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Revisiting Metal Sulfide Semiconductors: A Solution-Based
General Protocol for Thin Film Formation, Hall Effect
Measurement, and Application Prospects

Dipak V. Shinde, Supriya A. Patil, Keumnam Cho, Do Young Ahn, Nabeen K. Shrestha,*
Rajaram S. Mane, Joong Kee Lee, and Sung-Hwan Han*

Nanostructured thin films of metal sulfides (MS) are highly desirable mate-
rials for various optoelectronic device applications. However, a general low-
temperature protocol that describes deposition of varieties of MS structures,
especially in their film form is still not available in literatures. Here, a simple
and highly effective general solution-based deposition protocol for highly
crystalline and well-defined nanostructured MS thin films from ethanol on
variety of conducting and non-conducting substrates is presented. The films
display remarkable electronic properties such as high carrier mobility and
high conductivity. When NiS thin film deposited on a flexible polyethylene
terephthalate (PET) substrate is used as a fluorine doped tin oxide (FTO)-free
counter electrode in dye-sensitized solar cells, it exhibits a solar-to-electric
power conversion efficiency of 9.27 + 0.26% with the highest conversion
efficiency as high as 9.50% (vs 8.97 £ 0.07% exhibited by Pt-electrode). In
addition, the NiS film deposited on a Ti-foil has demonstrated an outstanding
catalytic activity for the hydrogen and oxygen evolution reactions from water.

1. Introduction

Metal sulfides (MS) are interesting class of materials having
distinct optoelectronic properties that have scientific as well
as technological importance. A wide variety of devices such as
solar cells, supercapacitors, photodetectors, lithium ion bat-
teries, transistors, light-emitting diodes, water splitting cata-
lysts, fuel cell catalysts, etc., employ nanostructured MS.*-8] For
utilization of MS films in these devices, a general solution-based
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deposition method, which is facile, benign,
and which can deposit a uniform MS thin
films is highly desirable. Although various
available techniques such as chemical
vapor deposition,P1% atomic layer depo-
sition,'"2] molecular beam epitaxy,314
electrodeposition,’"15]  successive ionic
layer adsorption and reaction,!'®!7! vapor
sublimation,'¥! etc., are able to produce
thin films of MS, they lack generality or
need sophisticated instrumentation, and
are complicated. In this context, chemical
bath deposition is inarguably the simplest
method for thin film deposition. Gener-
ally, a suitable complexing agent and pH
regulating agents are added in order to
avoid spontaneous precipitation in an
aqueous bath, which makes the process
complicated due to extremely critical opti-
mization for concentration of complexing
agents and pH adjustment for an indi-
vidual MS case.#1922 As a result, development of MS films by
solution-based method has often been a case of trial-and-error
with poor reproducibility, which remained as an unexplored
research field yet in material science and technology. In order
to tackle the above problems in aqueous solution, the film dep-
osition reaction is carried out in ethanol solution without the
use of any complexing and/or pH-regulating agents. This pro-
tocol relies on dissolution of metal salts and thioacetamide in
ethanol and heating the solutions at 70 °C. Although very few
reports on MS film deposition from nonaqueous solution has
been reported,?>?* no general protocol is available that can be
applied overall to deposit all variety of MS thin films under sim-
ilar conditions with good reproducibility. The proposed protocol
is extremely simple and general, which can lay simple guide-
lines to fabricate almost all types of metal sulfides uniformly
over all area of the substrate, provided that the corresponding
metal salts are soluble in ethanol. The as-deposited MS films
are highly crystalline even without thermal treatment. Interest-
ingly, the films can be directly grown on variety of conducting
as well as non-conducting substrates such as glass, plastic,
fluorine doped tin oxide (FTO), Ti-foil, carbon paper, Whatman
filter paper, etc., which can be of great technological impor-
tance. As an example of potential application of these thin films,
we demonstrate the use of NiS film deposited on flexible plastic
substrates as FTO-free dual-functioned (electronic support +
electrocatalytic) counter electrode in dye-sensitized solar cells
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(DSSCs), which has exhibited the superior
catalytic activity towards triiodide reduction,
showing better photovoltaic performance as
compared to the universally accepted bench-
mark counter electrode consisting of Pt-film
on a FTO substrate. In addition, study dem-
onstrates that NiS film deposited on a Ti-sub-
strate can be a very promising electrocatayst
for water splitting.

