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Ag-doped CoS counter electrodes†
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CoS has been emerging as a promising Pt-free counter electrode (CE) material for dye-sensitized solar cells

(DSSCs) due to its satisfactory electrocatalytic properties for redox reactions. However, its low electronic

and ionic conductivities have limited its use in DSSCs. The doping of Ag with appropriate amount

significantly improved the properties of CoS for application as a CE. Ag-doped CoS samples with various

doping amounts were prepared by a facile one-step hydrothermal approach. There were very sharp

changes of morphologies and particle sizes after doping different amounts of Ag. It is found that the

DSSC fabricated with the 5% Ag-doped CoS CE achieved an impressive power-conversion efficiency

(PCE) of 8.35% which was higher than that of the DSSC with a Pt CE (8.17%) by 2.2%, while the DSSC

consisting of undoped CoS only exhibited a PCE of 6.93%. Such an enhanced PCE could be attributed to

the significantly improved electrochemical activity and mixed conductivity resulting from the Ag dopant.

Therefore, the excellent electrocatalytic activity, facile preparation and low material cost of the Ag-

doped CoS electrode provide it with promising potential for large-scale production of new-generation

DSSCs.
1. Introduction

Dye-sensitized solar cells (DSSCs) have attractedmuch attention
as an alternative to silicon-based solar cells due to their low
cost, easy fabrication methods and eco-friendly nature.1–3 As
a critical component of DSSCs, the counter electrode (CE) has
a great inuence on the reduction of I3

�/I� and conducts elec-
trons from the external circuit to the cell.4–6 Normally, platinum
(Pt) is used as the CE material in high efficiency DSSCs because
of its excellent electrocatalytic activity and high electrical
conductivity.7 However, the use of Pt, a noble metal, hinders the
large-scale application of DSSCs due to its relatively high cost.
Recently, intensive research efforts have been made to investi-
gate different counter electrode materials, including various
carbon allotrope materials,8,9 conductive polymers,10,11 metal
carbides,12,13 nitrides,14,15 oxides16,17 and suldes.18,19

The electrochemical process at the CE mainly comprises two
steps: redox reactions at the electrode–electrolyte interface, and
charge and mass transfer through the electrode. Cobaltous
sulde (CoS and CoS2) has been widely investigated for appli-
cations in electrochemical energy storage,20,21 photocatalysis22,23

and DSSCs,24,25 because of their environmental friendliness, low
cost of production and excellent electrocatalytic activity. The
PCE of DSSCs based on pure CoS CEs is usually incomparable to
ineering, Yancheng Teachers University,

xbok@126.com; Tel: +86-515-8823-3177

tion (ESI) available. See DOI:

9

DSSCs consisting of Pt CEs,26,27 due to their relatively low elec-
trical conductivity and limited ion diffusion rate. Therefore,
modication of CoS such as impurity doping28 and composite
with carbon materials26 is required to enhance its performance
as an efficient CE in DSSCs.

Among various modication methods, impurity doping has
been recognized as a cost-effective strategy to tune the physical
and chemical properties of metal oxides and suldes and even
to optimize their crystal structures and morphologies by intro-
ducing defects into the materials. It is published that the
participation of the introduced defects can increase the surface
energy and reduce electrostatic repulsion between adjacent
layers, thereby eventually changing the migration energy and
diffusion barriers.29 Recently, Ag-doped metal sulde materials
have observed signicantly enhanced electronic conductivity
and electrochemical properties.30,31 Doping Ag into SnS2 CE
material for DSSC could greatly improve the electrocatalytic
activity and mixed ionic–electronic conductivity which was re-
ported by Wang' group.30 Motivated by these advances, it is
reasonable to expect a similar inuence of Ag doping on the
performance of DSSCs with CoS CEs.

In this work, Ag-doped CoS nanostructures as CEs in DSSCs
are synthesized via a facile one-step hydrothermal method for
the rst time. The effects of Ag-doping concentration on the
crystal structure, morphology and chemical bonding of CoS are
symmetrically investigated. The PCE of DSSCs using Ag-doped
CoS is optimized by varying the Ag doping amount. The Ag
doping into CoS can effectively improve both the electrocatalytic
activity and mixed ionic–electronic conductivity. Beneting
This journal is © The Royal Society of Chemistry 2018
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Table 1 Ag amount of the Ag–CoS composites by ICP analysis

Samples
The amount
of AgSO4

Ag atomic content
measured by ICP

CoS — —
1% Ag-doped CoS 1% 0.7%
3% Ag-doped CoS 3% 2.6%
5% Ag-doped CoS 5% 3.9%
7% Ag-doped CoS 7% 5.8%
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from the superior catalytic performance, the 5% Ag-doped CoS
CE exhibits superior PCE of 8.35%, which is comparable or
superior to many of the reported CoS based DSSCs (Table S1†).

