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Abstract

Carbon films were deposited by an arc evaporation method onto conductive glass and applied as
counter electrodes in dye sensitized solar cells (DSSCs). Annealing the carbon films in a N, atmosphere
contributed to the enhancement of DSSC efficiency because their electrocatalytic activities were significantly
enhanced. The efficiency of solar cells with carbon films was 2.37 % and 2.75% with an I;/I" and Ty/T
electrolyte, respectively. Whilst, that of DSSCs with annealed carbon was increased to 8.04% using I;/I" and
to 4.74% for T,/T". The stability of iodide-based DSSCs was not as high as that of thiolate-based units. Within
50 days, the efficiency of iodide-based DSSC with annealed carbon, Pt and as-deposited carbon dwindled by
20%, 25% and 35%, respectively. After 50 days, the efficiency of DSSCs with annealed carbon employing a
disulfide/thiolate electrolyte remained constant, whilst that of DSSCs with as-evaporated carbon and Pt dropped
by 26% and 39%, respectively.

Composite films nickel sulfide (Ni;S,) nanoparticles were grown on multiwall carbon nanotubes
(MWCNTSs) and in situ coated onto conducting glass substrates by the hydrothermal process at 170 °C. These
Ni;S,@MWCNTs films were applied for counter electrodes (CEs) of dye-sensitized solar cells (DSSCs). In this
work, nanostructure, crystalline structure, electrochemical activities and electron-charge transfer resistance of
CEs were studied. In addition, the effective surface areas of CEs were analyzed and discussed as well. The
power conversion efficiency (PCE) enhancement of up to 7.48%, compared with that of Ni;S,-DSSC, was

demonstrated for a Ni;S,@MWCNTs DSSC.

Keyword: Dye-sensitized solar cells, Counter electrodes, Carbon, Carbon nanotubes, Ni,S,.
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1. Executive Summary

1.1 Introduction to the research problem and its significance

At present, fossil fuels are the main energy resources of the world. Our primary energy needs has
been fulfilled by petroleum oil, natural gas, and coals. However, these carbon-based energy resources are non-
renewable and cause undesirable pollution problems. An alternative energy source that can produce
promisingly-high energy density comes from a nuclear-steam turbine power plant. However, such nuclear power
is notorious since the nuclear wastes are hard to be disposed and it will wreak havoc on environments
particularly in the event of natural disasters. Therefore, the quest for better technologies in energy harvesting
from renewable natural sources such as solar, biomass, wind and hydro power have been persisting in the
field of research and development.

Straightforward utilization of the solar energy involves a direct solar - thermal conversion such as solar
collector which concentrates the solar rays onto water to produce energized steam. The other promising solar
related device, relies on the direct conversion of solar ray to electrical energy, is a solar cell. The ease of
electrical conversion and transportation make solar cells advantageous for many applications leading to

increase of the solar cell usage.

Dye-sensitized solar cell technology (DSSC) is one type of the solar cells, which has been intensively
studied because of its simple structure, low fabrication costs, promising light harvesting efficiency and
environmental friendliness. DSSC is considered the next generation solar cell technology. It exhibits a potential
replacement for conventional silicon solar cells. The high energy conversion efficiency of dye-sensitized solar
cells is accomplished through the use of a highly porous semiconductor film coated with a monolayer dye-

sensitizer as the working electrode. This technology was developed by O’Regan and Gratzel in 1991. A TiO,

photoelectrode, an electrolyte containing an 1/l, redox couple and a counter electrode are typical components
of a conventional DSSC. At the counter electrode, the iodide ions are regenerated through a reduction of tri-
iodide. Platinum (Pt) film is a common materials employed for a counter electrode because of its good
conductivity and high electrocalytic activity. However, Pt is expensive and rare. The Pt CE costs over 40% of
the whole photovoltaic cell cost regardless of its fabrication approach. Thus, other cheaper and widely available
catalysts such as carbon materials (carbon black, carbon nanotube, graphite), conductive polymer, metal sulfide
and metal nitride have been tested for replacing Pt. Carbon materials are good alternative materials because

it is very inexpensive and simple synthesis.

In this research, we are interested in employing carbon, carbon nanotubes (CNT) and nickel sulfide

(NiS) as a catalyst material, and we will use new methods for preparing the DSSC counter electrode. Fist
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work, we will coat carbon film on fluoride doped tin oxide glass (FTO-glass) substrate via arc evaporation
technique, and used as a counter electrode. The arc evaporation is a good choice for coating carbon on
conductive glass substrate and using as a counter electrode because it can make a homogeneous film, a good
attachment on substrate and a good corrosion resistant. Second work, we are interested in using co-catalyst
nickel sulfide - carbon nanotube composite (NiS/CNT) fabricated by a simple one-step hydrothermal process
as the counter electrode of a DSSC. The performance of DSSC, counter electrode electrocatalytic activity and
interface charge-transfer resistance will be studied by |-V measurement, cyclic voltammogram and

electrochemical impedance spectroscopy, respectively.

1.2 Objectives

The objectives of this research are as follows:

1.2.1. To find the suitable conditions for coating carbon films on transparent conductive oxide
substrates by using arc evaporation process.

1.2.2. To find the suitable conditions for preparing NiS/CNT films on FTO substrates by hydrothermal
process.

1.2.3. To characterize the electrocatalytic activity of the carbon and NiS/CNT counter electrodes by
the cyclic voltammetry (CV) and the electrochemical impedance spectroscopy (EIS).

1.2.4. To study the energy conversion efficiency of DSSC based on carbon and NiS/CNT counter

electrodes.

1.3 Methodology

The DSSC preparation can be separated into 3 parts, there are working electrodes preparation, counter
electrodes preparation and DSSCs assembly.

Working electrode preparation

Conductive glass (fluoride doped tin oxide glass, FTO) glass will be treated with TiCl, aqueous solution.
The transparent and scattered TiO, films will be coated on the TiCl, layer by a screen printing technique using
the TiO, paste. After that, TiO, films will be annealed at 500 °C, and then immerse in the dye N719 solution.

Counter electrode preparation

Fluoride-doped tin oxide glass strips (FTO-glass, 7 [l/sq, Aldrich) were used as substrates for the
DSSCs. Carbon films were deposited onto FTO glass using an arc evaporation method, under pressure
condition at 26 mTorr and maintained at 30 A for 3 second. A graphite rod (99.96%, Ted Pella) was used as

cathode and anode in arc evaporation system. The as deposited films (carbon films) were subjected to
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subsequent annealing in nitrogen gas at 500 °C for 5 h to produce annealed-carbon films. The sputtered Pt
film was used as a reference counter electrode

Carboxyl functional groups were generated on multiwall carbon nanotubes (MWCNTSs) surfaces by
soaking MWCNTs in H,SO, and HNO; acids (ratio 3:1 V/V) at room temperature. MWCNTs CEs were fabricated
using the mixture of 0.2 g MWCNTSs in 30 ml deionized (DI) water for hydrothermal treatment at 170 °C for 24
h. For the preparation of Ni;S, CE, a well-mixed solution of 15 mM sodium hydroxide (NaOH), 12 mM
thioacetamide and 10 mM nickel(ll) sulfate hexahydrate (NiSO,(H,0)e) in DI water was hydrothermally treated
at 170 °C for 24 h. Similarly, a co-catalyst Ni;S,@MWCNTs CE was prepared by the same process and
conditions in the mixture of 0.2 g of MWCNTs with 10 mM NiSO,(H,0)s, 15 mM NaOH and 12 mM
thioacetamide in 30 ml DI water. All of these obtained films were washed with DI water and dried at 85 °C in
an oven.

DSSC assembly

The DSSC will be assembled using FTO/TiO,-dye film as the working electrode and carbon films as
the counter electrode. These two electrodes will be sandwiched together with a surlyn polymer film. A liquid
electrolyte (organic T/T, electrolyte and inorganic I;/I" electrolyte) will be filled into the cell through a drilled
hole on the counter electrode. After electrolyte filling, the drilled hole will be sealed using a surlyn polymer film

covered with a piece of glass slide.
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Research activity

Part 1

Part 2

Part 3

Part 4

Month 1-6

Month 7-12

Month 13-18

Month 18-24

1. Fabrication of carbon film by using arc

evaporation method.

A

A 4

2. Characterization of the carbon films by

FE-SEM, Raman and XPS.

3. Progress report (6 month)

4. Analyze of electrocatalytic activity of

the carbon films by CV and EIS.

5. Preparation of working electrode and

assembly solar cell.

A

6. Measure solar cell efficiency

7. Progress report (12 month) and draft

manuscript.

8. Fabrication of NiS/CNT film by

hydrothermal method.

9. Characterization of the NiS/CNT films
by FE-SEM, XRD and XPS.

10. Progress report (18 month)

11. Characterization electrocatalytic
activity of the NiS/CNT films by CV and
EIS.

12. Preparation of working electrode and

assembly solar cell.

13. Measure solar cell efficiency

14. Publication

15. Completed report

1.5 Publication

1.5.1 Paper title: High stability arc-evaporated carbon counter electrodes in a dye sensitized solar

cell based on inorganic and organic redox mediators

Journal name: Diamond and Related Materials

Impact factor: 2.290

1.5.2 Paper title: Ni;S,@MWCNTs films for effective counter electrodes of dye-sensitized solar cells

Journal name: Current Applied Physics



Impact factor: 2.010

1.6 Budget details
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first-year second-year Total
1. Fees
- researcher fee 156,000 156,000 312,000
2. Material Costs
- Chemical reagents 50,000 63,000 113,000
- Electronic parts 15,000 15,000 30,000
- Computer parts (upgrade computer) 30,000 - 30,000
- Office materials 5,000 5,000 10,000
3. Operational Costs and Other expenses
- Sample characterization expense
(e.g. FE-SEM, TEM, XRD, XPS and Raman) 10,000 18,000 28,000
- Inclusive rate
Electrochemical impedance spectroscopy 10,000 5,000 15,000
Cyclic voltammetry 10,000 5,000 15,000
Tafel - 10,000 10,000
- Fare and Accommodation fee 7,000 8,000 15,000
- Copying service 2,000 - 2,000
- Report binding - 10,000 10,000
- English academic proofreading 5,000 5,000 10,000
Total budget 300,000 300,000 600,000
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2. Results

2.1 High stability arc-evaporated carbon counter electrodes in a dye sensitized solar cell
based on inorganic and organic redox mediators

The FESEM images showing carbon deposited on FTO glass via an arc evaporation method before
and after annealing in N, are shown in Figs. 1b and 1c, respectively. Fig 1a shows that the pyramidal grains
of the fluoride-doped tin oxide film. In Fig.1b, a thin carbon film shielded the fluoride-doped tin oxide surface.
The appearance of carbon morphology before and after annealing were similar.