2. Results and Discussion

Optical images and the corresponding mor-
phology of various MS films deposited onto
non-conducting glass substrate from the
ethanolic bath are presented in Figure S1
(Supporting Information) and Figure 1,
respectively. In all cases, the films were highly
uniform and had great surface coverage over
the entire substrate. It is noteworthy that the
formation of MS film following this protocol
shows quite excellent reproducibility over all
metal elements. Due to difference in relative
affinity of metal ions towards sulfide ions,
the rate of each reaction was found to be
different. For example, Sn?* and Bi*" ions
reacted very quickly with thioacetamide to
form SnS, and Bi,S; respectively, while the
reactions of Co*? and Ag" were sluggish. As
a result of different deposition kinetics, each
sulfide film of different metal has different
microstructures in Figure 1. In order to
understand the mechanism behind the reac-
tions that can be successfully carried out for the deposition of
MS without the use of any complexing agent, we analyzed the
relative polarity difference between water (dielectric constant =
80.4) and ethanol (dielectric constant = 24.3). Owing to the low
polarity of ethanol, we noticed the metal salts (e.g., SnCl,,
SnCl,, BiCl) that can be easily hydrolyzed in water producing
metal hydroxides are reasonably stable. In addition, the metal
salts, which react faster with thioacetamide to precipitate MS
spontaneously in water, react languidly in ethanol. We assume
that the deposition of MS thin film occurs by complex forma-
tion mechanism, the details of which are explained in Figure S2
(Supporting Information). X-ray diffraction (XRD) patterns of
various MS films are shown in Figure 2 and Figure S3 (Sup-
porting Information), which reveal that even without post
annealing, the as-deposited films by the proposed protocol are
highly crystalline. Utilization of volatile and non-polar ethanol
solvent suppress incorporation of OH™ species into MS thin
film by increasing their crystallinities with slow reaction time,
which can find wide applications in optoelectronics, especially
for low temperature processes.

It is worthy to note that there are very limited literatures on
electronic properties such as carrier concentration, mobility,
and conductivity of various MS films.?>4 Moreover, there
has been no systematic database on the same, and the avail-
able literature database on the above electronic properties can
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Figure 1. Scanning electron microscopy images (false colored) of various metal-sulfides on
glass substrates. The scale bar in each image corresponds to 500 nm.

be found only for MS films, which were deposited by different
methods especially at high temperatures (Table 1). As these
electronic properties depend on the film quality as well on the
method of measurement, it would not be reliable to compare
the quantitative data of the electronic properties of individual
MS films prepared and measured by different methods. There-
fore, study on the above electronic properties of the MS films
having similar film quality prepared by a single method is
highly desirable and significantly important for future applica-
tions. In the present study, quantitative data on the electronic
properties of all MS films synthesized by the proposed pro-
tocol has been evaluated using Hall effect measurements, and
a systematic data base of the MS films describing their carrier
concentration, carrier mobility, and conductivity, which are
very important for thin film technology has been established
together with the available earlier reports (Table 1). We believe
that such a simple and general protocol to deposit large variety
of MS particularly in thin film form along with their database
on electronic properties provides very useful and fundamental
information for physicists and material scientists working on
thin film semiconductor devices. However, it should be worth-
while to note that the MS films of the reported data were syn-
thesized differently in each case. Therefore, it is not reliable
to compare the conductivity and charge carrier mobility of the
MS films deposited by the proposed protocol to those reported
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Figure 2. XRD patterns of various MS thin films.
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Table 1. Conductivity, charge carrier concentration, and mobility of various MS films deposited by the proposed protocol) obtained by Hall effect
measurements at 25 °C.

