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Abstract

The fabrication and electrochemical analysis of Pt-free

counter electrodes for dye-sensitized solar cells

Sun Ha Park
School of Chemical and Biological Engineering
The Graduate School

Seoul National University

In this paper, four different low-cost materials were applied as a Pt-free or Pt and
TCO-free counter electrodes for dye-sensitized solar cell (DSSC). To replace
conventional platinum (Pt) coated transparent conducting oxide (TCO) electrode,
materials for counter electrode require high catalytic activity for |5~ reduction and rapid
charge transport ability.

Firstly, the well-ordered inverse opal poly(3,4-ethylenedioxythiophene) (PEDOT)
electrode which was prepared from PEDOT:PSS filled self-assembled PS opal template
was applied as a Pt-free counter electrode for DSSC. Because of the well-ordered
porous morphology of electrode, the inverse opal structured PEDOT electrode showed,
in particular, improved electrocatalytic activity with high surface area and the increased

quantum efficiency at specific wavelength was also observed particularly. Therefore,



we could successfully apply the inverse opal structured PEDOT electrode as an
effective Pt-free counter electrode for DSSCs. Furthermore, the Ni nitrides, which are
known for a high electrocatalytic activity in iodide redox couple, were deposited on the
ITO/PET film by sputtering deposition at low-temperature and could be also used as Pt-
free flexible counter electrode for DSSC. By sputtering under nitrogen atmosphere at
different temperature, a few nano-meter Ni nitride film was deposited on ITO/PET
films and exhibited superior electrocatalytic activities in iodide redox electrolyte. In
addition, this Ni nitride film had very thin thicknesses, about 30 nm, on the flexible
ITO/PET substrate, it could be applied as a counter electrode for bifacial DSSC due to
the optical transparency of Ni nitride film.

On the other hand, Pt and TCO-free counter electrode was also studied to realize the
cost effective counter electrode for DSSC. We found the two materials which
functioned two things, high catalytic activity for triiodide reduction and high
conductivity rapidly transporting the electron, in a single layer simultaneously. The
nitrided Ni metal foam electrode was applied as a Pt and TCO-free counter electrode of
DSSC for the first time. The nitrided Ni foam was simple synthesized by nitridation
treatment of commercial Ni metal foam in ammonia atmosphere. This electrode was
presented high catalytic activity on the nitrided surface and easy electron transport
ability in the three-dimensional interconnected metallic structure, simultaneously. The
open-pore structures in metal foam can also reduce the mass transport limitations of the
electrolyte in the electrode compared to that of common metal plate. Therefore, the

nitrided Ni foam using nitridation treatment under ammonia atmosphere can be a new



cost-efficient counter electrode without the expensive Pt and TCO commonly used in
counter electrode of DSSC. Lastly, the camphorsulfonic acid-doped polyaniline
(PANI/CSA) electrode was prepared by simple spin-coating deposition flowed by low-
temperature treatment was successfully used as a Pt and TCO-free counter electrode for
DSSC. The PANI/CSA is a well-known conducting polymer with high conductivity
and it provided excellent electrocatalytic ability because m-conjugated polymer
superseded Pt as efficient electrocatalyst for iodide reduction reactions. By several
optimization process of PANI/CSA electrode, it could be used as a promising Pt and
TCO-free counter electrode of DSSC. Because this electrode had optical transparency
and complementary color with dye, it can be used as an effective bifacial DSSC with Pt

and TCO-free counter electrode.

Keywords: Dye-sensitized solar cell (DSSC), Pt-free counter electrode, Pt nd TCO-free

counter electrode, Tt-conjugated conducting polymer, nickel nitride.
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Chapter 1. Introduction

1.1 Solar energy and solar cells

The energy that needs for the human is gradually increased, and is likely to double within the near
future. Thus, the new energy generation methods which can cover the substantial deficit left by fossil
fuels have to be developed. Furthermore, the development of new energy generation methods are
promoted by increasing public awareness that the il price has been raising due to earth’s oil could
run out during this century. Many researchers have been interested in efficient altermative energy
conversion such as solar cells, fuel cells, wind power, geothermal power, and so on.

Because people concem has been concermed about the disastrous environmental pollution arising
from all4oo-frequent oil spills and the frightening a greenthouse effect caused by fossil fuel
combustion, the photovoltaics have been greatly attracted. The using solar energy has some benefits:
the solar energy is sufficient which 10,000 times more than the global population curently consumes
and eco-friendly energy sources that does not cause any environmental pollution. For more than two
centuries, many researcher sand engineers have been dreamed to realize the idea for photovoltaics
which are converting unlimited sunlight into useful electric power or chemical fuels. The maost well-
known idea to capture the energy from sunlight is the solar cells” They are classified as three
generations. The silicon based solar cells operated by solid-state junction between two different
doped forms of crystalline silicon are the first generation solar cells. It was firstly developed by Bell
Telephone Laboratories in 1954, and most widely used in PV markets in these days. To reduce

1



expensive cost of crystalline silicon solar cells, the thin film solar cells, second generation solar cell,
are made from the compound semiconductors, the 111/1V/ aerospace components or the copper-

indium-sulphide/selenide material thin films. They also operated by pn junction technology and
show high conversion efficiency in spite of low fabrication cost.™* Recently, the new solar cell called
third gereration solar cells are focused on many researchers and industries. Their operation
mechanism s not a traditional p-n junction but a photoelectrochemical reaction. The semi-conductor
nano-materials and conducting polymer were used as elements of solar cells and fabrication process
are relatively cheap because the expensive and high-vacuum processes needed for the traditional
devices can he avoided. In additions, these solar cells can be used on flexible substrates, and can be
shaped or tinted to suit domestic devices or architectural or decorative applications. The

developments of research-scaled solar cells from 1970s were depicted in Figure 1.1.
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1.2 Dye-sensitized solar cell (DSSCs)

Since Gratzel and O’Regan’ were reported 7.12 % DSSCs using nanometer sized TiO, particles in
1991", the dye-sensitized solar cells (DSSCs) have been intensively interested in many researchers
and companies because of their low production cost, eco-friendly materials, and solar-to-electrical
energy conversion efficiencies as high as 12 %.* DSSCs can generate energy with low cost because
the components of DSSCs are consisted to abundant materials and fabrication process was very
simple and cheap compared to other-type solar cell device. Inadditions, diverse applications
are expected since the DSSCs show colorful characteristics and flexibility
1.2.1 Components of DSSCs

DSSCs have typically been prepared by sandwiching two electrodes, where the photoanode is
composed of dye-coated nanocrystalline TiO, film depoasited on a transparent conducting oxide
(TCO), suchas FTO (F-doped SnO,), and the cathode electrode consists of nanoparticle platinum
(Pt) onaTCO glass. The TCO substrate actsasacharge collector in DSSC

The semiconductor structure, typically 10 um thick and with a porosity of 50%, has a surface area
available for dye chemisorption over a thousand times that of a flat, unstructured electrode of the
same size. Among the materials for solar cells as presented in Figure 1.2, the semiconductor such as
TiO,, ZnO, SnO,, Nb,Os, etc. can be generally used as photoanodes materials in DSSCs, and the
TiO, is the most efficient photoanode of DSSCs. To absorbed visible light and then inject electron
into the conduction band of the TIO,, dye molecules anchored to the surface of nanocrystalline

TiO, The dye is chemisorbed as amonomolecular layer, enough can be retained on a given area o



electrode to provide absorption of essentially all the incident light. Over the last 20 years, ruthenium
(Ru) complexes have exhibited remarkable efficiency and stability in DSSCs. Recertly, the synthesis
of transition-metal dye or metal-free organic sensitizer for DSSCs sensitizers has received much
attention” and propylene dye reported highest efficiency in Grétzel group”.