The structural change of the carbon film subjected to thermal annealing was studied using Raman
spectroscopy with 532 cm™' laser excitation. Raman results are given in Fig. 2 and Table 1. It can be clearly
seen that the Raman spectrum of the as-deposited film shows a characteristic broad peak that is related to an
amorphous structure. The spectra consisted of disordered (D) and graphitic (G) characteristic peaks at around
1350 and 1550 cm", respectively. Both peaks are well known as the D-peak (1350 cm™') and G-peak (1550
cm™) and are related to disorder carbon and the symmetric E,y mode of graphite-like carbon, respectively [1-
3]. The shoulder, located at around 1100 cm™, is related to Sp3 bonded carbon atoms having a short range
order Sp®-carbon structure [4-6]. This Sp® bond may have been formed during deposition. It could have been
transformed into an Sp? structure by the annealing process. After annealing in a N, atmosphere, the peak
intensity of both D (1350 cm™) and G (1580 cm™") peaks became stronger. The intensity ratio of the D and G
peaks (lp/lg) increased from 0.86 to 2.91. Furthermore, the G-peak position, which is related to the Sp*/Sp?
ratio, shifted to a higher wavenumber at a higher annealing temperature. This can be attributed to the

transformation of an amorphous structure into a crystalline structure by a process called graphitization [5,7].

g A
o

8 ¢ H100 nm

=100 nm

Fig. 1: FESEM images of the (a) FTO-glass, (b) and (c) are those for carbon film and annealed carbon

film on FTO glass, respectively.
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Fig. 2: Raman spectra of the carbon film and annealed carbon film on FTO glass.

Table 1: Information extracted from Raman spectra of carbon films.

FWHM of
Nanodiamond D-peak G-peak
Sample G-peak I/l
peak (cm™) (cm™) (cm™)
Carbon 1100 1350 1534 182.40 0.86
Annealed carbon - 1350 1580 116.18 2.91

The atomic bonding structure was determined from XPS. Fig. 3 shows the XPS survey spectra of the
as-deposited and annealed carbon films. Both samples contained C1s and O1s. The oxygen content decreased
after annealing under a low oxygen atmosphere. The approximate ratio of oxygen to carbon decreased from
0.09 to 0.03. The loss of oxygen could lead to increased film conductivity [8,9]. Figs 3b and 3c show high
resolution XPS C1s spectra. The Sp? and Sp® components obtained from the deconvolution of C1s spectra
were identified and are summarized in Table 2. The Sp2/Sp3 ratio increased from 2.41 to 3.73 after the film
was annealed. The reason for this is due to the increase in a graphite-like phase in the film and the arrangement

of Sp2 clusters [1,10]. These results agreed well with derived Raman data.
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Fig. 3: (a) XPS overview spectra of carbon film and annealed carbon film, (b) and (c) high resolution XPS

spectra of the C 1S region of carbon and annealed carbon film, respectively.

Table 2: XPS C1s spectra deconvolution of carbon films.

C-C sp? Cc-C sp’ C-0 sp? C-0 sp® C=0 sp®
Sample sp’lsp®
peak (cm”)  peak (cm”) peak (cm”) peak (cm™') peak (cm™)

Carbon 284.96 285.94 287.09 288.15 289.26 2.41
Anneale
284.96 285.94 287.09 288.15 289.26 3.73
d carbon

Cyclic voltammetry (CV) was used to analyse the electrochemical reaction of counter electrodes. The
CV results of these electrodes in I5/I"and T,/T are shown in Fig. 4. (a) and (b), respectively. For the iodide-
based electrolyte, the Pt and annealed carbon counter electrodes presented strong oxidation peak. However,
the triiodide reduction peak of annealed-carbon was weaker than that of Pt one. This implies that the electrolytic

activity of annealed carbon was lower than that of Pt. The annealed carbon counter electrode exhibited a

10
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higher T reduction peak than that of Pt in the disulfide/thiolate electrolyte Therefore, annealed carbon exhibited
better electrocatalytic activity for reducing disulfide. The reason for this is that Pt was affected by sulfur
adsorption on its surface. Pt-S bonds blocked the effective surface area whilst carbon did not behave in this
manner. The potential differences between the oxidation and reduction reaction (AEP) was inversely related
to the electron transfer rate constant (kg). A smaller value of AEP corresponded to a higher kg [11-14]. In the
triiodide/iodide system, AEp of Pt was 22 mV, whilst that of annealed carbon was 50 mV. The electron transfer
rate of the annealed carbon could have been smaller than that of Pt. Nonetheless, for the disulfide/ thiolate
system, AEp of annealed carbon (62 mV) was larger than that of Pt (75 mV), implying that the electron transfer
rate of annealed carbon was higher than that of Pt. This confirmed that annealing carbon drastically altered

the electrochemical characteristics of the as-deposited carbon as the reduction peak was barely evidenced.

i
10+~ » = Carbon a 0.6 - - - Carbon [
===~ Annealed Carbon { ) - === Annealed Carbon : UJ)
084 —Ppt 0.4+ —Pt)
1 AR =05 W— ! 02 | AEp =075
0.6 : = 00 i d
s J o 0.0
E 0'4'_ E 0.2 4
Y k=
E 0.2—- E .44
=~ ! 5 05
a 0.0 _ i o s
021 | ' i
AEp= 022 4 »i 1.0 :quﬁ.Ep=n.62 !
044 - . '
i I,/ Electrolyt 124 | T,/T Electrolyte
02 00 02 04 06 08 10 06 04 02 00 02 04 0B
Voltage (V vs Ag/AgCl) Voltage (V vs AglAgCl)
Fig. 4: CV curves of all counter electrodes based on (a) I;/I" and (b) T,/T electrolytes.

Symmetrical counter electrode cells were fabricated for electrochemical impedance spectroscopy (EIS)
characterization to analyse the series resistance (R;), charge transfer resistance (R), capacitance (C,) and
Nernst diffusion (Zy). The EIS spectra and analysed parameters are shown in Fig. 5 and Table 3, respectively.
Simple equivalent circuits, as shown in Fig. 6, were used. Presumably, there are two R, and one R for as-
deposited carbon and annealed carbon, respectively. For simplicity, R, is the total charge transfer resistance
(Rt Rp) for the carbon sample. From Table 3, the R, value for annealed carbon was lower than that of the
as-deposited carbon for both electrolytes. This was due to the increased content of a graphitic phase. However,
the R, value for both carbon samples was still higher than that of Pt. The EIS spectra for the as-deposited
carbon, as shown in Fig. 5, is comprised of two semi-circular arcs. The smaller arc is related to the smaller
value of Ry. This parameter should be related to the interfacial resistance between the electrolyte and
conductive phase, such as the crystalline graphitic phase that was vaporized from the graphite rod and

deposited on the samples. It is notable that there should be a small amount of a graphite phase, since its G-

11
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peak was not clear. The other arc, with a larger R, (R,) in the as-deposited carbon, can be attributed to the
interfacial resistance between the electrolyte and the less conductive phases, such as amorphous carbon and
nanodiamond, whose D and G peaks also appeared in the Raman spectra. For the annealed sample, only one
semicircular arc was clearly observed. This is because the amorphous phase and nanodiamond could be
transformed to a more graphitic phase. The R, of annealed carbon (75.5 Qecm?) and as- deposited carbon
(493.8 Qecm?) were higher than that of Pt (5.66 Qecm?) using the ioidide electrolyte. Nevertheless, for the
disulfide/thiolate electrolyte, the R, of annealed carbon (20.25 Qecm?) was less than that of Pt (38.89 Qecm?)
and as-deposited carbon (366.20 Qecm?). This implied that the annealed carbon counter electrodes had a
higher electrocatalytic activity than that of a typical Pt counter electrode for the disulfide/thiolate electrolyte,
whereas that of Pt was better than that for the anneal carbon in the I;/1" electrolyte. The trend of impedance

results corresponds well with the CV analysis.

1004 ;

—4— Carbon ] {3] {—+— Carbon / {h}
—+— Annealed Carbon 7004—+— Annealed Carbory, /
10004, py 1204 J—a—pt /
1 g0l 600 4 &0 /
_ 800 60, * “'\\ _500- s ~
e o] | E ) Sl
g 6001 N N 1L N,
é 0 3 60 90 120 150 5‘1 0 20 40 &0 80 100
- / 300 e Sy
Ny 400 -+
h ‘_'-i-.._LH_ ¥ _,a‘ HJ._\
o S w1 S
200 4 -“) " 100 o /__, l‘.
R ’ R % 4 A _ Y
ﬁ ! I/l Electrolyte .., ] é 7T T Electrolyte *pﬂ
D II Ll 1 I L] - EU T l 1 1 1 L I 1 -
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Fig. 5: Nyquist plots for symmetric cells with two identical counter electrodes of the carbon and annealed

carbon based on (a) I;/" and (b) T,/T electrolytes.

12
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Fig. 6: Equivalent circuit for symmetrical counter electrode of (a) carbon and (b) annealed carbon films.

Table 3: Summary of the Ry, Ry, Js., Voo, FF and N values.

EIS
Counter electrode Electrolyte R, R,y R, R, (R * R.,)
(Q.cm?) (Q.cm?) (Q.cm?) (Q.cm?)
Carbon 157/ 4.45 16.30 477.5 493.8
Annealed- Carbon I3/ 4.01 75.50 - 75.50
Pt I3/ 3.05 5.66 - 5.66
Carbon T/T 4.36 6.20 360.0 366.20
Annealed- Carbon To/T 3.91 20.25 - 20.25
Pt To/T 3.89 46.65 - 38.89
DSSCs
Counter electrode Electrolyte , oc Average
J.. (mAicm®) FF N (%)
v) n (%)
Carbon I37/1 17.72 0.75 0.16 211 2.01£0.44
Annealed- Carbon I3/ 18.56 0.74 0.64 8.74 8.36 + 0.34
Pt I3/l 18.57 0.77 0.62 8.80 8.48 + 0.30
Carbon T/T 13.40 0.63 0.32 275 2.69 £ 0.05
Annealed- Carbon To/T 16.53 0.64 045 4.74 452 +0.23
Pt T/T 13.51 0.62 0.50 4.18 3.98 £ 0.17

13
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The electrocatalytic activity of the counter electrodes can be verified from Tafel polarization of
symmetrical cells (Fig. 7). The charge transfer resistance (R 1.) is an inverse variable with the exchange

current density (J,) from Tafel polarization following equation (1).

Jo = ——— (1)

nFRct Tafel

where R is the gas constant, F is the Faraday constant, T is the absolute temperature and n is the number of
electrons participating in the reaction. The trend of R 1, must follow that of R, derived from the EIS analysis
(Reteis) [37]. The Ry gis was observed to be the lowest for the iodide-based electrolyte in Pt, resulting in the
highest J, of Pt. This was confirmed from Tafel polarization. Pt had the highest J, value. Moreover, annealed
carbon had a higher J, value than that of carbon, so the CEs electrocatalytic activity followed the relationship:
Pt > annealed carbon > carbon. Using the thiolate-based electrolyte, the highest J, was observed for annealed
carbon, which was higher than that of Pt. Therefore, the electrocatalytic activity of annealed carbon was higher

than that of Pt, in this case.