Metal sulfide Conductivity Carrier conc. Mobility Carrier type Remarks
[Secm™] [em™3] [em? Vs
Au,S 1.16x 1074 6.12x10'2 324 P This work
Ag,S 1.29x 107 -8.26x 10" 9.70 N This work
Co,S; 9.50 x 10% 4.72 x 10% 0.12 P This work
Nis 1.80 x 10° —3.46x 102 0.32 N This work
RNiy,S 3.10 x 102 -3.30x10%° 6.00 Depositedat 727 °C on SiO,.1%]
Cus 3.00 x 10 1.18 x 102 1.58 P This work
Rcus 2.00 x 10% 1.00 x 10%° 2.00 ALD/air exposurel2®l
Bi,S3 1.09x 107 3.32x 10 2.05 P This work
RBi,S; - 5.53x10'® 2103 Hydrothermal, 200 °C/pressed F film[?’]
PbS 3.70x107* 4.56x 103 50.8 P This work
RPbs - 9.00 x 107 278 CBDP
ZnS 3.25x107* -5.69x 10" 3.57 N This work
RZns 9.32x 107 —4.88 x 10 11.9 Thermal evaporation(*’]
Cds 3.50% 107 -5.51 x10™ 0.39 N This work
Rcds 3.30x 1074 -9.70 x 10™ 2.1 CBDEY
NI 1.17x107* —-6.27 x 103 11.6 N This work
RSns, 1.30x 107 -5.20x 10 18.3 Single crystal/CBD at 450 °CI3]
SnS 3.40x107° 1.13% 102 18.9 P This work
RSns 1.70 x 1072 6.90 x 10'° 15.3 ALD/200 °C32
MnS 3.70x 107 4.56x10" 50.8 P This work
RMnS 430%10°° - 80 CBD on glass®’!

Rdenotes the previously reported data.
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previously for the corresponding compounds. (a)
To the best of our knowledge, gold sulfide in
film state is reported here for the first time.
This film has exhibited the highest carrier
mobility of 324 cm? V7! s71, which shows its
potential application in high speed electronic
devices. The NiS film exhibited a rather
lower catrier mobility of 0.32 cm? V™' 571, but
high carrier concentration of 3.46 x 10?2 cm™
and high conductivity of 1800 S cm™'. The
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high conductivity of the NiS films is attrib- 30

uted to strongly hybridized Ni 3d and S 3p
orbitals.®®! Similarly, CuS films also shows
high carrier concentration of 1.18 x 10?2 cm™3
and high conductivity of 3000 S cm™'. Thin
films of MnS, SnS, and PbS showed remark-
able charge carrier mobilities of 50.8, 18.9, and 50.8 cm? V' 571,
respectively. To see the reproducibility of the film formation
and the variance on their electronic properties, five replicas
of the NiS film were produced and their electronic properties
were characterized using Hall effect measurement. Table S2
(Supporting Information) shows that out of five, four samples
exhibit the electronic properties very close to those shown in
Table 1, whereas one sample shows little deviated electronic
properties but the deviation is still within the acceptable range.
This finding supports the reproducibility of the proposed pro-
tocol for MS film formation with the electronic properties very
close to those shown in Table 1. Very interestingly, some of the
p-type MS films in Table 1 show higher conductivity and carrier
mobility than organic hole transporting materials used in solid-
state photovoltaic devices.?*% Therefore, these MS films could
be used as a highly efficient inorganic hole transporting mate-
rials in optoelectronic devices,3® which could enhance the sta-
bility of the devices compared to the devices based on organic
hole transporting materials.

Apart from the application of MS in electronic and opto-
electronic devices, they have also been demonstrated recently
as potential candidates for electrocatalytic electrode materials
in DSSCs.”#3] To date, Pt-coated FTO electrode has demon-
strated the so far champion performance,!! and hence it has
been universally accepted benchmark for the DSSC counter
electrode. However, due to very high price of Pt, recently mate-
rials such metal chalcogenides, metal oxides, metal nitrides,
various composites, carbon, and polymer materials, obtained
especially from high temperature and tedious process have
been suggested in the literature as alternative materials for
Pt counter electrode.’#3>*-561 Among MS counter electrodes
prepared by various methods,”#3542-5¢ NiS electrode prepared
by deposition of NiS film on a nickel foam, by solvothermally
reacting the foam with elemental sulfur in ethanol, has dem-
onstrated the best performance of the DSSC with power con-
version efficiency of 8.55%.1*?1 This value is smaller nearly by
1% to those of the CoggsSe (Eg = 9.40%) and reduced graphene
(B = 9.54%).7°81 To the best of our knowledge, these are the
best two Pt-free counter electrodes showing the highest power
conversion efficiency.**>758 Based on the reports of metal chal-
cogenide counter electrodes, it is worthy to investigate the elec-
trocatalytic activity of the NiS as a model MS film for DSSC
counter electrode prepared by the proposed protocol. In the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) XRD pattern of NiS film deposited on glass substrate. b) High-resolution transmis-
sion electron microscope image of NiS showing the lattice spacing of 0.19 nm corresponding
to the (102) plane. Inset of the figure shows selected area electron diffraction patterns of NiS.