The cathode, typically called as a counter electrode, is made up of a platinized counter electrode.
The counter electrode is one of the major components of the cell and reduces the tri-iodide ions
generated after dye regeneration.” Since transparent conductive oxide (TCO) substrates exhibit
insufficient electron-transfer kinetics for reduction, electrocatalytic layers are coated onto the TCO
Substrate and used to catalyze the cathodic reduction of tri-iodiide ions and regenerate the oxidized
redox couple successively. The platinum deposited TCO substrate, In-doped SnO, or F-
doped SnO,, electrode was commonly used as a counter electrode for DSSC.

The electrolyte is responsible for charge transport between the photoanode and the counter
electrode, the main function of electrolyte is regenerating oxidized dye. The liquid electrolytes with
the iodide redox couple and volatile organic solvents were typically used for a long times. However,
the iodide redox couple easily corrodes most metals, which shortens the lifetime of commercial
modules, and it exhibits poor performances with many altermative dyes other than Ru dyes. Thus,
many attempts have been made to solve the above problems by replacing various redox couples.
Cobalt complexes, among various redox couples, have recently been proven successful altermative
to the iodide redox couple™ and DSSC using these redox couple wes shown the highest

conversion efficiency more than 12 %



1.2.2 Principle of dye sensitized solar cells
The schematic presentation of the operating principles of the DSC is given in Figure 1.3, At the heart
of the system is a mesoscopic semiconductor oxide film, which is placed in contact with a redox
electrolyte or an organic hole conductor® From the dye attached to the surface of the nanocrystalline
TiO,, photoexcitation was occurred by absorbing the light. And then, the resulted excitation electron
is injected into the conduction band of the oxide. The dye is regenerated by electron donation from
the electrolyte, usually an organic solventt containing a redox system, such as I7 5 or Co*/Co™. The
regeneration of the sensitizer by iodide intercepts the recapture of the conduction band electron by the
oxidized dye. The iodide is regenerated, in tum, by the reduction of triiodide at the counter electrode,
with the circuit being completed via electron migration through the extemal load. The voltage
generated under illumination corresponds to the difference between the Fermi level of the electron in
the solid and the redox potential of the electrolyte. Overall, the device generates electric power from
light without suffering any permanent chemical transformation.
1.1.3 Alternative counter electrode

Although the constituents of DSSCs are inexpensive, the counter electrode which transfers
electrons from an extemal circuit to the triiodiide and reduces the tri-iodide ions is typically made of
platinum (Pt) materials. ™ However, Pt is a high cost noble metal with very high cost, thus many
efforts have been made to find altemative counter electrode meterials to achieve low-cost DSSCs
such as Figure 14. Several groups have researched replacing Pt counter electrodes with various

conducting polymer materials. The various carbon-based materials have received much atterttion as



a promising altemative to Pt The many research groups have reported high photovoltaic
performance with various carbon materials such as graphite, active carbon, carbon nanotubes ™5
The conducting polymers were also efficient courtter electrodes in various redox electrolyte.® In
these days, the ather neww approach of applying new inorganic materials such as metal carbide, metal
sulfide, and metal nitride in courtter electrode were shown good photovoltaic performance® A
popular topic of these studies is finding the inexpensive materials which had high conductivity or
high surface areas.’

Moreover, transparent conducting oxide (TCO) glass which used as a substrate of counter
electrode also has a drawback of cost originating from an expensive farication process. The TCO
glasses commonly used in electrode are In-doped SnO; (ITO) or Fdoped SnO, (FTO). Since TCO
substrate is responsible for more than 40 % of the total device cost™ the DSSC using TCO-free
counter electrodes are greatly interested in the viewpoint of low production cost. To obtain efficient
cost device, the DSSCs using Pt and TCO-free counter electrode have been attempted in several
groups. The DSSCs applied sub-micrometer sized graphite counter electrodel8 achieved 6 % cell
efficiency” and the metal carbide film with conductive carbon presented 6.6 % efficiency Park’”
and Sung group” utilized PEDOT and CSA doped PANI film used as a TCO and Pt-free counter
electrode of DSSC, respectively, and demonstrated comparable photovoltaic performance compare
to platinized TCO counter electrode. The active material coated on metal foil such as Ti foil or
stainless steel is one of the most widely investigated TCO-free electrodes owing to its outstanding

cheap cost, superior conductivity and facile synthesis
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1.3 DSSCs analysis

Since DSSC is a photovoltaic cell which converts incident light to electrical energy, the
photocurrent-voltage curve of the cell at the certain illumination could characterize the photovoltaic
performance of DSSC. Effective generation of electrical power in solar cell is achieved by the
capability of the photovoltaic device to produce voltage over an external load and current through the
load at the same time. Becalise DSSCs is an electrochemical cell which is completely different from
the classical solid-state junction photovoltaics, electrochemical analysis is useful to characterize the
components of DSSCs. In particular, the electrochemical analysis in counter electrode is very
powerful analysis tools because the iodide reduction reactions are occurred at the surface of it. In this
study, the several electrochemical tests such as polarization test, electrochemical impedance
spectroscopy, and cyclic voltammetry are used to analyze the counter electrode of DSSCs.

1.3.1 Photovoltaic cell performance

A phatovoltaic cell is a device, which converts incident light to electrical energy. Generation of
electrical power under illumination is achieved by the capability of the photovoltaic device to
produce voltage over an extemal load and current through the load at the same time. This is
characterized by the photocurrent-voltage curve of the cell like as Figure 1.5. When the cell is short
circuited under illumination, the maximum current, the short circuit current (I), is generated, while
under open circuiit conditions no current can flow and the voliage is at its maximum, called the open
circuit voltage (Vo). The point in the iv-curve yielding maximum product of current and voltage,

maximum power, is used to define the fill factor which is important factor of solar cell performance.
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Fill factor (FF) = Ymazx XImax @D

VOC XISC
The maximum power output of the solar cell can be calculated as fill factor and, the energy
conversion efficiency of the solar cell is demonstrated as a powver produced by the cell divided by the

power incident on the representative area of the cell

T| — VOCX ISC XFF (1.2)

Plight

1.32 Electrochemical test
1.32.1 Polarization Test

Polarization test is general test for identifying the electrochemical properties. It can be conducted
by current sweep or galvanostatic method. Because current sweep method is not steady-state
measurement, EIS is necessary to compensate for steady-state result. The exchange current density
(Jo) wes a parameter which presented in the abisence of net reactions and at zero overpotential. For
calculating an exchange current density (J,) on the surface of the electrodes which varies inversely
with the charge transfer resistance (R, and it could be estimated as below equation

RT
nFRCt

Jo = 13

This exchange current density could be compared the slope of the Tafel plot such as Figure 1.6. If
the slopes of the cathodic and anodic branches were small, it indicates that the lower electrocatalytic
activity was presented. Furthermore, at a low sweep rate, the limiting diffusion current density (Jj.)

depends on the diffusion coefficient (D) and Warburg impedance (W) of the redox couple in the
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electrolyte as mentioned in literature” 2 If the large Jy,, Values was shown, which induces a

relatively higher diffusion coefficient and low Warburg impedance as calculated from following

equations.
1.
D = ———jim 14
RT 2
b= (n2F2coAWS) (15)

During polarization test, the concentration of triiodide species is much lower than that of iodide to
caleulate the diffusion coefficient of the triiodide species.
1.322. Cydlic \bltammetry

The cyclic voltammetry (CV) was measured in a three-electrode electrochemical cell to measure
the electrocatalytic activity of film. The working electrode, a Pt counter electrode, an AY/AQCI (sat.
KCI) reference electrode and liquid electrolyte were commonly used for CV measurement. In this
thesis, acetonitrile solution dissohved 10 mM Lil, 1 mM |, and 0.1 M LiCIO, was used as an
electrolyte to find out the electrocatalytic activity of triiodide reductions.