10° 10’
" I/l Electrolyte (a) . T,T' Electrolyte (b)
< <
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o = ]
S 3
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Fig. 7: Tafel curves of the carbon and annealed carbon based on (a) I;/I" and (b) T,/T electrolytes.

J-V curves are shown in Fig. 8 (a) and (b) for all Pt and carbon DSSCs with triiodide/iodide based and
disulfide/thiolate electrolytes, respectively. The related photovoltaic parameters are listed in Table 3. In the
case of the iodide electrolyte, the short-circuit current density (J,.) value of the as-deposited carbon, annealed
carbon and Pt were 17.72, 18.56 and 18.57 mA/cm?, respectively. The open-circuit voltage (V,,) value of all
samples was around 0.74 - 0.77 V. Fill factor of annealed carbon (0.64) was close to that of Pt (0.62) and both
were higher than that of as-deposited carbon (0.16). The solar efficiency of the DSSC using annealed carbon

(8.74%) was close to that of Pt (8.80%) and higher than that of as-deposited carbon (2.11%).
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For the T,/T" electrolyte, the highest efficiency was achieved for the annealed carbon DSSC (4.74%),
compared to those of Pt DSSC (4.18%) and as-deposited carbon DSSC (2.75%). This can be explained by
the enhancement of J., (16.53 mA/cm?) in the annealed carbon compared to those of Pt (13.51 mA/cm?) and
as-deposited carbon (13.40 mA/cm?). The V,. for all sample were close to 0.63 V, which was lower than that
of the triiodide/iodide system. Moreover, the J.. of anneal carbon in the I;/I" system was higher than that of
the T,/T" system. The reduction in V, and J  values could result in the reduction of solar efficiency. The FF of
annealed carbon (0.45) was close to that of Pt (0.50), but both were higher than that of the as-deposited carbon
(0.32). The increase in the J ., and FF values came from the graphitized constituents, resulting in the higher
electrocatalytic activity and low charge transfer resistance. This was confirmed by the CV and EIS results and
was similar to that of iodide. These results show the promising potential use of annealed arc-carbon as an
alternative counter electrode to replace expensive Pt electrode. Fig. 9 and Fig. 10 show the stability tests of
DSSC cells. For both electrolytes, the V.. values were quite stable. Comparing FF values of all electrodes in

the triiodide electrolyte, it was found that the FF value for Pt infinitesimally changed, whereas those of carbon
types were reduced by ~10% for the annealed carbon and ~20% for the as-deposited carbon after the 50"
day. However, in the case of the T,/T electrolyte, the reduction of FF values of annealed carbon (~10 %) was
smaller than those of Pt (~30%) and as-deposited carbon (~30%). In a triiodide/iodide electrolyte, annealed

carbon showed a smaller decrease in Jy. (10%) than those of other electrodes, ~30% for Pt and ~25% for
as-deposited carbon. For the T,/T" electrolyte, the J.. values of annealed carbon and Pt changed little, whereas
the J, of as-deposited carbon decreased (10%). The efficiency of all electrodes using an I;7/I" electrolyte had
a tendency to decrease with time, resulting in a 20%, 25% and 35% reduction in efficiency for annealed carbon,
Pt and as-deposited carbon, respectively. The stability of the annealed carbon film was similar to that of Pt
because it is possible for the iodide to be adsorbed on to the surface of carbon, reducing the electrocatalytic
activity of the counter electrode, while Pt could be vulnerable to iodide corrosion. For the disulfide/thiolate
electrolyte, the annealed carbon was stable, so its solar efficiency was infinitesimally affected, whilst Pt and
as-deposited carbon showed decreases in solar efficiency of 26% and 39%, respectively. The explanation for
this reduction is the formation of Pt-S bonds for disulfide/thiolate electrolyte and that sulfur was not adsorbed
onto the carbon surfaces. The stability of the unannealed carbon was poor in both electrolytes since the

adhesion of the film to the substrate was not as good as that of annealed carbon.
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2.2 Ni3S2@MWCNTs films for effective counter electrodes of dye-sensitized solar cells

Fig. 11 (a) — (c) show the SEM micrographs of all three different CE films obtained by the hydrothermal
method. Fig. 11 (a) is a SEM micrograph of a MWCNTs film-coated FTO glass substrate with an expanded
view shown in the inset, revealing MWCNTSs of approximately 50 nm in diameter coated on the FTO surface.
SEM micrograph of a Ni;S, film-coated FTO glass substrate is shown in Fig. 11 (b) with the estimated particle
size in the range of 20 - 50 nm, as shown in the inset. It can be seen in Fig. 11 (b) that some of Ni;S,
nanoparticles are agglomerated to form clusters with sizes ranging from 100 to 800 nm. A morphology of co-
catalyst Ni;S,@MWCNTSs film-coated FTO glass substrate is presented by the SEM micrograph in Fig. 11 (c).
It is clearly seen in the inset of Fig. 11 (c) that Ni;S, nanoparticles congregate on the MWCNTs surface and
spread onto the whole FTO surface. From these SEM micrographs, it is suggested that the active surface of

co-catalyst NizS,@MWCNTs CE is improved in comparison with those of pure MWCNTs and pure Ni;S, CEs.

Fig. 11: SEM micrographs of (a) MWCNTs, (b) Ni;S, nanoparticles and (c) co-catalyst Ni;S,@MWCNTs coated

on FTO glass substrate.

The thermogravimetric analysis (TGA) was employed to characterize the thermal stability of

Ni;S,@MWCNTs composites and determine the weight ratio of MWCNTs and Ni;S,. Fig. S1 (in Supporting
Information) shows the TGA result of the Ni;S,@MWCNTs powder performed in air from 40 °C to 900 °C
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using a heating rate of 10 °C/min. The weight loss of Ni;S,@MWCNTs catalyst appeared from about 80 to

130 °C due to the evaporation of water. After 150 °C the decreasing of weight was due to the losses of some
functional groups and precursor residues, followed by rapid weight loss due to the burning of MWCNTSs.
Consequently, the weight ratio of the MWCNTSs and Ni;S, was determined and found to be 43/57 %.

The Ni;S, might be attracted on the surface of MWCTs with chemical bonding of C-S. According to
their XPS results, Rui Zhang et al. reported that the formation of S-C and C-S bonds might come from the
linking between nickel sulfide NPs and the carbon matrix.[15] In our present work, bonding of MWCNT and
Ni,S, was analyzed by using FTIR of which the results were shown in Supporting Information Fig. S2. From
FTIR spectra of Ni;S,@MWCNTSs, the transmittance peaks at ~3637, 2115, 1737, 1625, 1369, 1062, 690 and
602-611 cm™ are observed. The peak at 3637 cm™ is characteristic of O-H stretching vibration.[16] The vibration
at 2115 cm is attributed to a C[IC (alkyne).[17,18] The peak located at 1737 cm™ is assignable to C=0
stretching vibration of COOH groups.[19] The peaks located at 1625 cm-1 is indexed to O-H bending mode of
the adsorbed water.[20] The peak at1369 cm™ corresponds to CH, bond bending of the alkane group.[21] The
weak peak at 690 cm™ is suggested to originate from C-S bond.[22] The broad peak at 602-611 cm™ can be
assigned to the bending vibration of metal and sulfur (Ni-S bond).[23]

Fig. 12 shows the XRD patterns of all prepared materials. The XRD peaks of MWCNTSs located at
26.20°, 42.94°, 44 .58° 54.34 and 77.50° correspond to the (002), (100), (101), (004) and (110) crystal planes
of the hexagonal graphite phase (ICCD # 00-001-0646), respectively. The XRD peaks of Ni;S, located at
30.82°, 31.11°, 37.56°, 38.40°, 50.08°, 54.61° and 69.01° can be identified to be the (012), (110), (003),
(021), (211), (104), and (033) crystal planes of the rhombohedral Ni,S, phase (ICCD # 01-076-1870),
respectively. Moreover, the second phase of NiSO, (H,0)s (ICCD # 01-079-0105) is observed in this sample,
which comes from the reactant. In the case of co-catalyst Ni;S,@MWCNTs powder, the XRD result shows the
dominant diffraction peaks of NizS, and MWCNTs.

To compare the electrocatalytic activity of I;/I" for MWCNTSs, Ni;S,, Ni;S,@MWCNTs and Pt CEs,
cyclic voltammetry (CV) was employed for the CE films characterization. The obtained CV curves of these CEs
are shown in Fig. 13, revealing the four redox peaks represented by the following reaction,

two oxidation peaks

peak 1, 3I'-2e = Iy 3)
peak 2: 2l, - 2e'= I, (4)
two reduction peaks

peak 3, 3l, +2e =I5 (5)
peak 4, |y +2e =3I (6)

At CE of a DSSC, peak 4 is an important one, because it represents a reaction that a triiodide ion receives
electrons from the surface of counter film and becomes an iodide. In addition, the concentration of iodide can
affect the short - circuit current (I ). The relationship between I, and the iodide concentration [/] is shown in

equation (7) [15],
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ky[17]

= - gdAD
ke k 0 1 ™

where q is the electric charge, ¢is the electron injection efficiency, A is the ratio of absorbed photon,
@ is the incident photon flux, k, is the rate constant for back electron transfer reactions, n, is the electron
density in TiO, and k, is the rate constant of forward electron transfer reactions. A large iodide concentration
can provide a high I, value and a high DSSC efficiency. In Fig. 13, the Ni;S,@MWCNTs CE exhibits a higher
absolute current reduction peak than those of the Ni;S, and Pt CEs. Therefore, the Ni;S,@MWCNTs CE
manifests a good reduction reaction in I;/I" redox couple electrolyte. Furthermore, the difference between the
potential value of the oxidation peak and the reduction peak (AEP) of Ni;S,@MWCNTs is 0.20 V, whereas
those of Pt and Ni3S, are 0.32 V and 0.37 V, respectively. Since AE, is inversely correlated with the electron
transfer rate constant (kg) i.e., a smaller AE, indicates a higher ks [16-18]. It is suggested that the superior
electrocatalytic activity of Ni;S,@MWCNTs is beneficial for solar cell efficiency. Moreover, the good CV of
Ni;S,@MWCNTs electrode is suggested to originate from its high active surface area and co-catalyst materials

of Ni;S, and MWCNTSs.
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Fig. 12: XRD patterns of MWCNTSs, Ni;S, nanoparticles and co-catalyst Ni;S,@MWCNTs powder.
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Fig. 13: Cyclic voltammogram (CV) curves of MWCNTS, Ni;S,, Ni;S,@MWCNTs and Pt CEs at a scan rate

of 20 mV/s in a mixture solution of 10 mM Lil, 1 mM I,, and 0.1 M LiCIO, in acetonitrile.