following, we discuss the complete characterization and the
electrocatalytic activities of NiS film towards triiodide reduc-
tion in DSSCs. The XRD pattern of the NiS film deposited on
a glass substrate shows high crystallinity with the (102) domi-
nant plane (Figure 3a). The film exhibited NiS; o3 as an abun-
dant phase with some impurity from Ni,Sg phase. The crystal
structure is further investigated using high-resolution trans-
mission electron microscope (HR-TEM), which shows the (102)
plane lattice spacing of 0.19 nm (Figure 3b). These data are
well in line with the XRD data of Figure 3a. In addition, the
selected area electron diffraction (SAED) pattern in the inset
of Figure 3b shows crystalline nature of the film, which is also
in good agreement with the XRD pattern shown in Figure 3a.
The chemical composition of the NiS film was determined
using X-ray photoelectron spectroscopy (XPS), which confirms
the nickel monosulfide species (Figure S4, Supporting Infor-
mation). It should be noted that the XPS depth profile of an
aged NiS film reveals that the material is quite stable against
atmospheric oxidation even when the film was stored for a long
time at room temperature and pressure in dark (Figure S5,
Supporting Information). In addition, the NiS films grown
on various non-conducting substrates (Figure S6, Supporting
Information) have demonstrated better conductivity than that
of FTO- and ITO-coated glass substrate (Figure S7, Supporting
Information).

In contrast to various Pt-free counter electrode materials fab-
ricated especially at high temperature and tedious process,*®!
we demonstrate here that the NiS film deposited on flexible pol-
yethyelne terephthalate (PET) plastic substrate using the pro-
posed low temperature protocol shows it as a FTO-free counter
electrode of DSSCs with a better performance than that of the
benchmark Pt-coated FTO electrode. Inset picture in Figure 4a
shows the optical image of NiS deposited on a PET substrate.
The film on PET substrates was very mechanically robust, and
did not show visual cracks or detachment from the surface upon
bending. Figure 4a shows the cyclic voltammograms (CVs) of
NiS and Pt film counter electrodes in acetonitrile containing
iodine/iodide redox couple. Two redox peaks observed in each
CV are due to the reversible I3~ + 2e” ¢<> 317, and 2[5~ < 31, +
2e” redox reactions. Catalytic activity of the electrode in DSSCs
is related to the first redox reaction occurring at more negative
potential in CV,”] where both the electrodes have exhibited the
similar peak separation, indicating the competitive catalytic

Adv. Funct. Mater. 2015, 25, 5739-5747
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Figure 4. a) Cyclic voltammograms of the Pt and NiS electrodes in an acetonitrile containing 0.1 m LiCIO, + 5 x 107 m I, +10 x 1073 wm Lil at a sweep
rate of 50 mV s7". Inset shows the photograph of flexible NiS electrode. b) Stability test of flexible NiS electrode. c) A plot of square root of scan rate vs
anodic and cathodic peak current obtained from CV measurements of NiS electrodes. d) Tafel polarization curves of the symmetrical cells fabricated
using two identical counter electrodes with the cell structure-counter electrode/electrolyte/counter electrode. e) Current-voltage plots of DSSCs
obtained using Pt and flexible NiS counter electrodes under simulated emission of 1 sun radiation. f) Photocurrent action spectra (IPCE) curves of

DSSCs employing Pt and flexible NiS as counter electrodes.

activity. However, it should be noted that the NiS electrode has
exhibited quantitatively a little higher current density than that
of the Pt. This indicates that the NiS electrode can catalyze
the triiodide reduction more effectively in DSSCs. We further
studied the electrochemical stability of the NiS for 50 catalytic
cycles in the range of —0.2 to 0.5 V (Figure 4b), which reveals
that the electrode is quite stable in the electrolyte with no sign
of degradation. The observed linear plots in Figure 4c reveal
that triiodide reduction on NiS is surface catalytic reaction and
is a diffusion limited process. To further compare the electro-
catalytic activity of the NiS and Pt electrodes, Tafel polarization
curves were measured using the symmetrical cells fabricated
using two identical counter electrodes and the same electrolyte
as used in DSSCs. Apparently, the NiS—-PET electrode shows
higher exchange current density (Figure 4d), indicating its
higher catalytic activity towards triiodide reduction. The cur-
rent-voltage (J-V) plots of DSSCs fabricated
using the NiS-PET and Pt-FTO electrodes
are shown in Figure 4e, and the detailed
photovoltaic parameters are summarized in
Figure S8 and Table S3 (Supporting Informa-
tion). The NiS counter electrode-based DSSC
of the present work shows the closer but
even little better power conversion efficiency
of 9.27 + 0.26% with the highest conversion
efficiency as high as 9.50% as compared to
the power conversion efficiency of 8.97 +
0.07% demonstrated by the Pt-FTO counter
electrode-based DSSC. The overall better