Usually, Pt electrode which is widely used as a counter electrode of DSSC is known to be an
excellent catalyst for iodide adsorption and dissociation processes. The electrochemical reaction
about iodice is followed:;

A-26->k (16)
ly+26 > 3r L7)

The first reaction is occurred by injection of electrons into photo-oxidized dye from iodide ions in
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the electrolyte in negative peak, and the second one is reduced produced iodide ion pm the electrode
in positive peak 22
1.32:3. Electrochemical Impedance Spectroscopy (E1S)

Applying DC plus AC voliage with a freguency to an electrochemical system can cause the
current response with phase difference. The phase difference and amplitudes of AC voltage and
current can be showed as complex resistance, impedance. EIS is an effective technique to extract
each component in an electric circuit* The Nyquist plots of the each symmetrical cell were fitted to
the Randles circuit (Figure 1.7(a)), consisting of Ret in series with the Warburg impedance (W), both
of which being in parallel with a double layer capacitance (Cy,). A series resistance (Ry) was
introduced to describe the ohmic resistance of the load and the conducting substrates® The R is
determined by the impedance at high frequency where the phase is zero. The semicircle at the
middle frequency is assigned to the Ry and the corresponding C,,, of the Ptfelectrolyte interface. The
other semicircle at low frequency refers to the Nemst diffusion impedance of the redox couple in the
electrolyte™ The DSSC contains three spatially separated interfaces formed by FTO/TIO2,
TiO/felectrolyte, and electrolyte/Pt-FTO. Electron transfer which is coupled to electronic and ionic
transport is illustrated in EIS specira. The Niyquist plots of DSSC were measured at forward biasand
fitted by the model refer to the literature (Figure 1.7(0)).° The R denotes the resistance of the
electrolyte and the TCO substrate. Ryand R were the charge transfer resistance of the interfaces of the
counter electrode/electrolyte and porous electrode/electrolyte, respectively. The finite Warburg

impedance (W) related elements were influenced by the diffusion in electrode/electrolyte interface.®
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1.4 Subjects of this thesis

In this thesis, the main theme is application of Pt-free or Pt and TCOHfree electrode as a counter
electrode of DSSC and electrochemical anallysis of these electrodes and DSSC devices. This thesis
are consisted to two parts, Pt-free counter electrode and Pt and TCO-free counter electrode, as
shown in Figure 1.8. And there are four different studies in them; (1) Pt-free counter electrode;
poly(34-ethylenedioxythiophene) inverse opal electrode Nii nitride electrode film by sputtering at

low temperature, and (2) Pt and TCO-free counter electrode; nitrided Ni metal foam electrode,

camphorsulfonic acid-doped polyaniline electrode .

14.1 Pt-free counter electrode

Pt is a noble metal with very high cost, thus many efforts have been made to find
alternative counter electrode materials to produce low-cost DSSCs. A lot of groups have
researched replacing Pt counter electrodes with various conducting polymer materials,
carboneous materials, metal nitride or carbide materials.
14.1.1. Poly(34-ethylenedioxythiophene) inverse opal electrode
Thewell-ordered porous structure of the inverse opal electrode provides some additional benefitsasa
DSSC electrode. First, the inverse opal electrode may have reduced mass transport limitations of the
electrolyte due to its porous structure, and improves electrochemical reactions in various

electrochemnical devioes™ These properties are resulted from the well-ordered porous structures
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provide a large surface area for redox couple in the electrolyte. Second, the periodic nanostructures
with long-ange ordering also provide much easier electron transfer due to the better interconnections
of the ordered structure® In this study; we directly applied inverse opal structured poly(34-
ethylenedioxythiophene) (PEDOT) electrode which was synthesized by PS opal template wes a
self-assembled electrode that was prepared in poly(34-ethylene dioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) agueous solution as a counter electrode without any extra processing in
order to maintain the inverse opal structure.
14.1.2. Ni nitride electrode film by sputtering at low temperature

The transition metal nitrides in nitrided surface present the high electrocatalytic activity due to their
noble metaHike electronic structures, and various transition metal nitrides such as MoNZ Nig\.®
TiNZ W,N were already reported as a highly efficient counter electrode for DSSCs. However,
many researchers have shown that high temperature calcination using ammonia gas is necessary 1o
obtain metal nitride, but it could be a barrier to get flexible counter electrode which used ITO/PET or
ITO/PEN substrate. The RF. sputtering method in present study was a low temperature deposition,
and we could be obtained Ni nitricee flexible electrode which was deposited on ITO/PET substrate.
Furthermore, this Ni nitrice film shown very thin thickness, this optically transparent Ni nitride

flexible counter electrode was prepared on ITOPET substrate successfully.

14.2 Ptand TCO-free counter electrode

This part was focused on the replacing expensive Pt and TCO into a conducting polymer. The
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conventional platinized TCO glass counter electrodes are used as a catalyst layer and a charge
transport layer, respectively. On the other hand, Pt and TCO-free counter electrode used in this paper
functions two things in a single layer simultaneously; which is prepared using materials with high
catalytic activity for I, reduction and rapid charge transport ability.
1.4.2.1. Nitrided Ni metal foam electrode

Since the metal foam is three-dimensional porous metallic structure comprised of interconnected
metallic particles with pores, it can acts as a good electron carrier from the external circuiit to the
redox electrolyte compared to typically used substrate, TCO. In additions, open-pore structures in
metal foam can be provided high surface areas to redox couple in electrolyte and reduced mass
transport limitations of the electrolyte in electrode when it applied as an electrode of DSSCs. The
transition metal nitrides electrode was a well-nown high electrocatalytic materials because of their
noble metalike electronic structures® Therefore, the nitrided Ni foam can be a new effective
counter electrode without expensive Pt and TCO, which is novel method to fabricate cost-efficient
counter electrode.
1.4.2.2. Camphorsulfonic acid-doped polyaniline electrode