The active area of each CE was evaluated by the CV technique at different scan rates, based on
K;Fe(CN)s and KCI electrolytes. The CV curves of Ni;S, and co-catalyst Ni;S,@MWCNTs CEs are illustrated
in Fig. 14 (a) and (b), respectively. It can be seen that the current of oxidation and reduction peaks increases
with the increase of scan rate. These redox currents of [Fe(CN),J*"* (I,) vs the square root of the scan rate
(U"?) curves of CEs are shown in Fig. 14 (c). In the Randles—Sevcik equation (6), the slope of |Ip—U1’2| curve
is proportionally related to the active surface area as described in literature [19-20]. According to this equation,
the values of n, D and C are kept constant for all samples. The enhancements of Ip—U”2 slopes of the

Ni;S,@MWCNTs CEs indicate the evolution of the surface area.

I, = 2.65x10°n°2AD"2CU "2, 8)

where [ is the peak current, n is the number of electrons in the reaction, A is the electrode area (cm?), Dis the
diffusion coefficient of the species of interest (cm?s™"), C is the concentration of the species in the bulk solution
(mol’L™"y and U is the scan rate (mV/s). Values of the fitted slopes are summarized in Table 4. The absolute
reduction and oxidation slopes of the Ni;S,@MWCNTs CE are higher than those of pure MWCNTs and Ni;S,
CEs. This indicates that the effective surface area of co-catalyst MWCNTs- Ni;S, materials is significantly
improved. In general, a large surface area is important for CE, because it can raise the possibility of the triiodide

reaction.
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Fig. 14: CV curves of CEs at different scan rates in a mixed solution of 10 mM K;(FeCN)g and 0.1 M KCl (a)
Ni;S, film, (b) co-catalyst Ni;S,@MWCNTSs film and (c) plots of the oxidation and reduction currents
of [Fe(CN)g]* (I,) vs U™ with their corresponding fittings.

Table 4 Summary of series resistance (R,), charge-transfer resistance at counter electrode/electrolyte (R),

slope of the oxidation and reduction of I-U" curves of MWCNTs, Ni;S, and co-catalyst
Ni,S,@MWCNTSs , CEs.

Counter EIS

electrode R () R, (1)) R, (1)) C, (UF) oxidation reduction
MWCNTs 15.20 262.62 23.14 0.39 0.31 -0.25
Ni;S, 15.61 16.50 5.34 1.68 0.43 -0.31
Ni;S,@MWCNTSs 16.02 7.25 3.07 2.26 0.52 -0.38
Pt 13.56 22.31 3.13 2.09 - -
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To study the internal charge transfer of these CEs, the EIS was performed to analyze the symmetrical
CE (CE-CE) cells under dark condition at the ac current amplitude of 10 mV with a frequency ranging from 0.1
Hz to 100 kHz, and all the EIS spectra of these CEs are presented in Fig. 15 (a). As seen in Fig. 15 (a), each
sample reveals two semicircles curve, for which the data are fitted by using Gamry Echem Analyst software in
accordance with the equivalent circuit shown in Fig. 15 (b). The equivalent circuit consists of a serie resistance
(R,), an interface charge-transfer resistance (R,) of the CE/electrolyte, corresponding to the first semicircle in
the high frequency region, a constant phase element and a second semicircle in the low frequency region
represents the Nernst diffusion impedance (Z) of an ion in electrolyte. The obtained EIS values are listed in
Table 4. The first parameter R relates to the electron transfer during the redox reaction at CE surface between
I; and CE. The R, values can be estimated from the real part of the first semicircle curve. As seen in Fig. 15
(a) and Table 4, the R value reduces from 16.50 to 7.25 (] with the MWCNTSs loading. Generally, low resistance
implies a higher electron transfer rate, leading to the greater power conversion efficiency. This means that the
co-catalyst Ni;S,@MWCNTs CE has a faster electron transport with an excellent electrocatalytic activity for the
triiodide electrochemical reaction. Furthermore, the Nernst diffusion resistances (Rp) were calculated from

porous bounded Warburg element shown in equation (9).
B
Ry, = = 9
D - 9)

Where Y is the magnitude of the admittance at W = 1 rad/s, and B is the characterized time taken for
a reactant to diffuse through a thin film [21]. Ry represent the electron diffusion across the porous of thin film
counter electrode in a redox medium. The increasing of diffusion coefficients can be considered from the Nernst
diffusion resistances (Rp). Generally, the low Ry represents a high diffusion rate of ions in electrolyte. The
Ni;S,@MWCNTSs counter electrode displayed the lowest R, implying the highest diffusion coefficients. At the
surface of counter electrode, the triiodide receives electron and becomes iodide (l;” + 2e” = 3I). The increasing
of iodide concentrations from this reduction process could enhance the ion diffusion coefficient in a redox
mediate due to This because synergetic effect of co-electrocatalyste materials (Ni;S, and MWCNTSs) help
improve the electro catalytic activity. Low Ry implies a high tri-iodide/iodide transport. The Ni;S,@MWCNTs
CE shows a low Ry of 3.07 L. In addition, the double-layer capacitance (C,) values are correlated with the
effective surface area of counter electrodes. High capacitance implies a large effective surface area as well

[22, 23]. Principally, C, can be described by a constant phase element of impedance (Zcp¢) in equation (10),

1

_ - 10
G) Y, (10)

ZCPE
Where (0 is the angular frequency, Y, is the CPE parameter or C, and Ol is the CPE exponent (0 <o <)
The C, value of Ni;S,@MWCNTs, MWCNTSs, Ni;S, and Pt CEs were determined and found to be 2.26, 0.39,
1.68 and 2.09 pF, respectively. Consequently, it is suggested that the Ni;S,@MWCNTs CE has the largest

effective surface area.
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Fig.15: (a)Nyquist plots of symmetrical cells of Ni;S, and co-catalyst Ni;S,@MWCNTs CEs and (b) schematic

representation of CE-CE equivalent circuit.

The power conversion efficiency of DSSCs was measured by a solar simulator system (Peccell, PE-
L111, Japan) at AM 1.5. Fig. 7 displays the J-V curves of these DSSCs based on CEs made of MWCNTs
(MWCNTs-DSSC), Ni;S, (NizS,-DSSC) and co-catalyst Ni;S,@MWCNTs (MWCNTs- Ni;S,-DSSC). The energy

conversion efficiency (1) and fill factor (FF) of these solar cells were calculated using equation (11) and (12),

respectively.
FF.Jsc.V,
n = %100% (11)
light

FF — ]max-Vmax (12)
.]SC'VOC
Photovoltaic parameters were determined from the J-V curves and the obtained values are
summarized in Table 2. From these data, it can be seen that the NiS-DSSC vyields a short circuit current density
(Jse) of 13.61 mA/cm? and the open-circuit voltage (V,.) of 0.74 V, which are less than the J, (17.25 mA/cm?)
and V. (0.75 V) of Ni;S,@MWCNTs -DSSC. The increase of J . results in the enhancement of a solar cell

performance based on Ni;S,@MWCNTs CE (7.48%), which is higher than those of the Ni;S,-DSSC (6.21%)
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and Pt-DSSC (7.24%). The enhancement of cell efficiency in Ni;S,@MWCNTs -DSSC mainly arises from the
raise in active surface area of CE, supporting the electrochemical activity of electrode, as confirmed by the
increase of the CV slope (shown in Fig. 3 (c)) and co-catalyst Ni;S,@MWCNTs materials. As seen in Table 2,
MWCNTs-DSSC yields the lowest value of FF (0.24), J.. (11.14 mA/cm?) and performance (1.66%), which is
probably due to the small amount of MWCNTSs loading. Moreover, the poor FF of MWCNTs-DSSC indicates a

large internal resistance of DSSC.
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Fig. 16: Plots of photocurrent density (J) as a function of voltage (V) for DSSCs based on MWCNTSs, Ni;S,,
co- catalyst Ni;S,@MWCNTs and Pt CEs.

Table 5 Photovoltaic characteristics of DSSCs based on MWCNTSs, Ni,;S,, co-catalyst Ni;S,@MWCNTs and

Pt CEs; open circuit voltage (V,.), short circuit current density (J,.), Fill factor (FF) and solar cell

efficiency (n).

J-v
Counter electrode
J_. (mA/cm?) v, (V) FF n (%)
Pt 14.33 0.76 0.65 7.24
MWCNTs 11.14 0.63 0.24 1.66
Ni;S, 13.61 0.74 0.61 6.21
Ni;S,@MWCNTs 17.25 0.75 0.56 7.48
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ARTICLE INFO ABSTRACT
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Carbon films were deposited by an arc evaporation method onto conductive glass and applied as counter
electrodes in dye sensitized solar cells (DSSCs). Annealing the carbon films in a N, atmosphere contributed to the
enhancement of DSSC efficiency because their electrocatalytic activities were significantly enhanced. The effi-
ciency of solar cells with carbon films was 2.37% and 2.75% with an I3~ /I and To/T" electrolyte, respectively.
Whilst, that of DSSCs with annealed carbon was increased to 8.04% using I3~ /I~ and to 4.74% for To/T ™. The

stability of iodide-based DSSCs was not as high as that of thiolate-based units. Within 50 days, the efficiency of
iodide-based DSSC with annealed carbon, Pt and as-deposited carbon dwindled by 20%, 25% and 35%, re-
spectively. After 50 days, the efficiency of DSSCs with annealed carbon employing a disulfide/thiolate electrolyte
remained constant, whilst that of DSSCs with as-evaporated carbon and Pt dropped by 26% and 39%, respec-

tively.

1. Introduction

Dye-sensitized solar cells (DSSCs) are most promising renewable
energy devices due to their simple manufacturing processes, low toxi-
city and acceptable performance compare to that of silicon solar cells
[1,2]. The three main components of DSSC are its photo-anode (or
working electrode), a counter electrode (CE) and an electrolyte [1,3].
Typically, the counter electrodes are platinum (Pt) and Pt/PtOy [4] due
to its good catalytic properties and conductivity that allow high cell
efficiency. Unfortunately, Pt is an expensive material and is therefore
unsuitable for use in low cost solar cell applications. Therefore, alter-
native catalytic materials of equivalent properties that are less ex-
pensive have been explored to replace Pt CEs. Carbonaceous materials
show promise for use as DSSC counter electrodes. Their raw materials
are abundant and inexpensive. The use of various forms of carbon have
been reported in the literature include graphene [5-9], graphite
[10,11], carbon nanotubes [12-14], carbon black [11,15], carbon
spheres [14,16] and activated carbon [17]. The most widely used

electrolyte for DSSCs is an iodide/triiodide solution. However, this
electrolyte has disadvantages in term of corrosiveness, visible-light
absorption and sublimation [18]. Cobalt-electrolyte-based DSSCs have
been reported by Kakiage et al. These DSSCs achieve efficiencies ex-
ceeding 14.3% [19]. Unfortunately, cobalt redox media reveal much
lower long-term stability compared to the typical iodide/triiodide
electrolyte [20]. An organic disulfide/thiolate was proposed as an al-
ternative electrolyte since it has a negligible corrosion issue. Moreover,
it absorbs less visible light [21]. However, when this electrolyte is used
with Pt, the efficiency of the resulting DSSC is rather low because it has
low fill factor (FF) and a large charge transfer resistance (Rct) [5].
Reducing the Rct by replacing Pt with carbon black and using an
electrolyte made of a binary disulfide/thiolate redox couple (T~ /T5)
was attempted. Using carbon black resulted in inhibition of disulfide
ion adsorption on the carbon black surface. Therefore, the solar effi-
ciency was successfully increased [22].