photovoltaic performance of the DSSCs NiS film.

Adv. Funct. Mater. 2015, 25, 5739-5747
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utilizing the NiS counter electrode is also supported by the
incident photon-to-current conversion efficiency (IPCE) spectra
shown in Figure 4f. It is important to note that the counter
electrode prepared by the proposed protocol has demonstrated
a better performance of the device as compared to the early
reported best counter electrode of NiS deposited on nickel
foam.*?l The power conversion efficiency demonstrated by
the NiS—PET counter electrode-based device is closer to those
of the CoygsSe and reduced graphene—the best two counter
electrodes reported for DSSCs.”>8 Moreover, the present work
has used the NiS deposited on a flexible non-conducting plastic
(PET) substrate as counter electrode, which further highlights
the significance of the present work.

In a further experiment, NiS films were deposited on Ti-sub-
strates (NiS-Ti), and the films were characterized with scanning
electron microscope (SEM) (Figure 5a) and XRD (Figure 5b).

3
7x107 b Ti
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5 5x10°1
8 3
> 4x107
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Figure 5. a) SEM image of NiS deposited on Ti foil substrate and b) XRD patterns of the same
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Figure 6. a) Cyclic voltammograms of NiS-Ti and Pt plate electrodes of area 1 cm? measured at a sweep rate of 5 mV s™' in 1 m KOH electrolyte.
b) XRD patterns of NiS film deposited on Ti substrate before and after 10 CV scans. c) Linear sweep voltammogram exhibited by NiS film deposited

on Ti substrate in an aqueous solution of 1 M KOH at sweeping rate of 1 mV s~
NiS-Ti electrode obtained by applying a constant potential of 1.6 V vs RHE.

The NiS-Ti electrode was investigated as an electrocatalyst for
water splitting reactions. Figure 6a shows CVs of the NiS-Ti
electrode and Pt plate electrodes in 1 v KOH aqueous solution.
An oxidation wave appeared at approximately 1.44 V suggests
the conversion of NiS to OER active -NiOOH phase in the first
scan to the anodic potentials.’®) The XRD pattern of the NiS
electrode obtained after voltammetry measurement shows a
decrease in peak intensities of the NiS phase as compared to the
pristine NiS (Figure 6b). Meanwhile, no peaks corresponding
to Ni(OH), or -NiOOH can be observed in Figure 6b, which
indicates their amorphous nature.’> After an oxidation peak of
Ni (+2 to +3),°% a sharp rise in current at a potential of 1.55 V
with an onset potential of 1.50 V (overpotential of =0.27 V) for
oxygen evolution reaction (OER) can be noticed in the anodic
scan. When a linear sweep voltammetry in anodic direction
was performed, it achieved 10 mA cm2 of OER current den-
sity (a metric relevant to solar fuel synthesis) at a moderate over
potential of 0.35 V (Figure 6c).

It is worthwhile to note that this catalytic performance for
OER favorably competes with some reported best OER catalysts.
For example, a nitrogen-doped reduced graphene oxide-Co;0,
composite showed an onset potential of 1.50 V! which is
closer to that exhibited by RuO, catalyst (i.e., 1.48 VI®!. Mean-
while the hydrothermally synthesized Ni(OH), hollow sphere
electrode showed an OER onset potential of 1.54 V, and OER
current density of 10 mA cm™ at an overpotential of 0.33 V,>*!
which is closer to the overpotential of 0.36 VIl exhibited by
RuO, catalyst. When a constant potential of 1.60 V was applied