The camphorsulfonic acid-doped polyaniline (PANICSA) film used in this thesis was shown
high conductivity and excellent catalytic ability through simple spin-coating process. The PANI/CSA
spin-coated on normal glass substrate by several optimization process, and it was successfully
assembled as a counter electrode of DSSC. This film also can be operated by introducing light from

both photoanode and counter electrode sides, which was called a bifacial DSSC, due to transparency
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of the PANI/CSAfilm. Hence, it illustrated the promising potential for effective bifacial DSSC with
Pt and TCO-free counter electrode by PANICSA film. Furthermore, we analyzed electrochemical
properties of the PANI/CSA film coated on TCO-free glass substrate as a counter electrode and

optical transmittance changes with electrochromism properties.
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Figure 1.8. Schematic diagrams of the DSSCs for in this thesis; () counter electrode of
DSSCs with the new electrocatalytic materials for Pt-free counter electrode and (b)
counter electrode of DSSCs with Pt and TCO-free counter electrode.
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Chapter 2. Experimental

2.1 Preparation of counter electrode
2.1.1 Poly (3 4-ethylenedioxythiophene) inverse opal electrode

The inverse opal structure was synthesized by etching an opal template from the film consisting
infiltration materials within self-assembled opal template. 0.36 g of the 0.5 Wt % nonionic surfactant
(lgepal® Co-30) and 80 mL of PEDOT:PSS dissolved agueous solution (10 wt. %, Sigma Aldrich)
were mixed together, and 0.5 g polystyrene (PS) suspension (Alfa aeser) was added. Nonionic
surfactant was added to the PS colloid suspension to facilitate self-assembly and crystallization of the
PS beads. Surfactant molecules were positively adsorbed on the surface, changing the hydrophilicity
and surface tension properties of the suspension. The mixtures were then ultrasonicated for 30 min,
and the FTO glass substrate was placed in an oven and dried for more than 2 days at 65 C with
constart relative humidity. PS particles were self-assembled into a structured crystal template during
vertical deposition via water evaporation and sequential convective flux.® When the water was
evaporated from the meniscus, particles constantly moved to the vicinity of the triple-phase contact
line by convective fiuid flow of the adjacent suspension. At the same time, capillary forces in the
drying film pulled the spheres together to form an ordered close-packed structure. Asaresult, the film
consisted of a PS opal structure with infiltrated PEDOT:PSS.

Cyclic voltammetry (CV) electrodeposition of PEDOT into the opal template wes performedina
three-electrode cell using a Pt plate as counter electrode and an Ag/AQCl reference electrode using an
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Autolab potentiostat (PGSTAT128N). The FTO substrate undemeath the template served as the
working electrode. Electrodeposition was carried out in a plating bath containing a solution of 0.05
M EDOT (34-ethylenedioxythiophene, Sigma Aldrich), 0.007 M sodium dodecyl sulfate and 0.1
M LiCIO, (Sigma Aldrich) dissolved in distilled water. Based on a previous study™, EDOT was
polymerized using potential cycling between 0.3 V and 1.1 V vs. Ag/AGCI (03 M NaCl). The
number of cycles was changed to control the thickness of PEDOT electrode. After the
PEDQOT ws deposited, the film was immersed in toluene for 12 h at room temperature to dissolve
the PS template and then dried ina 65 °C oven.
2.1.2 Ni nitride film deposited by sputtering at low temperature

The flexible Ni nitride films using in this paper were prepared on ITO coated glass or PET film.
The R.F. magnetron sputtering (Korea Vacuum Tech) was used to prepare these films because this
method was needed low temperature during film deposition. The substrate temperature was set 1
room temperature during each deposition. High purity Ni (99.99 %, RND Korea) metal was used as
a target, and high purity Ar (99.99 %) and N, (99.99 %) were used as a reactive gas. The base
pressure of deposition chamber was 5x10° miTorr. Pre-sputtering depasition under 10 miTor Ar
atmosphere was carried out for 12 hours to clean the targets and ensure steady state deposition. The
Ni nitride deposition took place in two different gas, N, or Ar gaes, with a total pressure was maintain
80 miTorr during depasition. During each film deposition, the reactive power and deposition time
were fixed at 150 W for 3 hours as the optimized condition and the rigid ITO coated glass or

PET films were used to obtain Ni nitride deposited electrode.
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2.1.3Nitrided Ni metal foam electrode

The Ni metal foam (500 pm) was purchased from the Metal Foam Korea and the Ni
foil (125 ym) was also purchased from the Sigma Aldrich. The Ni foams were
immersed in 0.1 M aqueous NaOH solution and dried in order to obtain to eliminate the
impurities on foam surface. After cleaning process, the Ni foam was chemically etched
with sulfuric acid (H,SO,) and nitric acid (HNOs). Firstly, 10 wt % sulfuric acid and
nitric acid was dissolved in distilled water and was controlled the temperature of
solution, nitric acid treatment in RT and sulfuric acid treatment was 60 °C. And then,
the cleaned Ni metal foam was immersed in the prepared solutions for 20 mins and the
solution was stirred using glass rod to remove the bubbels from the foam surface. This
prepared Ni foams were nitrided in a box furnace at 450 °C for 2 h in ammonia
atmosphere with a flow rate of 100 sccm. The nitrided Ni foams were thermally
reduced in an 5 % H, atmosphere tubular furnace to reduce metal oxide part in nitride
metal foams. Lastly, this prepared nitrided Ni foam electrode attached on a TCO-free
glass substrate by surlyn (Dupont, 50 um) to fix the Ni foam on glass.
2.1.4 Camphorsulfonic acid-doped polyaniline electrode

The aniline monomer purchased from Aldrich was used as received. Ammonium persulfate
(APS) (980 %) and 10-camphorsulfonic acid (CSA) (98.0 %) were also obtained from Aldrich.
Kokusan Chemical Co., Ltd (Tokyo, Japan) provided with m-cresol (98.0 %6). Chloroform (CHCI3)

(99.0 %), hydrochloric acid (HCI) (35.0~37.0 %) and ammonia solution (NH,OH) (28.0~30.0 %)
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were used as received from Samchun Chemical Co. (Seoul, Korea). Water and CHCI3 were mixed
at a 1:2 volumetric ratio followed by the addition of HCI (96 mmol). The aniline monomer (22
mmol) was dropped into the solution followed by vigorous stirring. The APS solution was prepared
by adding the APS powder (11 mmol) to the 5.76 M HCl solution (15 mL). At the desired reaction
temperature, the APS solution was introduced into the monomer solution. The obtained PANI was
washed and dried to give the green emeraldine salt form of the PANI powder. The asprepared PANI
was deprotonated with a NH,OH 1 M aqueous solution. The dedoped PANI was reweashed
followed by a drying step. For secondary doping, PANI and CSAwere mixed at 2:1 molar ratio with
amortar and pestle. These mixture powders were dissolved in m-cresol with 3 wi%. The TCO-free
glass substrate for deposition was cleaned successively in acetone, ethanol, and deionized (DI) water
for 20 min in each step to remove any contaminations. Furthermore, in order to increase adhesion
between PANI/CSA and substrate, a hydrophobic plasma treatment was conducted with CH, gas
(200 W for 1 sec) at the ambient pressure. The PANI/CSA dissolved solution was spin-coated on a
prepared glass substrate and dried at 50 <C. After drying, the PANI/CSA coated glass wes heated on

ahot plate at various temperatures for 30 min to determine the thermal treatment effect.
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2.2 Physical and electrochemical Analysis of electrode
2.2.1 Physical characterization of electrode
The thickness and morphology of the Ni nitride film were confirmed by field emission scanning
electron microscopy (FE-SEM, SUPRA 55VP, Carl Zeiss) at an acceleration voltage of 2 KV, To
determine the chemical compasition of Ni nitride film, X-ray photoelectron spectrometer (XPS) was
operated on surface of film and 300 sec etching using VG Scientifics (AlHK o source). The results
were calibrated by referencing C1s at 285 eV and fitted using Avantage software. The structure of
electrode was estimated by X-ay diffraction (XRD) (Rigaku Corp., D-MAX2500-PC). Atomic
force microscopy (AFM, XE-70, Park Systerns, Korea) in tapping mode was used to examine the
surface morphology of the films. Absorptions of films were observed by using a UVMSNIR
spectrometer (JASCO V-570) and transmittances of films were measured by using a UVMis
spectrometer (Scinco, S-3100).
2.2.2 Electrochemical Analysis