In this paper, we used a carbon film from arc evaporation method as
a DSSC counter electrode coupled with a disulfide/thiolate electrolyte
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that has never before been reported. The phase transformation was
studied using Raman spectroscopy and was related to impedance re-
sults. It is notable that the phase transformation and solar conversion
efficiency of the unannealed films were not reported in any previous
study. Additionally, the DSSCs tested with an organic electrolyte dis-
ulfide/thiolate (To/T~) were compared to those with an iodide/triio-
dide electrolyte in terms of their stability.

2. Experimental methods
2.1. Counter electrode preparation

Fluoride-doped tin oxide glass strips (FTO-glass, 7 €2/sq, Aldrich)
were used as substrates for the DSSCs. Carbon films were deposited
onto FTO glass using an arc evaporation method, under pressure con-
dition at 26 mTorr and maintained at 30 A for 3s. A graphite rod
(99.96%, Ted Pella) was used as cathode and anode in arc evaporation
system. The as-deposited films (carbon films) were subjected to sub-
sequent annealing in nitrogen gas at 500 °C for 5 h to produce annealed-
carbon films. The sputtered Pt film was used as a reference counter
electrode [23].

2.2. Working electrode preparation

To create a blocking layer, TiCl4 (40 mM in DI water) was deposited
on the FTO glass by chemical bath deposition at 70 °C for 30 min. The
TiO, layers were prepared by coating the FTO glass with TiO, pastes
PST-18NR and then PST-400C (Catalysts & Chemicals Ind.) on a
blocking layer using a screen printing technique. The film was annealed
at 500 °C for 1 h. The thickness of the TiO, films is about 14 pym and the
film is illustrated in Fig. S1. After that, the TiO, film was soaked in
N719 dye solution (3.5 X 10™*M in acetonitrile and tert-butanol so-
lution at a volume ratio of 1:1) at ambient room temperature for 1 day.
The working electrode area was 0.25 cm?.

2.3. Preparation of electrolyte solution

The inorganic I3-/I- redox mediator contained 0.6 M 1-methyl-3-
popylimidazolium iodide (MPI), 0.1 M lithium iodide anhydrous (LiI),
0.05 M iodide (I,), 0.5 M tert-butylpyridine (TBP) and 0.0025 M lithium
carbonate (LiCOs3) in acetonitrile.

A liquid organic T~ /T, redox mediator was prepared by mixing
0.40M CgH;¢NsS or T (5-mercapto-1-methyltetrazole N-tetra-
methylammonium salt) [21], 0.40 M C4HgNgS, or T, (di-5-(1-methyl-
tetrazole)) [21], 0.50 M TBP (4-tert-butylpyridine) and 0.05M LiClO4
(lithium perchlorate) in an acetonitrile solvent.

2.4. DSSC assembly

The dye-sensitized solar cells were assembled using a closed cell
method and an inorganic I3~ /I~ or organic T~ /T, redox mediator was
filled into the cells.

2.5. Characterization of the films

The surface structure of carbon and annealed-carbon films were
characterized by several techniques. These included field emission
scanning electron microscopy (FESEM; JEOL JSM-7001F, Japan). Their
morphology and crystallites were studied by transmission electron
microscopy (TEM) and selected area electron diffraction (SAED)
(TECNAI G2, the Netherlands), respectively. Raman spectra were ob-
tained using a Raman spectrometry (Horiba JobinYvon T64000,
Japan), with a Lexel 95 laser (514.32 nm) as the source for excitation,
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at a power of 150 mW. The films' chemical and electronic states were
examined by X-ray photoelectron spectroscopy (XPS, Kratos Analytical,
AXIS ULTRAP'™, UK). The XPS chamber pressure was constant,
2 x 10~? Torr. The samples were examined in an X-ray hybrid mode
using monochromatic Al Ka; , radiation with an energy of 1.4 keV. The
spot area was 700 X 300 um?. The power of the X-ray equipment was
maintained at 10 mA and 15kV. A hemispherical X-ray analyzer was
placed at 45° normal to the sample surface. The charging effect was
modified using the C 1s peak (284.6 eV) from an adventitious carbon
standard. The catalytic activity of the film with I;"/I” and T~ /T, was
measured using cyclic voltammetry (CV, Gamry REF 3000, USA) in a
three-chamber cell at a 20 mV/s scan rate. A platinum plate and an
electrode made from Ag/AgCl were used as the counter and reference
electrodes, respectively. A solar simulator was used to determine cell
performance (Peccell, PE-L111, Japan) system with a 100 mW-cm ™2
light intensity. Stability tests of DSSC cells were done each day at 25 °C
and the average humidity was about 70%. The DSSCs were stored in
open box in our laboratory under continuous fluorescent light. The
charge transfer resistance of counter electrode impedance was de-
termined using electrochemical impedance spectroscopy (EIS, Gamry
REF 3000, USA) where the frequency was varied from 0.05Hz to
100,000 Hz. The AC amplitude was 10 mV.

3. Results and discussion

The FESEM images showing carbon deposited on FTO glass via an
arc evaporation method before and after annealing in N, are shown in
Fig. 1b and c, respectively. Fig. 1a shows that the pyramidal grains of
the fluoride-doped tin oxide film. In Fig. 1b, a thin carbon film shielded
the fluoride-doped tin oxide surface. The appearance of carbon mor-
phology before and after annealing were similar.

The structural change of the carbon film subjected to thermal an-
nealing was studied using Raman spectroscopy with 532 cm™" laser
excitation. Raman results are given in Fig. 2 and Table 1. It can be
clearly seen that the Raman spectrum of the as-deposited film shows a
characteristic broad peak that is related to an amorphous structure. The
spectra consisted of disordered (D) and graphitic (G) characteristic
peaks at around 1350 and 1550 cm ™ *, respectively. Both peaks are well
known as the D-peak (1350 cm™') and G-peak (1550 cm™ ') and are
related to disorder carbon and the symmetric E,; mode of graphite-like
carbon, respectively [24-26]. The shoulder, located at around
1100 cm ™%, is related to Sp® bonded carbon atoms having a short range
order Sps—carbon structure [27-29]. This Sp3 bond may have been
formed during deposition. It could have been transformed into an Sp>
structure by the annealing process. After annealing in a N, atmosphere,
the peak intensity of both D (1350 cm™!) and G (1580 cm™') peaks
became stronger. The intensity ratio of the D and G peaks (Ip/Ig) in-
creased from 0.86 to 2.91. Furthermore, the G-peak position, which is
related to the Sp®/Sp? ratio, shifted to a higher wavenumber at a higher
annealing temperature. This can be attributed to the transformation of
an amorphous structure into a crystalline structure by a process called
graphitization [25,30].

The atomic bonding structure was determined from XPS. Fig. 3
shows the XPS survey spectra of the as-deposited and annealed carbon
films. Both samples contained Cls and Ols. The oxygen content de-
creased after annealing under a low oxygen atmosphere. The approx-
imate ratio of oxygen to carbon decreased from 0.09 to 0.03. The loss of
oxygen could lead to increased film conductivity [31,32]. Fig. 3b and ¢
show high resolution XPS Cls spectra. The Sp? and Sp® components
obtained from the deconvolution of Cl1s spectra were identified and are
summarized in Table 2. The Sp2/Sp3 ratio increased from 2.41 to 3.73
after the film was annealed. The reason for this is due to the increase in
a graphite-like phase in the film and the arrangement of Sp2 clusters
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Fig. 1. FESEM images of the (a) FTO-glass, (b) and (c) are those for carbon film and annealed carbon film on FTO glass, respectively.
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Fig. 2. Raman spectra of the carbon film and annealed carbon film on FTO

glass.

Table 1
Information extracted from Raman spectra of carbon films.

Sample Nanodiamond peak D-peak G-peak FWHM of  Ip/Ig
(em™") (em™") (em™) G-peak
Carbon 1100 1350 1534 182.40 0.86
Annealed - 1350 1580 116.18 291
carbon

[24,33]. These results agreed well with derived Raman data.

Cyclic voltammetry (CV) was used to analyse the electrochemical
reaction of counter electrodes. The CV results of these electrodes in I3~/
I” and T,/T~ are shown in Fig. 4(a) and (b), respectively. For the io-
dide-based electrolyte, the Pt and annealed carbon counter electrodes
presented strong oxidation peak. However, the triiodide reduction peak

of annealed-carbon was weaker than that of Pt one. This implies that
the electrolytic activity of annealed carbon was lower than that of Pt.
The annealed carbon counter electrode exhibited a higher T~ reduction
peak than that of Pt in the disulfide/thiolate electrolyte Therefore,
annealed carbon exhibited better electrocatalytic activity for reducing
disulfide. The reason for this is that Pt was affected by sulfur adsorption
on its surface. Pt—S bonds blocked the effective surface area whilst
carbon did not behave in this manner [22]. The potential differences
between the oxidation and reduction reaction (AEp) was inversely re-
lated to the electron transfer rate constant (kg). A smaller value of AEp
corresponded to a higher ks [34-36]. In the triiodide/iodide system,
AE,, of Pt was 22 mV, whilst that of annealed carbon was 50 mV. The
electron transfer rate of the annealed carbon could have been smaller
than that of Pt. Nonetheless, for the disulfide/thiolate system, AE; of
annealed carbon (62 mV) was larger than that of Pt (75 mV), implying
that the electron transfer rate of annealed carbon was higher than that
of Pt. This confirmed that annealing carbon drastically altered the
electrochemical characteristics of the as-deposited carbon as the re-
duction peak was barely evidenced.

