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Molybdenum disulfide (MoS,) counter electrode (CE) is considered one of the most viable alternatives to
Pt CE in dye-sensitized solar cells (DSSCs) owing to its abundance, low cost, and superior electrocatalytic
activity. However, mostly, MoS, CEs for DSSCs are prepared by conventional chemical reactions and
annealing at a high temperature. By these conventional processes, deposition of sufficiently thin and
transparent MoS, layers is challenging; therefore, bifacial DSSCs employing transparent MoS, CEs have
not been studied. Here, we report transparent few-nanometer-thick MoS, CEs prepared by atomic layer
deposition at a relatively low temperature (98 °C) for bifacial DSSC applications. MoS, nanofilms with
precisely controlled thicknesses of 3-16 nm are conformally coated on transparent conducting oxide
glass substrates. With increase in the MoS, nanofilm thickness, the MoS, CE electrocatalytic activity for
the iodide/triiodide redox couple enhances, but its transparency decreases. Notably, the application of a
thinner MoS, nanofilm in a bifacial DSSC leads to lower conversion efficiency under front-illumination,
but higher conversion efficiency under back-illumination. In particular, only the 3 nm-thick MoS,
nanofilm shows reasonable photovoltaic performances under both front- and back-illumination
conditions.
© 2019 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.
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Introduction

Next-generation solar cells including organic solar cells [1,2],
dye-sensitized solar cells (DSSCs) [3-8], quantum dot solar cells
[9-11], and perovskite solar cells [12-15] have gained much
attention as potential alternatives to the conventional crystalline Si
solar cells because of their attractive properties such as low
production cost, light weight, ease of fabrication, and potential
flexibility. In particular, mesoscopic DSSCs have unique advantages
over other emerging solar cells; they exhibit colorful and
semitransparent features, high indoor performances, and reliable
performances [4,16,17]. For these reasons, they are considered
promising building-integrated photovoltaics (BIPVs), which utilize
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the incident light from both inside and outside of buildings [8,18-
21].

For application in window-type BIPVs, DSSCs require transpar-
ent counter electrodes (CEs), which are suitable for bifacial
operations. The conventional platinum (Pt) CE prepared by thermal
decomposition or sputtering exhibits sufficient transparency for
the bifacial DSSC application and excellent electrocatalytic activity
for the iodide/triiodide redox couple. However, the low availability
and high cost of Pt restrict the large-scale applications of DSSCs
[4,22,23]; therefore, various types of Pt-free electrocatalysts have
been investigated as CE materials, including metal sulfides [24-
28], nitrides [22,29], and carbides [30]. In addition, carbon-based
materials such as carbon nanotubes [31,32] and graphene [33,34],
and conducting polymers [18,35] have been explored.

Among the Pt-free electrocatalysts, molybdenum disulfide
(MoS,) is considered one of the most viable alternatives to Pt
owing to its abundance, low cost, superior electrocatalytic activity,
and chemical stability [26-28,36-38]. In addition to the DSSC
application, MoS, has been applied in various fields including
electronics and catalysis because of its attractive properties
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stemming from the two-dimensional structure, such as high
mobility, large specific surface area, as well as excellent catalytic
activity [39-45]. Mostly, MoS, CEs for DSSCs have been prepared
by conventional chemical reactions at 200-800°C, followed by
high-temperature annealing at 300-500°C [26-28,36-38]. How-
ever, by these conventional processes, deposition of sufficiently
thin MoS, layers is challenging; therefore, bifacial DSSCs employ-
ing transparent MoS, CEs have not been studied. In addition, the
high-temperature annealing process is not suitable for plastic
substrates used in flexible DSSCs. For the application of flexible
plastic substrates, a low-temperature process lower than 150°C is
required [6].

Accordingly, we have developed few-nanometer-thick MoS;
CEs by atomic layer deposition (ALD) for application in bifacial
DSSCs (see the schematic illustration in Fig. 1). MoS, thin layers
with precisely controlled thicknesses from 3nm to 16 nm are
conformally coated onto transparent conducting oxide glass
substrates. Notably, this process is carried out at a relatively low
temperature of 98°C, which is suitable for flexible plastic
substrates. DSSCs with 3 nm-thick MoS, CEs exhibit reasonable
conversion efficiencies under both front- and back-illumination
conditions. The electrocatalytic activities of the MoS, CEs and
photovoltaic performances of the fabricated bifacial DSSCs are
systemically investigated as a function of the MoS; layer thickness.