Cyclic voltammetry (CV) was measured in acetonitrile solution dissolved in 10 mM
Lil, 1 mM I, and 0.1 M LiCIO, as an electrolyte at scan rate of 50 mV st using
potentiostat (Autolab PGSTAT30). The electrical impedance spectra (EIS) test and
Tafel polarization test with symmetrical dummy cell were carried out to compare the
electrocatalytic activity of Ni nitride film. The dummy cell was fabricated with two
identical electrodes and concentration of triiodide in electrolyte is much lower than that

of iodide (triiodide/iodide = 0.075 in molar ratio). Tafel-polarization curves were
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measured with potentiostat at 50 mV s scan rate and scan range from -0.6 \V to +0.6 V.
The electrical impedance spectra were measured at 0 V using an impedance analyzer
(IM6, Zahner elecktrik) and a frequency ranging from 0.05 to 10° Hz with 10 mV of

amplitude.

2.3 Photovoltaic performance and Analysis of DSSC
2.3.1 Electrode assembly for DSSCs

The um-scaled TiO, films with an active area of 0.2 cm” were prepared by the
deposition of a viscous TiO, paste (Ti-nanoxide D/SP, Solaronix) on F-doped SnO,
(FTO) glass (8 & cm? Pilkington TEC glassTM). N719 dye (Ru[LLO-(NCS)2],
L=2,20-bipyridyl-4,40-dicarboxylic acid, L’=2,2’-bipyridyl-4,40-ditetrabutylammon-
ium carboxylate, dyesol) was then adsorbed in the fabricated TiO, electrode as a
sensitizer. The prepared TiO, electrode was assembled with a counter electrode into a
sandwich-type cell using thermal adhesive films (Surlyn: 30 pm, Dupont). A drop of the
redox electrolyte was injected into the cell.
2.32 Characterization of DSSCs

The photocurrent-voltage (I-V) characteristics of the assembled DSSCs were
evaluated using a 500 W xenon lamp (XIL model 05A50KS source units) with a light
intensity of 1 sun (100 mW cm ), which was adjusted using an NREL fabricated Si

reference solar cell. The incident photon-to-current efficiency (IPCE, PV measurements,
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Inc.) was measured from 300 nm to 800 nm under short circuit conditions to identify the
quantum efficiency of each wavelength.

The electrical impedance spectra were measured at -0.7 V in darkness using an
impedance analyzer (IM6, Zahner elecktrik) and a frequency ranging from 0.05 to 10°
Hz with 10 mV of amplitude. The Nernst plot of EIS was plotted by using the

equivalent circuit model which presented in the part of 1.2.2.3.
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Chapter 3. Results and Discussion

3.1. Pt-free counter electrode for DSSC
3.1.1 Poly(34-ethylenedioxythiophene) Inverse Opal electrode
3.1.1.1 Preparation and morphology of PEDOT inverse opal electrode

As shown in Fig. 3.1(a) and (b), the PEDOT deposited in the PS opal template synthesized in the
PEDOT:PSS aqueous solutions resulted in a more uniform surface with fewer defects compared to
the one that was synthesized in pure water. It seems that the PEDOT:PSS conductive material,
which was infiltrated with PS particles, provided several benefits for gradually filling the PEDOT
into the opal structure from the substrate. Good interfacial contact between the electrode and the
conducting substrate can give rise to good infiltration of PEDOT into the PS opal template. This fully
infiltrated inverse opal structure provided efficient electron transport paths.*** In addition, the change
in the PS opal film surface by adding PEDOT:PSS in opal particles also had effected on
electrodeposition. Because EDOT polymerization was performed in an aqueous solution to reduce
template degradation in organic media®, the hydrophilicity of template is an important factor for
successful infiltration. The changes in the opal template surface were determined by static angle
measurements with water. (Fig. 3.1(c) and (d)) The PS opal film synthesized in the PEDOT:PSS
aqueous solution had an angle of 43+0.5°, which was smaller than that of the PS opal film
synthesized in pure water (12141°). The decrease in the contact angle resulted that the template with
PEDOT:PSS infiltrated into PS opal particles has larger hydrophilicity: Thus, it could be assumed
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that the EDOT monomer in aqueous solution could easily penetrate into the PS opal template during
electropolymerization, leading to the high quality infiltration of PEDOT into the PS opal template.
Therefore, the self-assembled PS opal film synthesized in PEDOT:PSS aqueous solution was a
superior template for an inverse opal electrode compared to that of commonly used PS opal film,
which is synthesized in pure water.

The FE-SEM images in Fig. 32 show the comparison of the surface images between the
conventional PEDOT (c-PEDOT) electrode and the inverse opal PEDOT (I0-PEDOT) electrode
after removing the PS opal template, by the surface images. As shown in Fig, 3.2(a) and (b), the well-
ordered 420-450 nm circle-shape pores and 40-50 nm thick PEDOT three-dimensional networks
were exhibited in the IO-PEDOT electrode. Though the IO-PEDOT electrode presented spherical
pores arranged in ordered arrays, the c-PEDOT electrode had aggregated PEDOT particles on the
FTO glass (Fig. 32(c) and (d)). The spherical void sizes of the PS opal were smaller than the initial
size of the PS particles in the IO-PEDOT electrode. Based on preliminary studies, many researchers
have shown that high temperature calcination is necessary to remove the opal template to obtain a
highly ordered inverse opal electrode. However, this method caused severe pore shrinkage, or
destruction of the entire electrode structure.™ The inverse opal electrode in present study was
prepared by removing the opal template with toluene without any thermal treatment. Less than 10%

shrinkage of the air spheres was observed compared to that of the PS opal template.
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= 200 nm

Figure 3.1. FE-SEM surface images and static angle images of different polystyrene (PS)
opal templates; (@) and (C) are PS opal template with pure water, (b) and (d) are PS opal
template with PEDOT:PSS aqueous solution.
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E-SEM images of the surface morphologies of the IO-PEDOT electrode and ¢-
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3.1.1.2 Electrocatalytic analysis of PEDOT inverse opal electrode

This electrode with ordered macroporous structures and air pores provided a high specific surface
area and wes regarded as a potential candidate as a counter electrode due o its high catalytic
efficiency in electrochemical tests®

CV was used to compare the electrocatalytic activity for triiodide reduction between the inverse
IO-PEDQT electrode, c-PEDOT electrodes, and Pt electrode. According to the CV cunves in Fig.
3.3(2)., the cathodic and anadic reactions for PEDOT or Pt deposited FTO electrodes were occurred
reversely in iodide redox electrolyte. The inverse opal structured PEDOT electrode showed the
highest cathodic peak current of —1.6 mA cm %, whereas the cathodic peak current of —1.1 mA cm >
was observed for ¢-PEDOT and —0.9 mA cm * for Pt deposited FTO electrode. This resuit indicated
that the IO-PEDOT electrode showed superior electrocatalytic activity for triiodide reduction even if
it was a Pt-free electrode. The IO-PEDQT electrode also exhibited twice higher cathodic current
density compared to those of a c-PEDOT electrode. This improverment in electrocatalytic activity by
the I0-PEDOT electrode was due to the increased surface area induced by porous morphology
shown in Fig. 3.2, The porous structure improved the electrocatalytic activity of the tri-iodide redox
reaction in electrode.