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1. Counter electrode was a Pt plate. d) OER current transient of the

to the NiS electrode, and the OER current was monitored over
a period of 3 h, the electrode demonstrated a highly stable cata-
Iytic performance as shown by the current transient curve in
Figure 6d. On the other hand, the CVs in Figure 6a also shows
the hydrogen evolution reaction (HER) from 1 M KOH solution
at the overpotential of =0.22 V in cathodic scan. This finding
suggests that NiS-Ti electrodes have electrocatalytic property
for overall splitting of water. However, the above overpotential
for HER in Figure 6a is larger than that exhibited by the Pt-
free electrodes such as MoS, and WS,-RGo composite elec-
trodes, which have demonstrated an excellent HER activity
in acidic medium.l®>-%] Hence, we further investigated the
catalytic activity of the NiS-Ti electrode towards HER in 0.5 M
H,S0O, solution, which demonstrated the evolution of hydrogen
at a small overpotential of 0.12 V (Figure 7a). This activity is
comparatively better than that demonstrated previously by
the MoS; and WS,-RGo composite electrodes. For example,
MoS, catalysts have an overpotential ranging from 0.20 to
0.15 V.I62-64 Similarly, a WS,~RGo composite catalyst synthe-
sized by hydrothermal method showed an overpotential of
0.15 VI! for HER, which is even little larger than the overpo-
tential of 0.12 V exhibited by the NiS-Ti electrode. In addition,
it is important to mention that most of the catalysts reported in
the literature have complex and difficult synthetic procedures
compared to the proposed general protocol of the present work.
We further investigated the stability of the electrode in acidic
medium by chronoamperometry. Figure 7b shows the current
transient curve at an applied potential of 0.13 V over the course

Adv. Funct. Mater. 2015, 25, 5739-5747
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0- -12 sulfide (MS) films were deposited by the same
(@) —Pt plate (b) protocol from ethanolic solutions. The deposition

o -2 — NiS-Ti ~ -10 WM conditions for various MS films are shown in Table S1
E t -8 (Supporting Information). In general, equimolar
‘é -41 8 (0.1 M) metal salts and thioacetamide were dissolved
2 E -6 in ethanol (299.5%) in falcon tubes of 50 mL
2 -6 S .4 capacity. For the deposition of lead sulfide (PbS),
3 8 s the metal salt (i.e., PbCl,) concentration is taken as
R o -2 0.01 m as it is partially soluble in ethanol. In the case
10 i . i 0 . i i . . X of SnS, excess (optimized as three times to that of
0.4 0.2 0.0 0.2 00 05 10 15 20 25 3.0 metal salts) sulfur source (i.e., thioacetamide) is
Potential/V vs RHE Time/h required. Some MS films were found to be peeled

Figure 7. a) Linear sweep voltammogram of NiS-Ti and Pt electrodes in 0.5 m H,SO, solu-
tion measured at a sweep rate of 1 mV s™'. b) HER current transient of the NiS-Ti electrode

obtained by applying a constant potential of 0.13 V vs RHE.

of 3 h continuous electrolysis. The slight fluctuations of current
observed in the transient curve are due to vigorous evolution of
hydrogen bubbles and their subsequent detachment from the
electrode surface. However, the current transient curve clearly
demonstrates that the NiS film is quite stable at this operating
condition with no sign of degradation. Further detail studies of
various MS thin films on water splitting are undergoing.

3. Conclusion

In summary, we have developed a novel, low-temperature, and
general solution-based protocol, which works equally for depo-
sition of most of the MS nanostructured thin films. The films
obtained by this protocol were crystalline and highly uniform.
The films can be deposited on any desirable conductive as
well as non-conductive substrates. MS films fabricated using
this protocol exhibited many interesting comparative/supe-
rior properties such as high conductivities and high charge
carrier mobilities. Considering the fact that variety of devices
such as solar cells, photodetectors, transistors, supercapaci-
tors, electrocatalysts, etc., require the crystalline material in
thin film form, the current protocol provides an easy and low-
cost approach for deposition of these films with high repro-
ducibility. The NiS film deposited on a flexible PET substrate
demonstrated as a highly potential material for the current
collector and electrocatalyst. As compared to the benchmark
Pt-FTO electrode, the NiS-PET electrode exhibited superior
electrocatalytic activity towards triiodide reduction in DSSCs
leading to the solar-to-electric power conversion efficiency of
9.27 £ 0.26% with the highest conversion efficiency as high
as 9.50% (against 8.97 £ 0.07% exhibited by the Pt-FTO elec-
trode). On the other hand, in another experiment, NiS film
deposited on a Ti-substrate showed a very promising electro-
catalyst for water splitting reactions. Thus, this work demon-
strates that MS films deposited using the proposed protocol
could be a promising candidate for substitution of Pt and other
precious metals used in electrocatalysis.