Experimental section
Preparation of MoS, and Pt CEs

Typically, a FTO glass substrate (Pilkington TEC-8) was cleaned
in deionized water and ethyl alcohol under sonication for 15 min,
separately, followed by drying with a stream of nitrogen gas.
Then, the FTO glass surface was exposed to ultraviolet-ozone (UV/
03) for 15min at room temperature. For MoS, CE preparation,
MoS, was deposited onto the UV/ozone-treated FTO glass
substrate in a laminar-flow-type ALD reactor [45]. Mo(CO)s and
dimethyldisulfide (DMDS, Aldrich) were used as the Mo and S
sources, respectively. ALD was performed at 98°C for a given
number of cycles, each consisting of the following steps: Mo(CO)s
exposure (4s)-N, purging (30s)-DMDS exposure (1.5s)-N,
purging (30s). The film growth per cycle measured for MoS,
deposited on a silicon wafer by spectroscopic ellipsometry was
0.11 nm per cycle. For comparison, conventional Pt CEs were
prepared by the hydrothermal decomposition method. Typically,
a drop of 7mM H,PtClg solution in 2-propanol was spin coated on
an FTO glass substrate, followed by annealing at 400 °C for 20 min
in air [23,34].
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Fabrication of DSSCs

To prepare the TiO, working electrode, firstly, a semitransparent
paste including nanocrystal TiO, with 20 nm diameter was prepared
by the procedure reported elsewhere [6,10]. In brief, TiO, nano-
particles were synthesized by a hydrothermal process and followed
by mixing with lauric acid (Fluka) and ethyl cellulose (Aldrich) in o-
terpineol (Fluka). The weight ratio of the components: TiO,/lauric
acid/ethyl cellulose/a-terpineol was 0.18:0.02:0.05:0.75. Before
deposition of the prepared TiO, paste, a washed FTO glass substrate
was treated with a blocking layer of dense TiO, by spin coating with a
7.0wt% Titanium(IV) bis(ethylacetoacetato)-diisopropoxide solu-
tion in butyl alcohol and followed by heat treatment at 450 °C for
15 min in air. On the pretreated substrate, the semitransparent TiO,
paste was coated by the doctor-blading technique and followed by
annealing at 500 °C for 35 min in air. For the adsorption of sensitizers,
the annealed TiO, filmwas dipped into 0.5 mM ethanol solution of N-
719 dye (Everlight) for 15h. Subsequently, the dye-sensitized
working electrode was covered with the MoS, CE using 60 pwm-
thick hot-melt Surlyn (Dupont 1720). A drop of iodide/triiodide (I"/
[37) electrolyte was injected into the assembled DSSCs through pre-
drilled holes on the MoS, CE. The electrolyte was comprized of 0.03 M
I (Aldrich, 99.8%), 0.7M 1-propyl-3-methylimidazolium iodide
(PMII, synthesized in the lab), 0.5 M 4-tert-butylpyridine (Aldrich,
96%), and 0.05M guanidinium thiocyanate (Aldrich, 97%) in
acetonitrile. The active area of the cells was ~045 cm? as
determined from the images obtained with a CCD camera (Moticam
1000), using an image analysis program.

Characterization

The absorption properties of the MoS, CEs were analyzed using
UV-Vis spectroscopy (Agilent 8453). The surface electronic states of
the MoS, CEs were examined by XPS (Thermo Fisher Scientific Sigma
Probe) equipped with an Al K, X-ray source (beam energy :
1486.6 eV). CV measurements were conducted on the MoS, CEsinan
electrolyte comprising 1mM I, 10mM Li, and 0.1 M LiClO4 in
acetonitrile using a CHI440 potentiostat—-galvanostat (CH Instru-
ments Inc.). A Pt wire and the silver/silver ion (Ag/Ag") couple were
utilized as the counter and reference electrodes, respectively; the
scan rate was 50 mV/s. Standard J-V measurements were carried out
using asolar simulator (Yamashita Denso YSS-200A)equipped witha
1600 W xenon lamp and an AM 1.5 G filter; the power was 100 mW/
cm?. For exact ]-V measurements, an aperture mask was attached on
each DSSC to prevent overestimation due to additional illumination
through the lateral space [2,3]. The intensity of incident light was
calibrated with a Si reference solar cell (National Renewable Energy
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Fig. 1. Schematics of bifacial DSSC with MoS, CE under front- and back-illumination.
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Laboratory). The incident IPCE spectra were obtained at short-circuit
condition with a specially designed system using a 75 W xenon lamp
source and a grating monochromator (PV Measurements Inc.). The
spectral resolution was 10nm. Symmetric dummy cells were
fabricated by assembling two identical MoS, CEs with hot-melt
Surlyn, followed by the injection of iodide/triiodide electrolyte. The
impedance spectra and Tafel polarization curves of the dummy cells
were obtained by using a Solartron 1287 potentiostat. The active area
of the dummy cell was ~1.00 cm?.