2. Experimental
2.1. Ag-doped CoS synthesis

Ag-doped CoS nanostructures were prepared via a hydrothermal
method. CoCl2$6H2O (0.1903 g), CH4N2S (0.1218 g), and AgSO4

were dissolved in 10 mL of absolute ethanol with vigorous
agitation. The amount of AgSO4 was controlled to be 1%, 3%,
5% and 7% to CoCl2$6H2O in molar ratio. The mixture solution
was transferred into a stainless Teon-lined autoclave and
heated at 180 �C for 12 h. Aer the autoclave was cooled to room
temperature, the product was thoroughly washed with DI water
and ethanol, and dried at 80 �C. Undoped CoS was synthesized
via the same way without adding AgSO4.

2.2. Electrode preparation

CoS or doped CoS is then coated on a FTO substrate according
to a widely used CE preparation method.32,33 To prepare the CE
for DSSCs, 0.2 g of the obtained nanopowders were suspended
in 2 mL ethanol by sonication and magnetic stirring; then
0.86mL terpineol and 1.1mL ethyl cellulose in ethanol (10 wt%)
were dipped into the mixture solution one by one, followed by
again stirring and sonication. The resulting paste was coated
onto the FTO glass (Sigma-Aldrich, R ¼ 7 U sq�1) via spin
coating method at 4000 rpm for 30 s. Aerwards, the CEs were
annealed at 450 �C in Ar for 30 min. Moreover, the commercial
Pt CE purchased from Dalian HepatChroma Solar-Tech Co., Ltd
was used as a reference.

TiO2 nanoparticle photoanodes were prepared by spin-
casting a �160 nm TiO2 under layer and doctor-blading tech-
nique to form a 10 mm TiO2 nanocrystalline layer. Then, the
TiO2 photoanodes were immersed into 0.05 M TiCl4 aqueous
solution at 70 �C for 30 min. Subsequently, the photoanodes
were calcined at 450 �C for 0.5 h in air. Aer cooling at room
temperature, the TiO2 photoanodes were took out and
immersed in a 0.50 mM ethanol solution of N719 dye
(purchased from DYESOL LTD) for 24 h. Finally, the dye-
sensitized TiO2 photoanodes were took out from dye solution
and washed with anhydrous ethanol. The active area of photo-
anodes was �0.25 cm2 (0.5 cm � 0.5 cm).

2.3. Fabrication of DSSCs

Each DSSC device was fabricated by combining a dye-sensitized
TiO2 photoanode and a CE sandwiched with I3

�/I� based liquid
electrolyte. The whole assembled arrangement was clamped.
The liquid electrolyte was prepared by dissolving 10 mM of LiI,
1 mM of I2, and 0.1 mM of LiClO4 in acetonitrile.

2.4. Characterization and measurements

The composition of the CoS and Ag-doped CoS powders were
detected by inductively coupled plasma-atomic emission
spectra (ICP-AES). The result displays that the real atomic ratio
of Co : S is nearly 1 : 1. The crystallographic structure was
This journal is © The Royal Society of Chemistry 2018
characterized by X-ray diffraction (XRD) on an X-ray powder
diffractometer (Rigaku SmartLab9, Japan) using Cu Ka radia-
tion (l ¼ 1.5406 Å). The morphology of nanopowders was
characterized by using a scanning electron microscopy (SEM,
Zeiss Supra 35VP, Berlin, Germany). High-resolution trans-
mission electron microscopy (HRTEM) images of the Ag-doped
CoS were acquired using a JEOL HRTEM (JEM-1400 electron
microscope) with an acceleration voltage of 120 kV. The chem-
ical states were analyzed via X-ray photoelectron spectroscopy
(XPS) using a Thermo-ESCALAB 250XI (Thermo, USA) instru-
ment with non-monochromated Al Ka 1486.6 eV radiation.

