nature of the
CoS produced by this process was confirmed by both
XRD spectroscopy and DSC analysis. In fact as can be
seen in the SI, at 300 °C no peaks are visible in the XRD
spectrum. Another experimental evidence, that confirms
the amorphous nature of the CoS film is the absence of
endothermic peaks after the exothermic degradation peak.
Generally in DSC of inorganic compounds endothermic
peaks correspond either to crystallization/recrystallization
processes  (Handbook — of  Thermal — Analysis  and
Calorimetry.: Applications to inorganic and miscellaneous
materials, 2003). As shown in the SEM images (Fig. 3a—c)
it is possible to see the morphology of the CoS layer,
completely different from the crystalline FTO. The values
of R, calculated by fitting the EIS data are consistent in
all of the samples. Notice that these values depend just
on the electric contact between the active CoS layer, the
FTO substrate and the EIS measurement system and are
independent of the electrolyte used. However in order to
obtain uniform values of R, the part of the electrode used
for the contact have to be free of CoS, since the presence of
a CoS film in the contact region could change the values of
resistance in the contact point. So we suggest to remove the
precursor from the contact area after the deposition by par-
tially dipping the electrode in water. In this way, after the
thermal treatment this part will be free of any CoS residue
and one can contact the electrode directly to FTO. CoS
films deposited on FTO glass have shown a good electro-
catalytic activity with the I7/I3 redox couple in HSE for
DSSC:s. In fact the counter electrodes based on amorphous
CoS showed lower R, values in comparison to that
obtained with Pt-FTO. As we discussed in our previous
paper on crystalline CoS CEs, obtained with a similar pro-
cess, the higher efficiency of the CoS can be correlated with
its faster charge recombination (Congiu et al., 2015) in
comparison with Pt-FTO. Also in the case of the amor-
phous CoS CE a faster charge recombination can be seen.
In fact if we consider the relaxation time of the system
(time constant) (Barsoukov and Macdonald, 2005;
Macdonald, 1992) 7, defined by:

T= Rcthl (3)

The terms R, and Cy; are calculated directly from the
fitting of the EIS spectra using the Randles circuit. The
value of the time constant for the CoS CE is 18.3
4 0.2 ps while, for the Pt-FTO is 93.0 £ 2.1 ps. As can be
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seen from the Table 1, the CoS has shown values of both
Cq4 and R, lower than those of Pt-FTO. In what concerns
the other two alternative electrolytes for DSSC, Fc/Fc™
and [Co(bpy)3]2+/ 3* an interesting result is the time con-
stants associated to the charge transfer process of Fc/Fc*
and [Co(bpy)3]2+/ 3 respectively 9.1 +0.4 and 43.2
4+ 1.2 pus. Looking at Table 1, we can see that the value
of R associated to the charge transfer process at the
CoS electrode surface of Fc¢/Fe™ it is very close to that of
[Co(bpy)g]”/ 3. So the only factor that makes the time
constant of the [Co(bpy)3]2+/ 3" higher than that of the fer-
rocene is its higher capacitance. According to the classic
Gouy-Chapman and also Grahame models, when an elec-
trode is immersed in an electrolyte solution an electric dou-
ble layer is created. The double layer is composed of a
charged surface (the electrode) and a mono-molecular layer
of absorbed counter ions, with the charge opposite to that
of the electrode surface. The co-ions, with the same charge
generated on the surface, are depleted from the electrode/
electrolyte region. The higher the charge of the absorbed
ion the higher is the charge (with the opposite sign) induced
on the electrode surface (Scholz, 2009; Velikonja et al.,
2014). So the higher capacitance observed with CoLE elec-
trolyte can be due to the higher charge of the ions compos-
ing the redox couple, in fact the polypyridine complexes of
cobalt are bivalent and trivalent ions while the Fc' ion has
a single positive charge and its reduced form it is a neutral
molecule Fc’.

Among the iodine-free electrolytes, the best results have
been obtained with ferrocene electrolyte with a R of 2.23
+0.25Q cm? and a limit current of 7.3 4+ 0.5 mA cm 2 In
both electrolytes, the value of the limiting current is lower
than the currents obtained using HSE. It is important to
remember that the HSE used in this work is a commercial
product, optimized with high efficient additives, while the
FCE electrolyte does not contain any additive and thus
could be further optimized using additives. In fact from
the impedance spectrum (Fig.4) we can see that the higher
part of the whole resistance of the dummy cell, is due to the
diffusion resistance.