Results and discussion

Fig. 2 shows the digital photographs and specular transmittance
spectra of MoS,-deposited fluorine-doped tin oxide (FTO) glass
samples as a function of the MoS, layer thickness (3, 9, and 16 nm;
hereafter, referred to as MoS,-3 nm, MoS,-9 nm, and MoS,-16 nm).
Although the transmittance of MoS,/FTO glass gradually reduces
with increase in the MoS, layer thickness, all samples exhibit
semitransparency in the entire visible-light region. The specular
transmittances at 535 nm (N-719 absorption peak position) of bare
FTO glass, MoS,-3 nm, MoS,-9 nm, and MoS,-16 nm, are ~69.6, 63.0,
52.2, and 43.3%, respectively. In particular, MoS,-3 nm shows a
transmittance comparable to that of bare FTO glass. The difference in
specular transmittance between bare FTO glass and MoS,-3 nm is
only 6.6%at 535 nm, and less than 8% in the entire visible range. These
results imply that the MoS,/FTO glass samples prepared by ALD have
sufficiently high transparencies for bifacial solar cell applications.

X-ray photoelectron spectroscopy (XPS) was performed to
examine the chemical states of the MoS, films prepared by ALD.
The high-resolution XPS profile of M0S,-16 nm in Fig. 3 shows Mo
3d and S 2p peaks. The peaks at 229.8 eV and 232.9 eV are assigned
to the Mo(IV) 3ds,, and Mo(IV) 3d5; states, respectively, and those
at 162.4eV and 163.7 eV are assigned to the S 2ps; and S 2pq),
states, respectively. These data agree well with those reported for
MoS, films [46]. Furthermore, the profile shows Mo(VI) 3ds,
(236.6eV) and Mo(VI) 3ds;; (233.8eV) peaks, implying that the
film surface is partially oxidized because of exposure to air.
Furthermore, in our previous study, X-ray diffraction analysis
revealed that the as-prepared MoS, films prepared by ALD
possessed amorphous phases [47].

The electrocatalytic activities of MoS, CEs for the iodide/
triiodide redox couple were investigated by cyclic voltammetry
(CV) as a function of the MoS; layer thickness (Fig. 4a). Two typical
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Fig. 2. Specular transmittance spectra of MoS,/FTO glass samples, as a function of
MoS; layer thickness. The images in the inset are digital photographs of MoS,/FTO
glass samples.
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Fig. 3. (a) Mo 3d and (b) S 2p XPS profiles of MoS,-16 nm.

pairs of redox peaks were observed for all CEs, confirming the
electrocatalytic activities of the prepared CEs for the iodide/
triiodide redox couple. The more positive pair corresponds to the
iodine/triiodide (I,/Is™) redox reaction, and the more negative pair
is assigned to the iodide/triiodide (I~ /I3~) redox reaction [6,22,26].
The redox current density gradually enhances as the thickness of
the MoS, layer increases, implying that the thicker the film, the
higher is the electrocatalytic activity.

The trend in electrocatalytic activity was cross-checked by Tafel
polarization curves of symmetric dummy cells fabricated with the
MoS,; CEs, as shown in Fig. 4b. The exchange current density (Jo)
was estimated from the intersection of the extrapolated linear
branches in the limiting diffusion zone [23,34]. A steep slope of the
Tafel curve implies high Jo and high electrocatalytic activity for the
iodide/triiodide redox couple. As shown in Fig. 4b, among the three
cells, the one with the thickest MoS, film exhibits the highest Jo,
which accords well with the CV data. Because ALD is considered an
ideal method for conformal coating [48,49], the surface of the FTO
glass substrate is expected to be fully covered with MoS,, even in
the case of MoS,-3 nm. However, in our previous work, the thinner
the MoS; nanofilm, the lower is its conductivity [45]. Therefore, the
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Fig. 4. (a) Cyclic voltammograms of MoS, CEs for the iodide/triiodide redox couple,
as a function of MoS, layer thickness. (b) Tafel polarization curves and (b)
impedance spectra (inset: equivalent circuit model) of symmetric dummy cells with
MoS, CEs for the iodide/triiodide redox couple.

higher electrocatalytic activity of the 16 nm-thick MoS, film
prepared in this study can be attributed to the more efficient
charge transport through the deposited MoS, layer, compared to
that in the other two samples.