Cyclic voltammetry (CV) and electrochemical impedance
spectra (EIS) measurements were conducted with each CE on
a conventional Electrochemical Workstation (CHI600E,
Shanghai Chenhua Co.). Cyclic voltammetry (CV) plots were
recorded at a scan rate of 50 mV s�1 from�0.4 to 1.2 V in a three
electrode setup: a FTO coated with CoS or Ag-doped CoS served
as the working electrode, a Pt electrode served as the working
electrode and an Ag/AgCl electrode served as reference electrode
respectively. The diluted electrolyte for CV consisted of 10 mM
LiI + 1 mM I2 + 100 mM LiClO4 in acetonitrile. The electro-
chemical impedance spectra (EIS) were carried out in the
frequency range of 10�2 Hz to 106 Hz in a two-electrode system
(CE/electrolyte/CE). The magnitude of the alternative signal was
5 mV. The Tafel measurement was applied in the potential
range of�1 V to +1 V. The current density–voltage (J–V) curves of
the assembled DSSCs were measured on an Electrochemical
Workstation (CHI600E, Shanghai Chenhua Co.) under simu-
lated AM 1.5 sunlight at 100 mW cm�2 irradiance generated by
a solar light simulator (Xe Lamp Oriel Sol3A™ Class AAA Solar
Simulators 94023A, USA). Open Circuit Voltage Decay (OCVD)
curves of DSSCs were recorded by a Electrochemical Worksta-
tion (CHI760D, Shanghai Chenhua Co.).
3. Results and discussion

The Ag amount in the Ag-doped CoS was characterized by
inductively coupled plasma (ICP) analysis and the results are
shown in Table 1. It can be concluded that the amount of Ag
doping could be controlled by varying the amount of AgSO4

added into the reaction in this approach.
Fig. 1 presents XRD patterns of the pure undoped CoS and

Ag-doped CoS with varied Ag concentrations. The diffraction
peaks of undoped CoS at 2q ¼ 30.6�, 35.4�, 47.0� and 54.5�

corresponding to the planes of (100), (101), (102) and (110) can
be indexed to hexagonal phase CoS (JCPDS card no. 65-3418). By
RSC Adv., 2018, 8, 18792–18799 | 18793
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Fig. 1 XRD patterns of undoped CoS and Ag-doped CoS samples with
Ag contents of 1%, 3%, 5% and 7%.

Fig. 2 SEM images of (a) undoped CoS; (b) 1% (c) 3% (d) 5% (e) 7% Ag dope

18794 | RSC Adv., 2018, 8, 18792–18799
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doping Ag into CoS, no additional peaks were found, indicating
that Ag doping does not change the crystal structure of CoS and
no new phase is formed. However, a tiny shi towards the
higher angles occurs with the increased Ag content. For
instance, the 2q angle for the (102) peak decreases from 47.1�

for undoped CoS to 47.0� for 5% Ag-doped CoS. Such peak
position changes are ascribed to a certain amount of Co2+ ions
(radius ¼ 65 pm) being substituted by larger Ag+ ions (radius ¼
115 pm), resulting in the expansion of the lattice parameter in
an axis.34,35

The eld emission scanning electron microscopic (FESEM)
images of the lms of undoped CoS and Ag-doped CoS with
varied Ag concentrations are shown in Fig. 2(a–e), respectively.
Agglomerated nanoparticles and nanosheets co-exist in all the
samples. It can be clearly seen that the obtained undoped CoS
and 1% Ag doped CoS mostly exhibit agglomerated nano-
particles morphology. FESEM images also reveal that with the
d CoS. (f) HRTEM and SAED pattern (the inset) of the 5% Ag-doped CoS.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02765j


Fig. 3 XPS spectra of the as-prepared 5% Ag-doped CoS: (a) survey; (b) Co 2p; (c) S 2p; (d) Ag 3d.

Fig. 4 Photocurrent density–voltage (J–V) characteristics of DSSCs with
different CEs, measured under the AM 1.5 illumination (100 mW cm�2).
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increase of Ag concentration the number of nanoparticles
decreases, possibly because element doping with larger ion
radius may suppress the nucleation of nanoparticles. In DSSCs,
the morphologies of CE materials have an important effect on
the catalytic reactions because of the catalytic reactions occur
on the surface of the CEs. In this study, the nanosheets archi-
tecture facilitates the transfer of charge carriers from their
surface to the electrolyte. To further identify the crystallinity of
the Ag-doped CoS, HRTEM and SAED are conducted on 5% Ag-
doped CoS (Fig. 2(f)). The HRTEM image exhibits lattice fringes
with spacings of 0.29 nm, corresponding to the (100) plane of
hexagonal CoS, and a SAED pattern in the inset of Fig. 2(f) is
indexed to a hexagonal CoS phase with a few characteristic
(100), (110), (102) and (002) planes. The results are consistent
with the XRD results reported in this paper earlier.