Symmetrical counter electrode cells were fabricated for electro-
chemical impedance spectroscopy (EIS) characterization to analyse the
series resistance (R;), charge transfer resistance (R.), capacitance (C,)
and Nernst diffusion (Zg). The EIS spectra and analysed parameters are
shown in Fig. 5 and Table 3, respectively. Simple equivalent circuits, as
shown in Fig. 6, were used. Presumably, there are two R.; and one R,
for as-deposited carbon and annealed carbon, respectively. For simpli-
city, Re is the total charge transfer resistance (Rey + Rerp) for the
carbon sample. From Table 3, the R; value for annealed carbon was
lower than that of the as-deposited carbon for both electrolytes. This
was due to the increased content of a graphitic phase. However, the R
value for both carbon samples was still higher than that of Pt. The EIS
spectra for the as-deposited carbon, as shown in Fig. 5, is comprised of
two semi-circular arcs. The smaller arc is related to the smaller value of
Ret. This parameter should be related to the interfacial resistance be-
tween the electrolyte and conductive phase, such as the crystalline
graphitic phase that was vaporized from the graphite rod and deposited
on the samples. It is notable that there should be a small amount of a
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Fig. 3. (a) XPS overview spectra of carbon film and annealed carbon film, (b) and (c) high resolution XPS spectra of the C 1S region of carbon and annealed carbon

film, respectively.

graphite phase, since its G-peak was not clear. The other arc, with a
larger R¢: (Re2) in the as-deposited carbon, can be attributed to the
interfacial resistance between the electrolyte and the less conductive
phases, such as amorphous carbon and nanodiamond, whose D and G
peaks also appeared in the Raman spectra. For the annealed sample,
only one semicircular arc was clearly observed. This is because the
amorphous phase and nanodiamond could be transformed to a more
graphitic phase. The R, of annealed carbon (75.5Q<cm?) and as-de-
posited carbon (493.8 Q-cm?) were higher than that of Pt (5.66 Q-cm?)
using the iodide electrolyte. Nevertheless, for the disulfide/thiolate
electrolyte, the R, of annealed carbon (20.25 Q-cm?) was less than that
of Pt (38.89 Q-cm?) and as-deposited carbon (366.20 Q-cm?). This im-
plied that the annealed carbon counter electrodes had a higher elec-
trocatalytic activity than that of a typical Pt counter electrode for the
disulfide/thiolate electrolyte, whereas that of Pt was better than that for
the anneal carbon in the I37 /1" electrolyte. The trend of impedance
results corresponds well with the CV analysis.

The electrocatalytic activity of the counter electrodes can be ver-
ified from Tafel polarization of symmetrical cells (Fig. 7). The charge
transfer resistance (R, Tafel) iS an inverse variable with the exchange
current density (Jo) from Tafel polarization following Eq. (1).

RT

J() ="
nFRct.Tafel (1)

where R is the gas constant, F is the Faraday constant, T is the absolute
temperature and n is the number of electrons participating in the re-
action. The trend of Rt tarel must follow that of R, derived from the EIS
analysis (Reg,ris) [37]. The Re ris was observed to be the lowest for the
iodide-based electrolyte in Pt, resulting in the highest Jo of Pt. This was
confirmed from Tafel polarization. Pt had the highest J, value. More-
over, annealed carbon had a higher J, value than that of carbon, so the
CEs electrocatalytic activity followed the relationship: Pt > annealed
carbon > carbon. Using the thiolate-based electrolyte, the highest Jg
was observed for annealed carbon, which was higher than that of Pt.

Table 2

XPS Cls spectra deconvolution of carbon films.
Sample C—C sp® peak (cm™ %) C—C sp® peak (cm™ 1) C—O sp? peak (cm™1) C—0 sp® peak (cm™ %) C=0 sp? peak (cm™!) sp?/sp>
Carbon 284.96 285.94 287.09 288.15 289.26 2.41
Annealed carbon 284.96 285.94 287.09 288.15 289.26 3.73
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Fig. 4. CV curves of all counter electrodes based on (a) I3~ /I™ and (b) To/T~ electrolytes.

Therefore, the electrocatalytic activity of annealed carbon was higher
than that of Pt, in this case.

J-V curves are shown in Fig. 8(a) and (b) for all Pt and carbon DSSCs
with triiodide/iodide based and disulfide/thiolate electrolytes, respec-
tively. The related photovoltaic parameters are listed in Table 3. In the
case of the iodide electrolyte, the short-circuit current density (Js.)
value of the as-deposited carbon, annealed carbon and Pt were 17.72,
18.56 and 18.57 mA/cm?, respectively. The open-circuit voltage (Voc)
value of all samples was around 0.74-0.77 V. Fill factor of annealed
carbon (0.64) was close to that of Pt (0.62) and both were higher than
that of as-deposited carbon (0.16). The solar efficiency of the DSSC
using annealed carbon (8.74%) was close to that of Pt (8.80%) and
higher than that of as-deposited carbon (2.11%).

For the To/T™ electrolyte, the highest efficiency was achieved for
the annealed carbon DSSC (4.74%), compared to those of Pt DSSC
(4.18%) and as-deposited carbon DSSC (2.75%). This can be explained
by the enhancement of J. (16.53mA/cm?) in the annealed carbon
compared to those of Pt (13.51 mA/cm?) and as-deposited carbon
(13.40 mA/cm?). The V, for all sample were close to 0.63 V, which was
lower than that of the triiodide/iodide system. Moreover, the Jg. of
anneal carbon in the I37 /I system was higher than that of the T,/T™
system. The reduction in V,. and J,. values could result in the reduction
of solar efficiency. The FF of annealed carbon (0.45) was close to that of
Pt (0.50), but both were higher than that of the as-deposited carbon
(0.32). The increase in the J;. and FF values came from the graphitized
constituents, resulting in the higher electrocatalytic activity and low
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Table 3

Summary of the Ry, Ret, Jse, Voo, FF and n values.

Counter electrode

Electrolyte EIS

DSSCs

R (Qcm®)  Ren (Qem®)  Rep (Qem®)  Ree (Re + Reed) (Qem®)  Joe (mA/em®) Vo (V) FF n (%)  Average n (%)
Carbon I;7 /17 4.45 16.30 477.5 493.8 17.72 0.75 0.16 2.11 2.01 = 0.44
Annealed-carbon I3 /17 4.01 75.50 - 75.50 18.56 0.74 0.64 8.74 8.36 = 0.34
Pt ;7 /1" 3.05 5.66 - 5.66 18.57 0.77 0.62 8.80 8.48 + 0.30
Carbon To/T™ 4.36 6.20 360.0 366.20 13.40 0.63 0.32 2.75 2.69 + 0.05
Annealed-carbon Ta/T™ 3.91 20.25 - 20.25 16.53 0.64 0.45 4.74 452 + 0.23
Pt To/T™ 3.89 46.65 - 38.89 13.51 0.62 0.50 4.18 3.98 + 0.17
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Fig. 9. Normalized (a) efficiency, (b) Js, (¢) Vo and (d) Fill factor of the DSSCs based on I3~ /I~ electrolyte.

charge transfer resistance. This was confirmed by the CV and EIS results
and was similar to that of iodide. These results show the promising
potential use of annealed arc-carbon as an alternative counter electrode
to replace expensive Pt electrode. Figs. 9 and 10 show the stability tests
of DSSC cells. For both electrolytes, the V,. values were quite stable.
Comparing FF values of all electrodes in the triiodide electrolyte, it was
found that the FF value for Pt infinitesimally changed, whereas those of
carbon types were reduced by ~10% for the annealed carbon and
~20% for the as-deposited carbon after the 50th day. However, in the
case of the T,/T™ electrolyte, the reduction of FF values of annealed
carbon (~10%) was smaller than those of Pt (~30%) and as-deposited
carbon (~30%). In a triiodide/iodide electrolyte, annealed carbon
showed a smaller decrease in J,. (10%) than those of other electrodes,
~30% for Pt and ~25% for as-deposited carbon. For the To/T" elec-
trolyte, the J,. values of annealed carbon and Pt changed little, whereas
the Js. of as-deposited carbon decreased (10%). The efficiency of all
electrodes using an I3~ /I electrolyte had a tendency to decrease with
time, resulting in a 20%, 25% and 35% reduction in efficiency for an-
nealed carbon, Pt and as-deposited carbon, respectively. The stability of
the annealed carbon film was similar to that of Pt because it is possible
for the iodide to be adsorbed on to the surface of carbon, reducing the
electrocatalytic activity of the counter electrode, whilst Pt could be
vulnerable to iodide corrosion. For the disulfide/thiolate electrolyte,
the annealed carbon was stable, so its solar efficiency was in-
finitesimally affected, whilst Pt and as-deposited carbon showed de-
creases in solar efficiency of 26% and 39%, respectively. The ex-
planation for this reduction is the formation of Pt—S bonds for
disulfide/thiolate electrolyte and that sulfur was not adsorbed onto the

carbon surfaces. The stability of the unannealed carbon was poor in
both electrolytes since the adhesion of the film to the substrate was not
as good as that of annealed carbon.

4. Conclusion

Carbon counter electrodes were prepared using a simple arc eva-
poration method. A carbon film was annealed in N, at 500°C and
compared to the as-deposited film using Raman and XPS techniques.
Annealing the film could increase the graphitic phase according to
Raman and XPS results as the Ip/Ig and Sp?/Sp® ratios increased. The
electrocatalytic activity and the charge-transfer resistance at the
counter electrode/electrolyte were determined from CV and EIS results,
respectively, in disulfide/thiolate and triiodide/iodide electrolytes. In
both electrolytes, the electrocatalytic activity of counter electrode in-
creased and the charge-transfer resistance electrolyte decreased after
annealing. These results explained the increase in efficiency of the DSSC
using annealed carbon. The efficiency of the annealed carbon DSSC was
8.04% using an I3~ /I~ electrolyte and 4.74% for the To/T "~ electrolyte.
It is notable that the catalytic activities of T,/T~ using graphite-like
carbon counter electrodes exceeded those using Pt. The stability of
DSSCs with annealed carbon was slightly better than that of Pt when
the I3~ /I™ electrolyte was used. However, the annealed carbon counter
electrode based on a To/T~ electrolyte had a very good stability com-
pared to the Pt counter electrode. In the future, modification of the
annealed carbon film may lead to further increase the efficiency of
DSSCs.
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ARTICLE INFO ABSTRACT

Keywords:
Dye-sensitized solar cell

Composite films nickel sulfide (Ni3S,) nanoparticles were grown on multiwall carbon nanotubes (MWCNTs) and
in situ coated onto conducting glass substrates by the hydrothermal process at 170 °C. These Ni3S;@MWCNTs

Ni3S, films were applied for counter electrodes (CEs) of dye-sensitized solar cells (DSSCs). In this work, nanostructure,

Multiwall carbon nanotubes
Counter electrode
Hydrothermal method

DSSC.

crystalline structure, electrochemical activities and electron-charge transfer resistance of CEs were studied. In
addition, the effective surface areas of CEs were analyzed and discussed as well. The power conversion efficiency
(PCE) enhancement of up to 7.48%, compared with that of Ni3S,-DSSC, was demonstrated for a NizS;@MWCNTs