For the quantitative comparison of the electrocatalytic activity
depending on the thickness of MoS, layer, the impedance spectra
of the symmetric dummy cells were obtained, as shown in Fig. 4c.

The inset in Fig. 4c shows the corresponding equivalent circuit
model comprising the series resistance (Rs), finite Warburg
impedance (Ws), and impedance at the electrolyte/CE interface
(Ret and CPE). For electrodes with relatively rough surfaces, the CPE
is generally used instead of a capacitor, and W;s is the impedance
related to electrolyte diffusion [50,51]. Double-layer capacitance
(Cq1) can be obtained from the CPE parameters. We fitted the
impedance spectra using the ZView software, and evaluated the R,
R¢t and Cq; values for all samples.

The R values, which is chiefly related to the sheet resistance of
the electrodes [51-53], are 4.78, 4.51 and 4.35 () cm? for MoS,-3,
MoS,-9, and MoS,-16 nm, respectively. This slight decrease of R is
attributed to the higher conductivity of the thicker MoS, film, as
already mentioned before. The R values for MoS,-3, MoS»-9, and
MoS,-16 nm are 8.41,4.38, and 3.15 () cm?, respectively, and the Cg
values are 2.10x107>, 2.20x 107> and 2.28x 107> wF/cm?
respectively. The trend in R, implies that the thicker the MoS,
film, the higher is the electrocatalytic activity [22,34], which
accords well with the CV data and Tafel polarization curves. As
observed, Cq; does not considerably change with the film thickness,
indicating that these samples have similar surface areas for
electrochemical reaction [22,26,34]. This result is consistent with
our assumption that the MoS, film entirely covers the surface of
FTO glass, even in the case of M0S,-3 nm. The CV curves, Tafel plots,
and impedance data indicate that the thicker the MoS, film, the
higher is the electrocatalytic activity for the iodide/triiodide redox
couple.

The fabricated MoS, CEs were applied in bifacial DSSCs
containing the iodide/triiodide electrolyte, and their photovoltaic
properties were studied as a function of the MoS, layer thickness.
Fig. 5a presents the photocurrent density-voltage (J-V) character-
istics of DSSCs with MoS, films of different thicknesses under
front-illumination. The photovoltaic performance parameters
determined from the ]J-V curves are listed in Table 1. As the
MoS, film thickness increases, the short-circuit current (Jsc) and
open-circuit voltage (Voc) slightly change, but the fill factor (FF)
considerably increases, leading to a gradual enhancement of the
conversion efficiency. MoS, films with thicknesses more than
16 nm could not be prepared because of experimental limitations.

Although the conversion efficiency gradually increases with
increase in the MoS, film thickness, the DSSC with the 3 nm-thick
film exhibits a reasonable efficiency of 5.52%, indicating the
excellent electrocatalytic activity of MoS,. The conversion effi-
ciency of the DSSC with MoS,-16 nm is approximately 25% higher
than that of the DSSC with MoS,-3 nm. The enhanced photovoltaic
performances of the DSSC with the thicker MoS, film is resulted
from the superior electrocatalytic activity, as confirmed by the CV
and Tafel plots, and impedance data. As shown in Fig. S1
(Supplementary Material), the conversion efficiency of the DSSC
with MoS,-16 nm is only 7.8% lower than that of the DSSC with the
conventional Pt CE (7.46%), indicating that the MoS, film prepared
by ALD is a promising Pt-free electrocatalyst for solar cells.

Fig. 5b shows the incident photon-to-current conversion
efficiency (IPCE) spectra of the fabricated DSSCs under front-
illumination. Regardless of the MoS, layer thickness, all DSSCs
exhibit similar IPCE spectra, which are related to the spectral
responses of the N-719 dye molecules. The integrated photo-
currents for DSSCs containing MoS, CEs with 3, 6,9, 13, and 16 nm
of MoS, layers are 11.05, 10.97, 12.13, 11.90, and 12.62 mA/cm?,
respectively. These results agree well with the J-V data.

To examine the photovoltaic performances of the bifacial
DSSCs, the ]J-V characteristics and IPCE spectra were achieved
under back-illumination, as shown in Fig. 6. The photovoltaic
performance parameters determined under back-illumination are
listed in Table 2. In general, the conversion efficiencies of the DSSCs
under back-illumination are considerably lower than those under



110 T. Jeong et al./Journal of Industrial and Engineering Chemistry 80 (2019) 106-111

—— MoS,-3 nm
1 —°— MoS,-6 nm
—=— MoS,-9 nm
2] == MoS,-13 nm

{ —— MoS,-16 nm

Current Density (mAIcmZ)

0 T 1 T T T T v
00 01 02 03 04 05 06 07 08
Potential (V)
80

(b)

—e—MoS,-3 nm
—e—MoS,-6 nm
204 —a— MoS,-9 nm

IPCE (%)
5

104 =™ MoS,-13 nm
—+—MoS,-16 nm

400 500 600 700 800
Wavelength (nm)

Fig. 5. (a) J-V characteristics and (b) IPCE spectra of DSSCs with MoS, CEs under
front-illumination, as a function of MoS, film thickness.