In order to reveal the details on the chemical states of Ag-
doped CoS, X-ray photo electron spectroscopy (XPS) analysis
was performed (Fig. 3). Take 5% Ag-doped CoS as an example,
the peaks of Co, S and Ag can be observed in the survey spec-
trum. As shown in Fig. 3(b), the content of the Co 2p spectrum
was quite complex owing to the presence of various species at
surface level. Aer tting, the Co 2p2/3 spectrum has binding
energies at 777.9 and 780.1 eV that can be attributed to sulded
Co–S.36,37 The peaks between 792.0 and 803.0 eV belong to the
Co 2p1/2 signals of their Co 2p3/2 counterparts and the satellite
signal.38 The S 2p peak centered at 163.2 eV is typical for a Co–S
bond.39 Therefore, the major phase of the cobalt sulde (CoxSy)
is CoS, while small amount of CoxSy (x ¼ 1, 2.4; y ¼ 1, 2, 3.9)
compounds are also formed during the preparation process of
counter electrodes.40 Fig. 3(d) shows the XPS Ag 3d core level
This journal is © The Royal Society of Chemistry 2018
spectrum. It can be t by two peaks at 373.3 eV and 367.5 eV for
Ag 3d3/2 and 3d5/2, respectively, with a spin–orbital splitting of
5.8 eV, which can be considered as the standard reference XPS
spectrum of Ag(I).41

To investigate the photovoltaic properties of the DSSCs with
the undoped and Ag-doped CoS based CEs, the photocurrent-
density–voltage (J–V) curves are shown in Fig. 4. The corre-
sponding photovoltaic parameters are summarized in Table 2. A
maximum PCE of 6.93% with Jsc of 13.84 mA cm�2 and Voc of
0.704 mV was achieved with the DSSC with the undoped CoS CE.
The PCEs are 7.35%, 7.89%, 8.35%, and 7.61% for DSSCs with
the 1%, 3%, 5% and 7% Ag-doped CoS CEs, respectively,
RSC Adv., 2018, 8, 18792–18799 | 18795
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Table 2 Output photovoltaic characteristics of the DSSCs employing
different CEs

CEs Voc (V) Jsc (mA cm�2) FF PCE (%)

CoS 0.704 13.84 0.711 6.93
1% Ag-doped CoS 0.710 14.53 0.713 7.35
3% Ag-doped CoS 0.716 15.48 0.711 7.89
5% Ag-doped CoS 0.726 16.13 0.713 8.35
7% Ag-doped CoS 0.711 15.03 0.713 7.61
Pt 0.722 15.89 0.712 8.17
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indicating a markedly increased PCE with increasing Ag doping.
It is expected that the efficiency of the DSSC based on doped CoS
initially increases with the increased Ag content and reaches
a maximum point of 8.70% when the Ag amount is 5%, which is
higher than those of DSSCs based on undoped CoS (6.93%) by
20.5% and Pt (8.17%) by 2.2%, though the DSSC PCE decreases
when the content of Ag impurity is further increased aer 5%.
The enhanced PCE can be mainly derived from the increasing
electrical conductivity and electrocatalytic activity resulting from
Ag-doping atoms. The doped Ag ions introduce large amount of
holes and induce the increasing charge carrier density for elec-
tron conduction. Meanwhile, CoS experiences reduced particle
size aer Ag doping, which increases the amount of grain
boundaries and thus provides a fast ion diffusion pathway.
Hence, the electrical and ionic conductivity are enhanced
simultaneously. At the same time, doping with Ag ions increases
the surface to volume ratio of the CE, leading to more active sites
for redox reaction and superior electrocatalytic activity.