1. Introduction

Since the first report of dye-sensitized solar cell (DSSC) by O'Regan
and Grétzel with the cell efficiency of 8%, intensive study in the past
two decades for the improvement of cell performance has become an
interesting issue for researchers in the field of photovoltaic cells.
Formerly, a highly nanoporous TiO,, a ruthenium complex and a pla-
tinum (Pt) were used as a working electrode (WE), a dye [1] and a
counter electrode (CE), respectively. Essentially, most of the effort has
been emphasized on the search for other kind of materials to be used as
CE and WE, including the replacement of an expensive synthetic dye by
natural dyes. In addition, modification of cell structure with the use of
different electrolytes has been studied as well. In general, a semi-
conductor TiO, nanoparticles are extensively used as CE of a DSSC due
to their practical applicability and provide a cell of the highest energy
conversion efficiency. In fact, CE is considered to be an important part
of a DSSC due to its key function of transferring electrons to the elec-
trolyte through an iodide/triiodide redox reaction. Generally, the best
catalytic agent for CE is an expensive Pt metal. Therefore, the search for
new catalytic materials to replace the Pt one is preferable. So far, var-
ious alternative catalytic materials such as carbon of different structures
and morphologies, metal nitrides, metal sulfides, metal carbides, metal
oxides and some kinds of conductive polymers have been applied for
CEs of a low-cost DSSC with high performance. Indeed, carbon is the

first alternative catalytic material to be used as a CE [2,3] of DSSC and
it is everlasting until now [4,5]. Subsequently, conductive polymers
such as polyaniline polypyrole and poly (3,4-ethylendioxythiophene) -
polystyrene sulfonate (PEDOT-PSS) were employed in the I3~ /1™
electrolytes for CEs of DSSCs [6-8]. Moreover, carbon of various
morphologies and structures such as graphene and carbon nanotubes
(CNTs) has been extensively used in DSSC [9-11]. Furthermore, metal-
nitrile materials e.g. TiN, Mo,N and W,N were used as CEs in high
efficiency solar cells by Chen. et al. [12,13]. Additionally, some of
metal sulfides e.g. NiS, Ni3S, and CoS had been attempted as electro-
catalytic materials for CEs [14-16]. Moreover, other materials that
have been attempted for CE are transition metal oxides (ZrO, and V503)
[17], metal carbides (WC and SiC) [18,19] and metal selenides (NiSe,
and CoSe) [20,21]. Furthermore, some co-catalytic materials such as
CNTs/Pt [22], CNTs/WS, [23], CNTs-TiN [24], graphene/Pt [25],
graphene/MoS [26] and graphene/FeS, [27] have been applied for CEs.
For instance, Xiao et al. fabricated nickel sulfide (NiS)/multi-wall
carbon nanotubes (MWCNTs) CEs by two steps, i.e. MWCNTSs was firstly
deposited onto a titanium (Ti) foil substrate using the electrophoresis,
after that a pulse potentiostatic technique was used to deposit a na-
nocrystalline NiS on the MWCNTs [28]. The performance of this NiS/
MWCNTs/Ti DSSC could be enhanced to 7.90% as compared with
6.36% of Pt/Ti DSSC.

In this work, we present a novel approach to prepare metal sulfide
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functionalized multiwall carbon nanotubes CEs. Accordingly, Ni3S.@
MWCNTSs CEs were fabricated by a simple hydrothermal process for the
first time. Interestingly, co-catalytic materials can improve electro-
catalytic activities i.e. triiodide can receive electron from both
MWCNTs and Ni3S,. Cyclic voltammogram and electrochemical im-
pedance spectroscopy were employed for the study of cell performance
of CE catalytic activity and conductivity, respectively.

2. Experimentals
2.1. Working electrodes

In order to obtain a blocking layer in a DSSC, titanium IV isoprop-
oxide solution (4 mM in isopropanol) was dropped on fluoride doped
tin oxide glass substrates (FTO-glass) and spun at1000 rpm for 30s.
After that, they were heated at 80 °C for 5min. Then, transparent layer
of TiO, PST-18NR and scattering layer of TiO, PST-400C were subse-
quently coated on these blocking layers by a screen printing method.
Next, the TiO, films were annealed at 500 °C for 1 h. Finally, these films
were soaked in 0.35 mM N719 dye solution at 25 °C for 24 h.

2.2. Counter electrodes

Carboxyl functional groups were generated on multiwall carbon
nanotubes (MWCNTs) surfaces by soaking MWCNTs in H,SO, and
HNO; acids (ratio 3:1 V/V) at room temperature. MWCNTs CEs were
fabricated using the mixture of 0.2 g MWCNTs in 30 ml deionized (DI)
water for hydrothermal treatment at 170 °C for 24 h. For the prepara-
tion of Ni3S, CE, a well-mixed solution of 15mM sodium hydroxide
(NaOH), 12mM thioacetamide and 10 mM nickel(II) sulfate hexahy-
drate (NiSO4(H,0)g) in DI water was hydrothermally treated at 170 °C
for 24 h. Similarly, a co-catalyst NizS,@MWCNTSs CE was prepared by
the same process and conditions in the mixture of 0.2 g of MWCNTs
with 10 mM NiSO4(H50)s, 15mM NaOH and 12 mM thioacetamide in
30 ml DI water. All of these obtained films were washed with DI water
and dried at 85°C in an oven. The schematic formation of NisS,@
MWCNTs films are shown in Fig. 1.

2.3. DSSCs assembly
The dye sensitized solar cells were assembled by a semi-closed

method using the liquid electrolyte as described in our previous work
[421.

3. Results and discussion

Fig. 2 (a) — (c) show the SEM micrographs of all three different CE

/MWCNT

Modified-MWCNT
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films obtained by the hydrothermal method. Fig. 2 (a) is a SEM mi-
crograph of a MWCNTs film-coated FTO glass substrate with an ex-
panded view shown in the inset, revealing MWCNTs of approximately
50nm in diameter coated on the FTO surface. SEM micrograph of a
Ni3S, film-coated FTO glass substrate is shown in Fig. 2 (b) with the
estimated particle size in the range of 20-50 nm, as shown in the inset.
It can be seen in Fig. 2 (b) that some of Ni3S, nanoparticles are ag-
glomerated to form clusters with sizes ranging from 100 to 800 nm. A
morphology of co-catalyst NizgS;@MWCNTs film-coated FTO glass
substrate is presented by the SEM micrograph in Fig. 2 (c). It is clearly
seen in the inset of Fig. 2 (c) that Ni3S, nanoparticles congregate on the
MWCNTs surface and spread onto the whole FTO surface. From these
SEM micrographs, it is suggested that the active surface of co-catalyst
NizS,@MWCNTs CE is improved in comparison with those of pure
MWCNTs and pure Ni3S, CEs.

The thermogravimetric analysis (TGA) was employed to char-
acterize the thermal stability of Ni3S;@MWCNTs composites and de-
termine the weight ratio of MWCNTs and Ni3S,. Fig. S1 (in Supporting
Information) shows the TGA result of the Ni3S;@MWCNTs powder
performed in air from 40 °C to 900 °C using a heating rate of 10 °C/min.
The weight loss of Ni3S,@MWCNTs catalyst appeared from about 80 to
130 °C due to the evaporation of water. After 150 °C the decreasing of
weight was due to the losses of some functional groups and precursor
residues, followed by rapid weight loss due to the burning of MWCNTs.
Consequently, the weight ratio of the MWCNTs and NisS, was de-
termined and found to be 43/57%.

The Ni3S, might be attracted on the surface of MWCTs with che-
mical bonding of C-S. According to their XPS results, Rui Zhang et al.
reported that the formation of S—C and C-S bonds might come from the
linking between nickel sulfide NPs and the carbon matrix [30]. In our
present work, bonding of MWCNT and NisS, was analyzed by using
FTIR of which the results were shown in Supporting Information Fig.
S2. From FTIR spectra of NizS,@MWCNTs, the transmittance peaks at
~3637, 2115, 1737, 1625, 1369, 1062, 690 and 602-611cm™' are
observed. The peak at 3637 cm ™! is characteristic of O-H stretching
vibration [31]. The vibration at 2115cm ™! is attributed to a C=C
(alkyne) [32,33]. The peak located at 1737 cm~lis assignable to C=0
stretching vibration of COOH groups [34]. The peaks located at 1625
cm’! is indexed to O-H bending mode of the adsorbed water [35]. The
peak at 1369 cm ™! corresponds to CH3 bond bending of the alkane
group [36]. The weak peak at 690 cm ™! is suggested to originate from
C-S bond [37]. The broad peak at 602-611 cm ™' can be assigned to the
bending vibration of metal and sulfur (Ni-S bond) [38].

Fig. 3 shows the XRD patterns of all prepared materials. The XRD
peaks of MWCNTs located at 26.20°, 42.94°, 44.58° 54.34 and 77.50°
correspond to the (002), (100), (101), (004) and (110) crystal planes of
the hexagonal graphite phase (ICCD # 00-001-0646), respectively. The

Ni,S,@MWCNT

Fig. 1. Schematic illustration to show the formation of Ni3S,@MWCNTs films.
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Fig. 2. SEM micrographs of (a) MWCNTs, (b) Ni3S, nanoparticles and (c) co-catalyst Ni3S,@MWCNTs coated on FTO glass substrate.

+graphite *Ni S, -NiSO,(H,0),
] * Ni,S,@MWCNTs
E MWCNTSs
—~ +x 7 NiS, *
3
3 -
2
®
c
Q
-
E .
: +
+ + +
20 30 40 50 60 70 80
2theta

Fig. 3. XRD patterns of MWCNTSs, Ni3S, nanoparticles and co-catalyst NizS,@
MWCNTs powder.

XRD peaks of Ni3S, located at 30.82°, 31.11°, 37.56°, 38.40°, 50.08°,
54.61° and 69.01° can be identified to be the (012), (110), (003), (021),
(211), (104), and (033) crystal planes of the rhombohedral Ni3S, phase
(ICCD # 01-076-1870), respectively. Moreover, the second phase of
NiSO4 (H20)e (ICCD # 01-079-0105) is observed in this sample, which
comes from the reactant. In the case of co-catalyst NizS,@MWCNTSs
powder, the XRD result shows the dominant diffraction peaks of NisS,
and MWCNTs.

To compare the electrocatalytic activity of I3 /1" for MWCNTs,
Ni3S,, NisS,@MWCNTs and Pt CEs, cyclic voltammetry (CV) was em-
ployed for the CE films characterization. The obtained CV curves of
these CEs are shown in Fig. 4, revealing the four redox peaks re-
presented by the following reaction.

Two oxidation peaks
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Fig. 4. Cyclic voltammogram (CV) curves of MWCNTSs, Ni3S,, NizSo,@MWCNTSs
and Pt CEs at a scan rate of 20 mV/s in a mixture solution of 10 mM Lil, 1 mM
I,, and 0.1 M LiClO, in acetonitrile.

peak 1,317 -2~ =13~ (@9)]

peak 2: 2[37 - 2e” =1, 2
Two reduction peaks

peak 3, 3I, + 2~ =13~ 3

peak 4, I3~ + 2e” =3I". “@

At CE of a DSSC, peak 4 is an important one, because it represents a
reaction that a triiodide ion receives electrons from the surface of
counter film and becomes an iodide. In addition, the concentration of
iodide can affect the short - circuit current (Is.). The relationship be-
tween I, and the iodide concentration [I”] is shown in equation (5)
[39],
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kalI7]

=l vae
ky[no] + kalI7]

qe.