Fc — Fc' +1le- (E°=0.64 Vvs. SHE) (4)

A similar behavior was observed in the dummy cells
filled with the cobalt-based electrolyte. In fact with the
CoLE we can see that a great part of the resistance of
the whole device is due to ions diffusion between the two
electrodes. The charge transfer resistance associated to
the oxidation/reduction of the [Co(bpy)3]2+/ 3* redox shut-
tle at the electrode surface is 2.40 & 0.19 Q cm?. The charge
transfer resistances observed with both FCE (2.23
+0.25 Q cm?) and CoLE (2.40 + 0.19 Q cm?) were higher
than the resistance observed with the I7/I3 (1.53
+0.25 Q cm?). To explain these differences we have to con-
sider the diffusive behavior of the different molecular ions
dissolved in a liquid electrolyte. It is important to remem-
ber that the diffusion coefficients of a redox couple can be
calculated from the Stokes Einstein equation (Eq. (5)).

kT

b= 6mna (5)

In Eq. (5) k is the Boltzmann constant, 7" the tempera-
ture, n the viscosity and a the effective hydrodynamic
radius (approximating the ion as a sphere). As can be seen
in the EIS spectra (Fig.4) of the dummy cells filled with
FCE and CoLE, the diffusion resistance (lower frequencies
signals) are higher than that associated to the diffusion of
the triiodide ion. The higher is the diffusion resistance the
lower is the diffusion coefficient (Liberatore et al., 2009).
The fitted values for the Warburg finite length diffusion
(W) are reported in Table 1. As can be seen, the real part
of the impedance of the diffusion (W —R) associated to
CoLE and FCE are significantly higher than those for
HSE. Limitations in the performance of CoLE electrolytes,
related to the low mass diffusion coefficients have been
reported so far in the literature (Klahr and Hamann,
2009), as well as the strategies to its improvements (Kim
et al., 2011; Liberatore et al., 2009; Petrocco et al., 2010).
Among the factors that reduce the diffusion coefficient
looking at the Eq. (5), is the effective hydrodynamic radius
of the ion. This value depends on several factors, such as
the solubility, the interactions between solvent and solute
and finally the effective dimension of the ion. Note that
both the Fc" and the [Co(bpy)3]2+/ ** are considerably big-
ger than the I3 ion. However the values of the R, obtained
with FCE and CoLE are comparable to that of the com-
monly used Pt-FTO counter electrode with the I7/15 elec-
trolyte. So the only factor that limits the current is the low
mass transport coefficient, characteristic of both Fc and
[Co(bpy)3]2+/ 3* redox shuttles. The limiting current can
be further improved using a thinner spacer between the
electrodes, using less viscous solvents (Latini et al., 2014)
and also increasing the porosity of the electrode surface
(Kim et al., 2011; Petrocco et al., 2010). The limiting cur-
rents obtained with FCE and CoLE -eclectrolytes were
respectively 7.3 +0.5 and 5.1 & 0.8 mA cm”. These values
are low when compared with the photocurrent densities
observed in high performance DSSC devices, however the
combination of amorphous CoS counter electrodes (this
work) and a CoLE or a FCE electrolytes could be interest-
ing for indoor DSSCs where lower photo-current densities
are expected. Furthermore it is important to remark that
both FCE and CoLE are less reactive and corrosive than
the commonly used I7/I3 redox couple and thus could
extend the lifetime of the devices.

5. Conclusions

In this work a cheap, easy, fast and reliable single pre-
cursor method was developed for the deposition of high
catalytic CoS layers on FTO substrates. We demonstrated
that CoS can be prepared with a printing-compatible tech-
nique, based on cheap and abundant materials. These elec-
trodes can operate with different redox couples in the liquid
electrolytes used in solar cells devices. The precursor used
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in this work CoSCH,CO,, a complex of Co(II) and thiogly-
colic acid, is water soluble. The water based solution of the
chemical precursor was used as an Ink for the drop casting
deposition over FTO. The precursor was then completely
converted in CoS by means of a thermal treatment. The
possibility of using water as the solvent, makes this method
attractive for large-area and industrial application. The
electrodes produced through this method have shown an
excellent electrocatalytic activity for the oxidation/reduc-
tion of I7/I35 redox couple, commonly used in DSSC
devices. The efficiency of these CoS counter electrodes were
evaluated with other redox shuttles for DSSC such as the
Co(II)/Co(I1I) bipyridine complex and ferrocene/ferroce-
nium, also showing a good electrocatalytic activity with
complete electrochemical reversibility. The CoS electrodes
were also shown to be useful in QDSSC, in fact the exper-
iments performed using polysulfide electrolyte have shown
a perfect reversibility and good charge transfer kinetics.
The CoS electrodes were used in DSSCs sensitized with
the D5 organic dye with good PV performance comparable
to the commonly used Pt-FTO electrodes. Our CoS coun-
ter electrodes could be considered for a future study involv-
ing other kind of electrolytes such as hole transporting
materials and gel electrolytes, in order to evaluate the
application of CoS to other kind of solar cells devices such
as organic solar cells.
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