4. Experimental Section

Deposition of MS Films: All the reagents used in this experiment were
of analytical grade and obtained from Sigma Aldrich, Korea. All the metal-
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off for a prolong deposition (longer than 10 h). In

these cases, the deposition was terminated after

6 h. (Table S1, Supporting Information). The films

were deposited onto various substrates having the

area of 2.5 x 7.5 cm?. For the deposition, cleaned

substrates were dipped in the solutions followed
by closing the lids of the falcon tubes tightly and
performing the reaction in a water bath at 70 °C for a desired time. After
the deposition, the films were washed with ethanol, dried in stream
of argon, and stored under dark before characterizations. NiS films
deposited on the flexible PET substrates were used as counter electrodes
in DSSCs. Photoanodes of TiO, were prepared by doctor blade technique
as described elsewhere.l'l The TiO, films were sensitized with N719 dye
by immersing in the dye solution (0.5 x 1073 m in 1:1 acetonitrile: ethanol
solvent mixture) for 24 h. The sensitized films were washed with ethanol,
dried, and kept in dark.

Characterizations: Phase and crystal structures of all MS films were
determined using a X-ray diffractometer (Rigaku D/MAX 2500 V, Cu
Ke, A =0.15418 nm), a HRTEM (JEOL-2100F) and SAED analyzer. The
morphology of the MS architectures deposited onto soda lime glass
substrates was monitored using a field emission scanning electron
microscope (FE-SEM, Hitachi S-4200). Chemical composition of NiS
films were measured using a XPS (Thermo Fisher Scientific Co.) with
twin Mg Ka source at a chamber base pressure of =1070 Torr. Hall
measurements of all the films deposited on glass substrates were
performed using Van der Pauw method with Ecopia HMS-3000 Hall
measurement system. For the measurement, the samples were cut
into 1 X 1 cm? area and electrical contacts were made using soldering
technique. Electrochemical water splitting activity of NiS films was
investigated in a three-electrode electrochemical cell using NiS on
a Ti-foil as working, Ag/AgCl (3 m NaCl) as reference and Pt plate as
counter electrode. Active area of the samples was kept 1 cm?. Aqueous
solutions of 1 m KOH were used as electrolytes. Before measurements,
the electrolytes were purged with Ar gas for 10 min. All the potentials
measured against Ag/AgCl reference were converted to reversible
hydrogen electrode (RHE) scale. The DSSC devices were assembled by
scratching out the area of TiO, photoanodes to 0.25 cm?. In order to
measure the solar-to-electric power conversion efficiency, dye-loaded
TiO, photoanodes on FTO were incorporated into a thin layer sandwich-
type cells with a Pt-coated FTO (obtained by sputtering) or NiS films
on PET foil as the counter electrode. A 50 ym thick polyimide film was
used as a spacer between the photoanode and counter electrode and
an lodolyte AN-50 electrolyte (iodide-based low viscosity electrolyte with
50 x 107 m of triiodide in acetonitrile) was injected into the space. Cell
performance was measured by irradiating with 100 m\W cm™2 white light
(1 sun) using a solar simulator (PEC-LOT1, Peccell), and the photocurrent
was measured using a Keithley 2400 Source Meter. The IPCE was
recorded without bias under illumination with respect to a calibrated
Melles-Friot silicon diode and measured by changing the excitation
wavelength (photon counting spectrometer, ISS Inc. and Keithley 2400).
Impedance spectra of the symmetrical cells (i.e., Pt—Pt, NiS—NiS) were
measured by sandwiching two identical counter electrodes with a 50 pm
thick polyimide film as a spacer and injecting the electrolyte in between.
Catalytic activity of the counter electrode was measured using cyclic-
voltammetry technique in a three-electrode cell containing Pt-FTO (or
NiS—-PET) as working, Pt plate as counter, and Ag/AgCl (3 m NaCl) as
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reference electrodes. The electrolyte used consisted of 5 x 107 m I,
10 x 1073 m Lil, and 0.1 x 1073 m LiClO, in acetonitrile.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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