Fig. 5 shows the OCVD curves of the DSSC based on pure CoS
and Ag-doped CoS lms as a CE, which demonstrates the elec-
tron lifetime containing a wealth of information on the electron
recombination process in a DSSC. During OCVD measurement,
DSSCs were illuminated and the subsequent photovoltage decay
aer interrupting the illumination was monitored. The slower
decay obtained for the DSSC fabricated using 5% Ag-doped CoS
and Pt as the CE was the best among our experimental results.
This may be attributed to the adequate Ag dopants in CoS
leading to a lower rate of electron loss, indicating a higher
electron lifetime for the DSSCs. It can be seen clearly that the
OCVD response of DSSC with the bare CoS CE was signicantly
Fig. 5 OCVD curves observed with different CEs.

18796 | RSC Adv., 2018, 8, 18792–18799
faster than other ve curves, which indicates a higher recom-
bination rate and shorter electron lifetime.

The electrochemical characteristics of the undoped and Ag-
doped CoS CEs were evaluated by electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV) tests. Fig. 6 shows
the EIS in Nyquist plots, and the experimental results (Table 3)
were tted using the equivalent circuit in the inset of Fig. 6. The
intercepts with the real axis in the high frequency range represent
the Rs (overall ohmic series resistance) values, including the bulk
resistance of the CEmaterials, the FTO substrate and the contact
resistance.42 The Rs of undoped CoS CE is 14.49 U cm2. The Rs
value is reduced to 13.38 U cm2 aer being doped with 1% Ag,
indicating an evident increase in electrical conductivity. Though
undoped CoS is an n-type semiconductor due to its intrinsic
impurity,43 a large number of holes are introduced with Ag
doping, and Ag-doped CoS is directly converted to a p-type
material, resulting in a markedly increased charge carrier
density. With the increased Ag content, the charge carrier density
is further increased and therefore Rs keeps decreasing. Rct value is
widely used to estimate the electron exchange ability between the
CE and the liquid electrolyte and examine the electrocatalytic
activity of the CEs.44,45 A lower Rct value means a higher charge
transfer rate at CE/electrolyte interface and therefore higher
electrocatalytic reduction of I3

�.46 The Rct keeps decreasing as Ag
content increases until 5% (5.76 U cm2), reaching a lower value
than that of Pt (6.10 U cm2), as we have shown in Table 3, indi-
cating an evident improvement in the electrocatalytic activity for
iodide/triiodide redox reaction because of the reduced agglom-
erated nanoparticles quantity and larger surface to volume ratio
caused by Ag doping. However, the Rct of the 7% Ag-doped CoS
CE increases to 7.32U cm2, since its catalytic activity is depressed
probably due to a serious lattice disorder. Overall, Ag doping
signicantly enhances the electrical conductivity of the CoS CE;
optimized Ag-doping level can also increase the electrocatalytic
activity of the CE signicantly, which results in a remarkable
increase of PCE.

To further investigate the electrochemical catalytic activities of
these CEs, CV was performed for a three electrode system (Fig. 7).
For all the CEs, two pairs of oxidization and reduction peaks are
Fig. 6 Nyquist plots of the symmetrical cells based on different CEs;
inset: the equivalent circuit.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Electrochemical parameters obtained from CV and EIS
characterizations

CEs
Epp
(V)

JRed-1
(mA cm�2)

Rs
(U cm2)

Rct
(U cm2)

CoS 0.472 4.01 14.49 12.03
1% Ag-doped CoS 0.452 4.81 13.38 8.03
3% Ag-doped CoS 0.446 5.15 11.50 6.28
5% Ag-doped CoS 0.422 5.56 10.73 5.76
7% Ag-doped CoS 0.450 5.01 10.44 7.32
Pt 0.427 5.38 11.64 6.10
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presented in the CV curves. The relative low-potential peaks
correspond to the reaction in eqn (1), while high-potential peaks
correspond to the reaction in eqn (2).5,33
Fig. 7 (a) CV curves of different CEs at a scan rate of 50mV s�1, (b) the 100-
and (c) the peak current density stability as a function of cycle number. (d) CV
100, 125 and 150 mV s�1 and (e) the relationship between redox current de

This journal is © The Royal Society of Chemistry 2018
I3
� + 2e ¼ 3I� (1)

3I2 + 2e ¼ 2I3
� (2)

The electrocatalytic activity of the CEs for the reduction of
triiodide can be evaluated according to the peak-to-peak voltage
separation (Epp), which is negatively correlated with the stan-
dard electrochemical rate constant of a redox reaction. The Epp
value of the undoped CoS CE (0.472 V) is signicantly higher
than the Epp value of the Pt CE (0.427 V), suggesting a higher
over potential for reduction of I3

� to I�. The Epp keeps
decreasing until the doping content reaches 5% (0.422 V), thus
indicating an improved electrocatalytic activity. But the Epp
increases to 0.450 V when the Ag-doping concentration is
stacking CV curves from 5% Ag doped CoS CE at a scan rate of 50mV s�1,
s for 5% Ag dopedCoS electrode recorded at different scan rates of 50, 75,
nsity and square root of scan rates of CVs for 5% Ag doped CoS CE.