The electrochemical impedance spectra (EIS) of the symmetrical cell, which was made with two
identical electrodes, were assessed and compared the resulis from the literature to identify the
electrocatalytic activity of the IO-PEDOT electrode. The Nyquist plots of each symmetrical cell are

shown in Fig. 3:3(b) and analysed by Randle circuit model. As shown in Table 1, which lists the
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fitted results using Z-view software, the R values of the c-PEDOT and IO-PEDOT electrodes were
7.3 and 69 Q cn’, respectively. They were both loweer than the R, value of a Pt electrode (7.7 Q
cn ). This could be due to either the high electrical conductivity between the PEDOT films (c-
PEDOT or IOPEDOT) and the FTO substrate compared to Pt electrode™ The I0-PEDOT
electrode on the FTO substrate had the lowest R value among the electrodes depicted in Nyguist
plots, demonstrating that the collection of electrons from the external circuit was promoted by the
three-dimensional network structure of the IO-PEDOT electrode. Moreover, the Ry values which
refers to the electrocatalytic activity of the film were 2.02 € cm for the c-PEDOT electrode, 016 Q
on for the IO-PEDOT electrode, and 021 € e’ for the Pt electrode. The R, of the IO-PEDOT
electrode was 104imes better than compared to that of the c-PEDOT electrode, which was even
lower than the Ry value of Pt electrode. This indicates that the inverse opal structures of a IO-PEDOT
electrode can show improved catalytic activity in reduction of triiodide to iodide, with effectiveness
as high as that of Pt%* The largest Cm value was observed in the IO-PEDOT electrodes compared
to that of the c-PEDOT electrode or Pt electrode. It additionally indicated that larger surface area was
provided by the IO-PEDOT electrode due to the inverse opal structure® In addition, a large
Warburg diffusion resistance (W) was observed in the I0-PEDOT electrode, because of the porous
inverse opal structure and the thicker layer of the electrode.™ Therefore, these results indicated that the
IO-PEDQT electrode possesses large surface area for high catalytic activity but provided lower
diffusion velocity of the redox couple electrolyte. This behaviour is also presented in plot of current

transient measurements in cobalt complex electrolyte. Because the size of the cobalt redox complex
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is larger than that of the iodide redox complex, which is commonly used;” the mass transport
limitations of the electrodes are more clearly shown by this measurement. DSSCs with cobalt
complexes showed lower short circuit current density in i-v curves (Fig. 3.4(2)). The cobalt redox
electrolyte was synthesized according to the method reported in the previous literature.® Asshown in
Fig. 34(b), the photocurrent density of DSSCs with cobalt complexes electrolyte decayed over a few
seconds to lower steady-state though large initial current density generated immediately following
illumination.® Compared to c:PEDOT or Pt electrodes, the IO-PEDOT electrode wes the best in
sustaining the initial photocurrent density generated in the cell, possibly due to the limitation of the
photocurrent by diffusion that was reduced in the IOPEDOT electrode due to the porous

morphology of the inverse apal counter electrode.™
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Table 1. Parameters determined by fitting the electrical impedance spectra (EIS) of dummy
cells.

R, /Q cm’ Ry /Q cm® Cm/pC W, /Q em®

c-PEDOT 7.3 2.02 3.73 0.82
IO-PEDOT 6.9 0.16 210 4.22
Pt 7.7 021 139 4.06
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3.1.1.3 Phatovoltaic performance and analysis of DSSC with PEDOT inverse opal counter
electrode

The inverse opal electrode can reflect light at specific wavelengths depending on the photonic
lattice size of the PS opals® However, differences in reflectance were not clearly observed because
the intensity was poor due to the thick PEDOT films. Thus, the effects of reflectance in the inverse
opal counter electrode was considered by incident photon to current conversion efficiency (IPCE)
with the DSSCs with N719 sensitized TiO, solar cellsand IO-PEDOT counter electrode employing
the iodide redox couple as the electrolyte. The normalized IPCE spectrum depicted in Fig. 35(b)
showed significantly improved quantum efficiency at 300450 nm at DSSC with IOPEDOT
counter electrode. This phenomenon is originated from the unicue properties of the inverse opal
structure that improved reflection at particular wavelengths. Therefore, the IOPEDOT electrode can
be synthesized into a well-ordered inverse opal structure on a substrate. The series resistance and
charge transfer resistance of DSSCs with IO-PEDOT counter electrodes were reduced compared to
those of DSSCs with c-PEDOT or Pt counter electrode. It was demonstrated by EIS cunvesat 0.6V
under dark conditions (Fig. 35(C)). The Nyguist plot of EIS curves were fitted with Z-view software,
and the parameters are listed in Table 2. The much lower charge transfer resistance (Ry) at the
counter electrode and electrolyte, and high frequency in the EIS, was oboserved in the DSSC with the
IOPEDOT counter electrode, in contrast to the DSSCs with other electrodes. The enormous
decrease in diffusion resistance (W) values in the inverse opal electrode is the main factor that leads

to a reduction in series resistance. Therefore, the morphology of the inverse opal electrode provided
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easy electrolyte transfer and higher electrocatalytic activity due to its porous structure. The fill factor
was described to the sum of three resistances and could be expressed as below.
Riotar = Rs + Rer + Raipr(I3) @

Thus, the improvements in the fill factor (FF) are ascribed to the reduction in series resistance of
DSSC device™ and the short current density of DSSCs was particularly increased in the gelype
electrolyte and liquid electrolyte as shown in Fig. 3.6 and Table 3. It was noted that the inverse opal
PEDOT electrode have large pores in electrode because the DSS with IO-PEDOT counter electrode
shown much improved performance in gel-type electrolyte corresponding to a conventional Pt

counter electrodke.
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Table 2. Parameters determined by fitting the electrical impedance spectra (EIS) of dye
sensitized solar cells (DSSCs) at dark conditions.

R, /Q cm? Ry /Q em? Ca/pC  Ryic/Q em® W, /Q em?®

c-PEDOT 2.5 0.49 110.6 185 51
I0-PEDOT 20 0.32 1338 6.0 42
Pt 2.7 0.59 52.6 4.2 3.0
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Table 3. Summary of the |-V characteristics of the dye sensitized solar cells (DSSCs) with ¢-
PEDOT, IO-PEDOT, and Pt counter electrode.