Table 1
Variation in photovoltaic performance parameters of DSSCs with MoS, CEs under
front-illumination, as a function of MoS, film thickness.

Thickness Jsc (mA/cm?) Voc (mV) FF n (%)
3nm 12.88 702 0.61 5.52
6nm 12.99 699 0.67 6.08
9nm 12.93 730 0.68 6.42
13nm 13.46 720 0.68 6.59
16 nm 13.96 714 0.69 6.88

front-illumination, because of the higher incident light loss for the
CE and iodine electrolyte. The trends in the photovoltaic
performance parameters of DSSCs under back-illumination is
significantly different from those under front-illumination. The
conversion efficiency gradually decreases as the thickness of the
MoS, layer increases, because of the MoS, CE transmittance
reduction, as confirmed by UV-Vis spectroscopy. Among the
fabricated DSSCs, that with MoS,-3 nm exhibits the highest Jsc and
Voc, and the lowest FF (Table 2), which are attributed to the
superior transmittance and inferior electrocatalytic activity,
respectively. Because the effect of transmittance is more dominant
than that of the electrocatalytic activity, the DSSC with the MoS,-
3 nm film shows the highest conversion efficiency (4.28%) under
back-illumination. The shapes of the IPCE spectra obtained
under front-illumination (Fig. 5b) and back-illumination
(Fig. 6b) are different; this difference is attributed to the difference
in the incident light absorption, particularly in the short-
wavelength region. The IPCE spectroscopy results agree well with
the J-V data.
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Fig. 6. (a) J-V characteristics and (b) IPCE spectra of DSSCs with MoS, CEs under
back-illumination, as a function of MoS, film thickness.

Table 2
Variation in photovoltaic performance parameters of DSSCs with MoS, CEs under
back-illumination, as a function of MoS, film thickness.

Thickness Jsc (mA/cm?) Voc (mV) FF n (%)
3nm 9.50 693 0.65 4.28
6nm 8.57 680 0.72 420
9nm 8.67 693 0.69 415
13nm 8.00 673 0.74 3.98
16 nm 6.67 689 0.72 3.31
100
50 -
80 [ZZZ Power Conversion Efficiency

v

Retention (%)
[3)]
[=]

AN\
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Fig. 7. Jsc and conversion efficiency retention rates (ratios of photovoltaic
parameters obtained under back- and front-illumination), as a function of MoS,
layer thickness.
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The bifacial DSSC performances were compared by calculating the
Jsc and conversion efficiency retention rates (ratios of photovoltaic
parameters determined under back- and front-illumination), as a
function of the MoS, layer thickness (Fig. 7). With increase in the
MoS; layer thickness, the Jsc and conversion efficiency retention rates
decrease. In addition, the Jsc and conversion efficiency retention
values for the DSSCs are similar, indicating that conversion efficiency
reduction under back-illumination is mainly due to the incident light
loss and the resulting decrease in photocurrent. Although the
electrocatalytic activity of MoS,-3 nm is the lowest, it exhibits the
highest conversion efficiency retention (78%).

Conclusions

In this study, transparent MoS, nanofilms with precisely
controlled thickness of 3-16nm are prepared by ALD. With
increase in the MoS; layer thickness, although the surface area for
electrochemical reaction remains constant, the electrocatalytic
activity gradually increases, as revealed by the CV and Tafel plots,
and impedance spectra. Under front-illumination, the DSSC
conversion efficiency increases with an increase in the MoS,
nanofilm thickness, because of electrocatalytic activity enhance-
ment. In contrast, under back-illumination, the DSSC conversion
efficiency decreases with increase in the MoS, nanofilm thickness
because of optical transmittance reduction. Accordingly, under
front-illumination, the 16 nm-thick-MoS, CE exhibits the highest
conversion efficiency (6.88%), while under back-illumination, the
3 nm-thick MoS, CE exhibits the highest conversion efficiency
(4.28%). It is noteworthy that only the 3 nm-thick MoS, film shows
reasonable performances under both front- and back-illumination.
We believe that these results will lead to significant advances in
low-cost bifacial DSSCs for practical applications.
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