RSC Adv., 2018, 8, 18792–18799 | 18797
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increased to 7%. The value of Epp decreases in the order of
undoped CoS (0.472 V) > 1% Ag-doped CoS (0.452 V) > 7% Ag-
doped CoS (0.450 V) > 3% Ag-doped CoS (0.446 V) > Pt (0.427
V) > 5% Ag-doped CoS (0.422 V). Overall, the 5% Ag-doped CoS
electrode shows the most narrowed Epp value of 0.422 V, indi-
cating that this CE shows the best electrocatalytic activity
compared with other CEs. In order to investigate the stability of
the CE in the liquid electrolyte, CV measurements have been
performed on the CE based on 5% Ag-doped CoS at a scan rate
of 50 mV s�1 for 100 cycles (see Fig. 7(b)). As shown in Fig. 7(c),
no apparent decrease in current density during cycling has been
observed, indicating that this CE exhibits a good electro-
chemical stability as the CE for DSSCs. In addition, Fig. 7(d)
shows CVs of the I�/I3

� redox pair using the 5% Ag doped CoS
electrode with different scan rates of 50, 75, 100, 125 and
150 mV s�1. The CVs exhibit a regularly outward extension of all
peaks with the increasement of scan rates. From Fig. 7(e), it is
obvious that the anodic and cathodic peaks current density
both show good linear with the square root of scan rates,
indicating the diffusion of I� controls the redox reaction on the
surface of the CEs and there is no specic interaction between
the prepared CE and I�/I3

� redox pair.47

In order to assess the contribution of mass diffusion rate to
the improvement of PCE, Tafel-polarization measurements are
conducted to estimate the anodic and cathodic steady-state
polarization diffusion-limited current (Jlim). As seen in Fig. 8,
the limiting current density plateaus of all the cells are well
developed, indicating that they have reached the diffusion-
limiting region in the given potential range.48 Furthermore,
the ionic diffusion coefficient of the triiodide species, which
was determined by the diffusion of ionic carriers between the
two electrodes, was directly proportional to the limiting current
density Jlim.49,50 The cell based on pure CoS CEs exhibits the
lowest current density, indicating its lowest ion diffusion rate.
In the case of Ag-doped CoS CEs, the current density keeps
increasing with the increasing Ag content, suggesting an
improved ionic conductivity. Obviously, the ion diffusion rate
increased in the order of undoped CoS (16.86 mA cm�2) < 1%
Fig. 8 Tafel-polarization curves of different CEs.
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Ag-doped CoS (21.46 mA cm�2) < 7% Ag-doped CoS (23.95 mA
cm�2) < 3% Ag-doped CoS (26.72 mA cm�2) < Pt (31.99 mA
cm�2) < 5% Ag-doped CoS (36.17 mA cm�2), which is in good
agreement with the JRed-1 trend in CV results. Therefore, the Ag-
doped CoS CEs prot from the accelerated mass transfer rates
that results in an increased PCE.
4. Conclusions

This study introduces a facile one-step route to fabricate low-
cost Ag-doped CoS lms for application as counter electrodes
in next-generation DSSCs. The obtained Ag-doped CoS CEs
exhibit signicantly enhanced electrocatalytic activity and
mixed ionic–electronic conductivity compared to pure CoS CE.
The Ag-doping amount can be easily adjusted to optimize the
DSSC performance, and it is found that the DSSC with the 5%
Ag-doped CoS CE achieves the highest PCE of 8.35%, exceeding
those of DSSCs based on the Pt CE (8.17%) by 2.2% and
undoped CoS (6.93%) by 20.5%. Such an improved DSSC effi-
ciency is attributed to the effect of Ag-doping on structural and
chemical properties of the CoS-based CEs. The results of this
study indicate that the low-cost Ag-doped CoS CE is a promising
alternative to the costly Pt CE in DSSCs.
Conflicts of interest

The authors declare no conict of interest.
Acknowledgements

This work was supported by the Scientic Research Fund of
Jiangsu Provincial Education Department (Grant No.
17KJB140029) and the National Natural Science Foundation of
China (Grant No. 11747001).
References

1 M. Grätzel, Nature, 2001, 414, 338.
2 S. Mathew, A. Yella, P. Gao, R. Humphry-Baker,
B. F. E. Curchod, N. Ashari-Astani, I. Tavernelli,
U. Rothlisberger, M. K. Nazeeruddin and M. Grätzel, Nat.
Chem., 2014, 6, 242.