Ve IV joo/MA cmM™ FF n 1%
c-PEDOT 0.71 10.1 0.69 5.01
gel-

IO-PEDOT 0.72 10.8 0.67 523
electrolyte

Pt 0.71 11.05 0.61 485

c-PEDOT 0.77 9.74 0.72 5.43

liquid-

IO-PEDOT 0.75 10.59 0.74 5.87
electrolyte

Pt 0.72 12.08 071 6.17
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3.1.2 Ni nitride film deposited by sputtering at low temperature
3.1.2.1 Physical Characterization of Ni nitride film

Although metastable metal nitrides have complex phase diagrams, Ni-N system presents only a
few phases well identified. By gradually increasing the nitrogen content, starting from pure Ni, the
face-centered cubic (f.c.c) (NigN)I and its face-centered tetragonal (f.ct) modification (NiN) first
appear, then the hexagonal cross- packed (h.cp.)) NigN, and finally the body-centered tetragonal (bcit)
Ni,N.® The nitrogen contertt in reactive sputtered Nii nitride film can be changed by substrate
temperature during deposition such as Fig. 3.7.The peak of Ni(111) preferential orientation (PDF
#00-004-0850) is obtained by sputtering the Ni target in pure Ar ges. The chemical inactiveness of
Ni and nitrogen appeared in order to very small heat of adsorption. Thus, Ni nitrides were formed by
N ions were incorporated into the deposited Ni but surface nitrided Ni target was not deposited
during RF. sputtering in nitrogen ges. After the sputtering gas changed from Ar gas to N, gas, Ni
peak was not ohserved and only phase of NigN and NiN phases only shown inthe XRD patterns.
The peaks at 409, and 66.8° 20, which can be assigned to NiN phase,  were found at Ni nitric film
depasited at RT. On the other hands, the Ni nitride film deposited at 220 'C presented the peaks at
442° 26, which was indexed as a NigN(111) (PDF #00-089-7096). The different Ni nitride was
formed by different substrate temperatuire can be thought with the change of Ni lattice constant of
each Ni nitride film. While Ni lattice expands remarkably with the increase of nitrogen flow ratio at
RT deposition, which does not increase with the nitrogen flow at 220 “C deposition as refer to the

literature.™ This can be explained that nitrogen incorporation into the lattice was easy when the film
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deposited at RT substrate temperature. Therefore, NiN which had high content of nitrogen in Ni
nitride deposited the films deposited at RT.

However, the nitridation or oxidation actuially oocurred on the surface of the metallic Ni metal foil
or foam as demonstrated in X-ay photoelectron spectrometer (XPS) spectra with Ar ion sputtering.
The binding energy of oxidation Ni nitride state (856.3 €V) was gradually disappeared and the
binding energy of Ni-Ni or N-Ni bonds (853.2 eV) was only remained in bulk Ni nitride films. It
means that the oxidized nitrided Ni which presented in surface of film was disappeared, but the only
metallic Ni or pure Ni nitrides were left in the bulk state® This change was given in XPS spectrum
of Ni2p, with Ar ion sputtering in Fig. 38.

The Ni nitride film could clearly be identified with a profile analysis of XPS spectra in Fig. 39.
The N-Ni bond in N1s XPS spectrum (Fig. 39(a)) was observed at 397.1 or 397.6 eV for the
nitrided Ni, on the other hand, the peak at around 400 eV which mentioned binding energy of N, on
the surface appeared in the all Ni films whether it was nitrided or not? It means that nitrogen atoms
penetrate into the lattice of metallic Ni and the prepared Ni nitride in the case of R.F. sputtering under
nitrogen atmosphere. XPS spectrum of Ni2p, Fig. 3.9(b), wes strongly different from those of the Ni
nitride films sputtering the Ni target in pure N, gas (Nxr, Nxx) and Ni film electrode sputtering the Ni
targetin pure Ar gas (Ni). First, the Ni film deposited under pure Ar atmosphere can be find out with
Ni2py, peak of 855.1 eV which is assigned to characteristic of Ni** in Ni oxide (NiO)® Because the
metallic Ni is reactive enough with oxygen so that the Ni surface was slowly oxidized if it was

exposed at air, the XPS peak of NiO state was detected in the pure metallic Ni film. However, the
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oxidation actually occurs on the surface of the metallic Ni, which is demonstrated in the analysis in
XPS spectrawith Ar ion sputtering. As shown in Fig. 38., the binding energy is 8535 eV of metallic
Ni2ps, peak gradually appeared with 855.1 €V of NiO state with Ar ion sputtering. The Ni nitride
film deposited at RT or 220 “C under pure N, atmosphere was illustrated similar XPS spectrum
and observed two peaks at 853.2-853.3 eV and 856.3-856.26V. The first peak of 8532 eV could be
attributed to Ni2P4, for metallic Ni. The second one at 856.3 €V was higher than the binding energy
of the characteristics of Ni** in NiO, and it confirms that part of Ni nitride has been oxidized to a high
oxidation state such as Ni**.And the relative intensity ratio of the first to the second was about 2:1.*
After all, it showed obvious Ni nitride synthesis by R.F. sputtering under nitrogen atmosphere as
presented in binding energy of nitrogen and Ni elements in XPS spectrums. Furthermore, the relative
atomic concentration of Ni and N obtained from XPS specira was lower in Ni nitride film deposited
a220 C compared tothat of Ni nitride film deposited at RT.

Fig. 310@@)(c) depict the FE-SEM surface images of Ni nitride films deposited at different
temperatures RT and 220 <C and Ni thin film. The apparent surface differences were shown in Ni
nitrice films deposited at N, gas and Ni film deposited at Ar gas. It was considered that the metallic
Ni and Ni nitride which was deposited at different gas were dissimilar lattice structure of Ni metal
and Ni nitride. In additions, most of the Nii particles were homogeneously distributed on the thin film
surface. The surface morphologies changes were shown in each Ni nitride film due to different shape
and size of the Ni nitride grains. Since the surface of Ni nitride film deposited at RT was accumulated

with square-shape particles and the size of particles about 20-30 nm, the Nii nitride film deposited
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220 C was presented more smooth surface which consisted to 15-20 nm spherical particles. This
change of the morphology might be originated from the different substrate temperature owing to
reducing grain boundary on high substrate temperature. The thin film deposited under nitrogen
atmosphere was presentted much thinner thickness compared to the thin film sputtered at Ar gas™
Since the thickness of metal Ni film was 70 nm, the Nii nitride thin films were depicted 20 or 30 nm
thickness as presented in cross-section FE-SEM images (Fig. 3.10(d)+(f)). It was accounted that a
slow sputtering rate in nitrogen gas nitrogen was functioning both as sputtering target and reactive

gas asa formation of Ni nitride.
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3.1.2.2 Electrocatalytic analysis of Ni nitride film