* )
where q is the electric charge, ¢ is the electron injection efficiency, A is
the ratio of absorbed photon, @ is the incident photon flux, kj, is the rate
constant for back electron transfer reactions, ny is the electron density
in TiO, and kg is the rate constant of forward electron transfer reactions.
A large iodide concentration can provide a high I, value and a high
DSSC efficiency. In Fig. 4, the Ni3S;@MWCNTs CE exhibits a higher
absolute current reduction peak than those of the NisS, and Pt CEs.
Therefore, the NizS;@MWCNTs CE manifests a good reduction reaction
in I37 /1" redox couple electrolyte. Furthermore, the difference be-
tween the potential value of the oxidation peak and the reduction peak
(AEp) of NizS,@MWCNTSs is 0.20 V, whereas those of Pt and NisS, are
0.32V and 0.37 V, respectively. Since AE; is inversely correlated with
the electron transfer rate constant (kg) i.e., a smaller AEp indicates a
higher ks [40-42]. It is suggested that the superior electrocatalytic
activity of Ni3S;@MWCNTs is beneficial for solar cell efficiency.
Moreover, the good CV of NizS;@MWCNTs electrode is suggested to
originate from its high active surface area and co-catalyst materials of
Ni3S, and MWCNTs.

The active area of each CE was evaluated by the CV technique at

Current Applied Physics 19 (2019) 1355-1361

Table 1

Summary of series resistance (R,), charge-transfer resistance at counter elec-
trode/electrolyte (R..), slope of the oxidation and reduction of I,-v'/? curves of
MWCNTs, Ni3S, and co-catalyst Ni3S,@MWCNTSs , CEs.

Counter electrode  EIS Slope (mAs'/2y~1/2)
Rs (@) R« () Rp(R) C,(uF) oxidation reduction

MWCNTs 15.20 262.62 23.14 0.39 0.31 -0.25

NisS, 15.61 16.50 5.34 1.68 0.43 —-0.31

NizS,@MWCNTs 16.02 7.25 3.07 2.26 0.52 —-0.38

Pt 13.56 22.31 3.13 2.09 - -

different scan rates, based on KzFe(CN)g and KClI electrolytes. The CV
curves of Ni3S, and co-catalyst Ni3So@MWCNTs CEs are illustrated in
Fig. 5 (a) and (b), respectively. It can be seen that the current of oxi-
dation and reduction peaks increases with the increase of scan rate.
These redox currents of [Fe(CN)g]>7+ (I,) vs the square root of the scan
rate (/%) curves of CEs are shown in Fig. 5 (c). In the Randles-Sevcik
equation (6), the slope of |Ip-vl/ 2| curve is proportionally related to the
active surface area as described in literature [43,44]. According to this
equation, the values of n, D and C are kept constant for all samples. The

1.2 12
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e —20 mV/s E— —20mV/s
g —10 mVi/s g —10mV/s
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e E
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U‘O.ﬂ | U—04 4
.8 4 0.8 4
-1.2 - v - - -1.2 r—r—r - v e
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L5 (0
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e
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Fig. 5. CV curves of CEs at different scan rates in a mixed solution of 10 mM K3(FeCN)g¢ and 0.1 M KCl (a) Ni3S, film, (b) co-catalyst NizSo@MWCNTs film and (c)

plots of the oxidation and reduction currents of [Fe(CN)s]* (I,) vs v'/2
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with their corresponding fittings.
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Fig. 6. (a) Nyquist plots of symmetrical cells of Ni3S, and co-catalyst NizS,@
MWCNTs CEs and (b) schematic representation of CE-CE equivalent circuit.

enhancements of Ip-vl/ 2 slopes of the NizS,@MWCNTs CEs indicate the
evolution of the surface area.

I, = 2.65 x 10°n*2AD"*Cv'?, (6)

where I, is the peak current, n is the number of electrons in the reaction,
A is the electrode area (cm?), D is the diffusion coefficient of the species
of interest (cm?s™1), C is the concentration of the species in the bulk
solution (mol'L.™!) and v is the scan rate (mV/s). Values of the fitted
slopes are summarized in Table 1. The absolute reduction and oxidation
slopes of the Ni3S,@MWCNTs CE are higher than those of pure
MWCNTs and Ni3S, CEs. This indicates that the effective surface area of
co-catalyst NizS;@MWCNTs materials is significantly improved. In
general, a large surface area is important for CE, because it can raise the
possibility of the triiodide reaction.

To study the internal charge transfer of these CEs, the EIS was
performed to analyze the symmetrical CE (CE-CE) cells under dark
condition at the AC- current amplitude of 10 mV with a frequency
ranging from 0.1 Hz to 100 kHz, and all the EIS spectra of these CEs are
presented in Fig. 6 (a). As seen in Fig. 6 (a), each sample reveals two
semicircles curve, for which the data are fitted by using Gamry Echem
Analyst software in accordance with the equivalent circuit shown in
Fig. 6 (b). The equivalent circuit consists of a serie resistance (R;), an
interface charge-transfer resistance (R.) of the CE/electrolyte, corre-
sponding to the first semicircle in the high frequency region, a constant
phase element and a second semicircle in the low frequency region
represents the Nernst diffusion impedance (Zy) of an ion in electrolyte.
The obtained EIS values are listed in Table 1. The first parameter R,
relates to the electron transfer during the redox reaction at CE surface
between I3~ and CE. The R values can be estimated from the real part
of the first semicircle curve. As seen in Fig. 6 (a) and Table 1, the R,
value reduces from 16.50 to 7.25Q with the MWCNTs loading. Gen-
erally, low resistance implies a higher electron transfer rate, leading to
the greater power conversion efficiency. This means that the co-catalyst
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NizS;@MWCNTs CE has a faster electron transport with an excellent
electrocatalytic activity for the triiodide electrochemical reaction.
Furthermore, the Nernst diffusion resistances (Rp) were calculated from
porous bounded Warburg element shown in equation (7).

B

R
b7y

()

where Y is the magnitude of the admittance at w = 1 rad/s, and B is the
characterized time taken for a reactant to diffuse through a thin film
[45]. Rp represent the electron diffusion across the porous of thin film
counter electrode in a redox medium. The increasing of diffusion
coefficients can be considered from the Nernst diffusion resistances
(Rp). Generally, the low Rp, represents a high diffusion rate of ions in
electrolyte. The Ni3S;@MWCNTs counter electrode displayed the
lowest Rp, implying the highest diffusion coefficients. At the surface of
counter electrode, the triiodide receives electron and becomes iodide
(I3~ + 2e” = 3I"). The increasing of iodide concentrations from this
reduction process could enhance the ion diffusion coefficient in a redox
mediate. This because synergetic effect of co-electrocatalyste materials
(Ni3S, and MWCNTSs) help improve the electro catalytic activity. Low
Rp implies a high tri-iodide/iodide transport. The Ni3S;@MWCNTs CE
shows a low Rp, of 3.07 Q. In addition, the double-layer capacitance (C,)
values are correlated with the effective surface area of counter elec-
trodes. High capacitance implies a large effective surface area as well
[46,47]. Principally, C, can be described by a constant phase element of
impedance (Zc¢pg) in equation (8),

1

Zepp = ———
LET o)

®

where w is the angular frequency, Y, is the CPE parameter or C,, and a
is the CPE exponent (0 < a < 1). The G, value of NizS;@MWCNTs,
MWCNTSs, NisS, and Pt CEs were determined and found to be 2.26,
0.39, 1.68 and 2.09 pF, respectively. Consequently, it is suggested that
the Ni3S,@MWCNTs CE has the largest effective surface area.

The power conversion efficiency of DSSCs was measured by a solar
simulator system (Peccell, PE-L111, Japan) at AM 1.5. Fig. 7 displays
the J-V curves of these DSSCs based on CEs made of MWCNTs
(MWCNTs-DSSC), Ni3S, (NizS,-DSSC) and co-catalyst NizSo@MWCNTSs
(MWCNTs- Ni3S,-DSSC). The energy conversion efficiency () and fill
factor (FF) of these solar cells were calculated using equations (9) and
(10), respectively.

20

—o—Pt

Current density (mA/Cm?)

—*—~MWCNTs
Ni;S;

——MWCNTs@Ni:S,

0 T
02

04
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08

Fig. 7. Plots of photocurrent density (J) as a function of voltage (V) for DSSCs
based on MWCNTSs, Ni3S,, co-catalyst NizS,@MWCNTSs and Pt CEs.
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Table 2

Photovoltaic characteristics of DSSCs based on MWCNTSs, Ni3S,, co-catalyst
Ni3S,@MWCNTs and Pt CEs; open circuit voltage (V,.), short circuit current
density (Js.), Fill factor (FF) and solar cell efficiency ().

Counter electrode J-v

Jee (mA/cm?) Voe (V) FF n (%)
Pt 14.33 0.76 0.65 7.24
MWCNTSs 11.14 0.63 0.24 1.66
NisS, 13.61 0.74 0.61 6.21
Ni3S;@MWCNTs 17.25 0.75 0.56 7.48
FF. J.. V,
= 155 T0%100%
Piige (C)]
Jser Voe (10)

Photovoltaic parameters were determined from the J-V curves and
the obtained values are summarized in Table 2. From these data, it can
be seen that the NiS-DSSC yields a short circuit current density (Js.) of
13.61 mA/cm? and the open-circuit voltage (V,.) of 0.74V, which are
less than the Jg. (17.25mA/cm?) and V. (0.75 V) of Ni3S;@MWCNTSs
-DSSC. The increase of Jg. results in the enhancement of a solar cell
performance based on Ni3S;@MWCNTs CE (7.48%), which is higher
than those of the Ni3S,-DSSC (6.21%) and Pt-DSSC (7.24%). The en-
hancement of cell efficiency in Ni3S;@MWCNTs -DSSC mainly arises
from the raise in active surface area of CE, supporting the electro-
chemical activity of electrode, as confirmed by the increase of the CV
slope (shown in Fig. 3 (c¢)) and co-catalyst NizS,@MWCNTSs materials.
As seen in Table 2, MWCNTs-DSSC yields the lowest value of FF (0.24),
Joe (11.14 mA/cm?) and performance (1.66%), which is probably due to
the small amount of MWCNTs loading. Moreover, the poor FF of
MWCNTs-DSSC indicates a large internal resistance of DSSC.

4. Conclusion

The hydrothermal method can be successfully employed to prepare
the composite NizS, NPs/MWCNTs on the conducting glass substrate
(FTO) to promote the improvement of the effective surface area of the
CE for the high efficiency DSSC. Furthermore, the co-catalyst NisS,@
MWCNTs film can enhance the iodide/triiodide redox activity and re-
sult in the improvement of a solar cell performance from 6.21% in
Ni3S,-DSSC to 7.48% in MWCNTSs-NiS-DSSC. The enhancement of solar
cell efficiency is suggested to originate from the increase of the effective
surface area of the CE and the reduction of the R.. Moreover, it is
suggested that the composite NizS;@MWCNTs film may be applicable
for an electrode of supercapacitor as well.
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