3 C. Yu, X. Meng, X. Song, S. Liang, Q. Dong, G. Wang, C. Hao,
X. Yang, T. Ma and P. M. Ajayan, Carbon, 2016, 100, 474–483.

4 X. Cui, J. Xiao, Y. Wu, P. Du, R. Si, H. Yang, H. Tian, J. Li,
W. H. Zhang and D. Deng, Angew. Chem., 2016, 55, 6708.

5 J. Duan, Q. Tang, H. Zhang, Y. Meng, L. Yu and P. Yang, J.
Power Sources, 2016, 302, 361–368.

6 R. Krishnapriya, S. Praneetha, A. M. Rabel and
A. V. Murugan, J. Mater. Chem. C, 2017, 5, 3146–3155.

7 H. Wang and Y. H. Hu, Energy Environ. Sci., 2012, 5, 8182–
8188.

8 D. W. Zhang, X. D. Li, H. B. Li, S. Chen, Z. Sun, X. J. Yin and
S. M. Huang, Carbon, 2011, 49, 5382–5388.

9 F. Lodermeyer, M. Prato, R. D. Costa and D. M. Guldi,
Nanoscale, 2016, 8, 7556–7561.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02765j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 7
:3

1:
26

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
10 K. Saranya, M. Rameez and A. Subramania, Eur. Polym. J.,
2015, 66, 207–227.

11 M. S. Su’ait, M. Y. A. Rahman and A. Ahmad, Sol. Energy,
2015, 115, 452–470.

12 P. Vijayakumar, M. S. Pandian, S. P. Lim, A. Pandikumar,
N. M. Huang, S. Mukhopadhyay and P. Ramasamy, Mater.
Sci. Semicond. Process., 2015, 39, 292–299.

13 J. Jin, Z. Wei, X. Qiao, H. Fan and L. Cui, RSC Adv., 2017, 7,
26710–26716.

14 G. Wang, S. Hou, C. Yan, Y. Lin and S. Liu, Chem. Eng. J.,
2017, 322, 611–617.

15 G. Wang and S. Liu, Mater. Lett., 2015, 161, 294–296.
16 H. Wang, W. Wei and Y. H. Hu, Top. Catal., 2014, 57, 607–

611.
17 J. K. Sharma, M. S. Akhtar, S. Ameen, P. Srivastava and

G. Singh, J. Alloys Compd., 2015, 632, 321–325.
18 J. Huo, J. Wu, M. Zheng, Y. Tu and Z. Lan, J. Power Sources,

2016, 304, 266–272.
19 J. Yin, Y. Wang, W. Meng, T. Zhou, B. Li, T. Wei and Y. Sun,

Nanotechnology, 2017, 28, 345403.
20 S. Kong, Z. Jin, H. Liu and Y. Wang, J. Phys. Chem. C, 2014,

118, 25355–25364.
21 H.Wang, J. Ma, S. Liu, L. Nie, Y. Chai, X. Yang and R. Yuan, J.

Alloys Compd., 2016, 676, 551–556.
22 H. Y. He, Appl. Surf. Sci., 2017, 421, 260–267.
23 Z. Wang, J. Peng, X. Feng, Z. Ding and Z. Li, Catal. Sci.

Technol., 2017, 7, 2524–2530.
24 W. Guo, X. Zhang, R. Yu, M. Que, Z. Zhang, Z. Wang, Q. Hua,

C. Wang, Z. L. Wang and C. Pan, Adv. Energy Mater., 2015, 5,
1500141.

25 L. Sun, L. Lu, Y. Bai and K. Sun, J. Alloys Compd., 2016, 654,
196–201.

26 G. Wang, J. Zhang, S. Kuang, S. Liu and S. Zhuo, J. Power
Sources, 2014, 269, 473–478.

27 Y. Xiao, G. Han, Y. Chang, Y. Zhang and J. Y. Lin,Mater. Res.
Bull., 2015, 68, 9–15.

28 H. J. Kim, C. W. Kim, D. Punnoose, C. V. V. M. Gopi,
S. K. Kim, K. Prabakar and S. S. Rao, Appl. Surf. Sci., 2015,
328, 78–85.

29 M. Z. Bazant, Acc. Chem. Res., 2012, 46, 1144–1160.
30 X. Cui, W. Xu, Z. Xie and Y. Wang, J. Mater. Chem. A, 2016, 4,

1908–1914.
31 K. Ikeue, Y. Shinmura and M. Machida, Appl. Catal., B, 2012,

123–124(suppl.), 84–88.
This journal is © The Royal Society of Chemistry 2018
32 S. Ito, T. N. Murakami, P. Comte, P. Liska, C. Grätzel,
M. K. Nazeeruddin and M. Grätzel, Thin Solid Films, 2008,
516, 4613–4619.

33 X. Chen, Y. Hou, B. Zhang, X. H. Yang and H. G. Yang, Chem.
Commun., 2013, 49, 5793–5795.

34 J. P. Ge, J. Wang, H. X. Zhang, X. Wang, Q. Peng and Y. D. Li,
Adv. Funct. Mater., 2005, 15, 303–308.

35 S. Peng, T. Zhang, L. Li, C. Shen, F. Cheng, M. Srinivasan,
Q. Yan, S. Ramakrishna and J. Chen, Nano Energy, 2015,
16, 163–172.

36 Z. Wang, Q. Sha, F. Zhang, J. Pu and W. Zhang,
CrystEngComm, 2013, 15, 5928–5934.

37 P. Ganesan, M. Prabu, J. Sanetuntikul and S. Shanmugam,
ACS Catal., 2015, 5, 3625–3637.

38 Z. Li, W. Li, H. Xue, W. Kang, X. Yang, M. Sun, Y. Tang and
C. S. Lee, RSC Adv., 2014, 4, 37180–37186.

39 C. W. Kung, H. W. Chen, C. Y. Lin, K. C. Huang, R. Vittal and
K. C. Ho, ACS Nano, 2012, 6, 7016.

40 M. Wang, A. M. Anghel, B. Marsan, N.-L. C. Ha,
N. Pootrakulchote, S. M. Zakeeruddin and M. Grätzel, J.
Am. Chem. Soc., 2009, 131, 15976–15977.

41 W. Xiang, C. Xie, J. Wang, J. Zhong, X. Liang, H. Yang, L. Luo
and Z. Chen, J. Alloys Compd., 2014, 588, 114–121.

42 Y. Bai, X. Zong, H. Yu, Z. G. Chen and L. Wang, Chemistry,
2014, 20, 8670–8676.

43 L. P. Deshmukh, Dig J Nanomater Biostruct, 2011, 6, 931–936.
44 R. Bajpai, S. Roy, P. Kumar, P. Bajpai, N. Kulshrestha,

J. Raee, N. Koratkar and D. S. Misra, ACS Appl. Mater.
Interfaces, 2011, 3, 3884.

45 F. Gong, H. Wang and Z. S. Wang, PCCP Phys. Chem. Chem.
Phys., 2011, 13, 17676–17682.

46 X. Zhang, X. Chen, K. Zhang, S. Pang, X. Zhou, H. Xu,
S. Dong, P. Han, Z. Zhang and C. Zhang, J. Mater. Chem. A,
2013, 1, 3340–3346.

47 W. Hou, Y. Xiao, G. Han and H. Zhou, Electrochim. Acta,
2016, 190, 720–728.

48 Y. H. Chang, P. Y. Lin, S. R. Huang, K. Y. Liu and K. F. Lin, J.
Mater. Chem., 2012, 22, 15592–15598.

49 S. M. Zakeeruddin and M. Grätzel, Adv. Funct. Mater., 2009,
19, 2187–2202.

50 M. Wu, X. Lin, A. Hagfeldt and T. Ma, Angew. Chem., Int. Ed.,
2011, 50, 3520–3524.
RSC Adv., 2018, 8, 18792–18799 | 18799

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra02765j

	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j

	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j
	High-performance dye-sensitized solar cells using Ag-doped CoS counter electrodesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra02765j