A counter electrode should have electrocatalytic activity for triiodide reduction. Fig. 3.11()
demonsirates the electrochemical impedance spectra (EIS) and Tafel polarization measurement of
the symmetrical cell made by two identical electrodes were measured. Then, the results for dummy
cells were fitted to the Randles circuit. As shown in Table 4 which listed the fitted results by Z-view
software, the R; values of the Ni nitride films sputtering in pure N, gas at RT (Nwy) and sputtering in
pure N, gas at 220 (Nz) Were 11.9 and 10.1 Q e’ respectively. They were both higher than the
R, value of the Pt electrode (9.6 Q cf). The resistivity increased after the introduction of nitrogen
into the sputtering ges, and it could affect the higher electrical resistivity of metal nitride films
compare to that of Pt metal film. This can be explained by impurity scattering effect because of the
nitrogen concentration of Ni films."** On the other hand, the Ni nitride films were obiained different
resistivity of films, and it seems to be caused by the difference of crystallinity, considering both XRD
pattems shown in Fig. 3.7 and different morphology of surface shown in Fig. 3.10. Moreover, the Ry
values which refers to the electrocatalytic activity of filmwere 0.77 in Ny film, 0.94 in Ny film, and
0.04 Q e in Ptelectrode, respectively. The Ry of Na film was slightly improved compared to Ner
film, which is even much lower than the R; value of the Pt electrode. It illustrated that Ni nitricee films
can show the catalytic activity of reducing triiodide to iodide even if they were less effectively
compare to Pt, and the Ny film was estimated as a better counter electrode due to low charge
transfer resistance. For comparison of C;, values, the largest G, value was shown in Ny film

compared to Ny film.
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The Tafel-polarization measurements were also carried out in a symmetrical cell to confirm the
electrochemical catalytic activity of Ni nitride electrodes? Fig. 3.11(b) shows the logarithmic current
density (log j«) of each electrode as a function of the voltage. The slopes of the cathodic and anodic
branches, which prediicted an exchange current density (Jg), for the two Nii nitride films were smaller
than that of the Pt film, and it indicates that the lower electrocatalytic activity wes presented in Ni
nitride films2 The slope of the Tafel plot in Ny filmwas larger than that in Ny film, which is also
in good agreement with the charge transfer resistance of EIS results which presented in Fig. 3.11().
Furthermore, at a low sweep rate, the limiting diffusion current density (js-,) depends on the diffusion
coefficient (D) and Warburg impedance (W) of the redox couple in the electrolyte as mentioned in
literature ™ The i, values of the N electrodes are larger than that of the Ny electrode, which

induces a relatively higher diffusion coefficient and low \Warburg impedance.
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Table 4. Parameters determined by fitting the electrical impedance spectra (EIS) of dummy
cells.

R, /Q cm’ Ry /Q cm® Cm/pC W, /Q em®

N, 11.9 0.77 16.4 6.9
N, 10.1 0.94 435 72
Pt 96 0.04 807 47
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3.1.2.3 Photovoltaic performance of DSSC with Ni nitride counter electrode

Fig. 312 and Table 5 presented the performance of the Ni nitride counter electrodes in
comparison to the Pt counter electrode using a conventional DSSC system which consisted of the
photoanode, N719 dye-adsorbed 10 pmrthick anatase TiO, film on FTO substrate, and |; /I redox
couple electrolyte. To optimize the Ni nitride counter electrode conditions, the various deposition
times were atternpted as the key factor expected to be linked to the final efficiency. By increasing the
deposition time from 3 hour to 10 hours, the thickness of film was increased from 32 nm t0 102 nm
and the amount of N-Ni bond on XPS spectrum was changed as presented Fig. 3.13 and Fig. 3.14,
respectively. Therefore, the Ni nitride counter electrode deposited for 3 hours, which exhibited the
best performance in the iodiide electrolyte, was selected as the counter electrode of the DSSCs.
Although many researchers have shown that high temperature calcination using ammonia ges is
necessary to obtain metal nitride, but it could be a barrier to get flexible counter electrode which used
ITOPET or ITO/PEN substrate *+**® However, the R F. sputtering method in present study wes a
low temperature deposition, and we could be obtained Ni nitride flexible electrode which waes
deposited on ITOPET subbstrate successfully and it was also applied to flexible counter electrode
of DSSCs. The flexible Ni nitride electrode deposited on flexible In-doped in oxide (ITO) coated
PET filmwas also shown the optical transparency. This flexible electrode was used as a counter
electrode of DSSCs. The device consisted of the N719 dye-adsorbed 10 pm-thick anatase TiO,
photoanode, gel-type iodide redox electrolyte and the Pt or Ni nitride flexible electrode. At 1 sun

illumination, the performance of DSSC with the Ni nitride counter electrode deposited on ITO glass
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was shown in the current-voltage curve of Fig. 3.12(g) and the IPCE spectrum of Fig. 3.12(b). While
the DSSC with Pt counter electrode represented a short circuit current of 13.83 mA cm 2 and cell
efficiency of 6.14 %, the DSSC with the Ner counter electrode provided 13.26 mA cm > of g,
551 % of cell efficiency and the DSSC with the N, counter electrode provided 12.31 mAcm >
of js, 4.88 % of cell efficiency, respectively. In the current-voltage curve of DSSCs, the DSSC
with Ni nitride counter electrode was shown lower fill factor and it was mein reason for the lower
efficiency. It could be considered to the higher resistance which illustrated in EIS curves of Fig. 315
and listed the fitting value by Z-view software in Table 6. Compared to DSSC with Pt
counter electrode, the DSSC with Ni nitride counter electrode presented the increase in the
R; and Ry at high frequency region. This incensement of resistances leaded to decrease of fill
factor in DSSC device.

As shown in IPCE spectrum of Fig. 3.12(b), the higher quantum efficiency at low
wavelength, from 350 nm to 500nm, was affected the higher jsc valued in DSSC with
Pt counter electrode. Furthermore, thej.in DSSC with Ngr counter electrode was higher
than that with Nixy, counter electrode. Even though the film was deposited on 220 C,
series resistance (Rs) was not decreased. It demonstrated that the ITO/PET substrate did
not get be damaged by heat, and the short circuit current (ji) of DSSC was not be limited by

the series resistance and sheet resistance of device as below equation.®

. . . 'scRs H RS
Jsc = ]ph_]oexp(q:l?_l)_]sca ©
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The higher charge transfer resistance and series resistance of DSSC with Ngy counter
electrode was shown in EIS analysis. This difference was originated from the different
roughness with different deposition temperature, and the Ny film which had rough surface
was shown improved electrocatalytic activity in iodide redox electrolyte.

In order to the optical transparency of the Ni nitride deposited ITO/PET film, the DSSC with this
counter electrode could absorb light from rear side illumination and could be used as a bifacial DSSC
device. And the Ni nitride deposited ITO/PET film which showed high transmittance in
the range of 450 nm to 600 nm could have an advantage of light absorption to dye from
rear side illumination. The photovoltaic results under rear side illumination were also illustrated in
Fig. 3.12(a) by dash lines and listed in Table 5.

Despite excluding the Pt materials in counter electrode, the DSSC with Ni nitride counter
electrode which was deposited on ITO glass or ITOPET film presented comparable conversion
efficiency compared to conventional DSSC. This result means that the DSSCs with the flexible Ni
nitride counter electrode which was deposited by R.F. sputtering method could perform
promising cell efficiency compared to the device with conventional Pt counter electrode in iodide

redox electrolyte.
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bifacial DSSCswith counter electrode deposited on ITOPET films.
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Figure 3.13. FE-SEM cross-sectional images of the Ni nitride films with various deposition
times; the film deposited for (a) 3 hours, (b) 5 hours, (@) 7 hours,and () 10 hours.
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Table 5. Summary of the |-V characteristics of the dye sensitized solar cells (DSSCs) with Ni
nitride and Pt deposited on flexible ITOPET film..

VoV je/mAcm™®  FF 7 1%

front 0.70 13.26 059 551

RT
rear 0.68 2.82 0.65 1.25
front 0.69 1231 057 488

N220
rear 0.65 2.27 0.69 1.02
front 0.72 13.83 061 6.14

Pt
rear 0.72 6.10 0.69 3.08
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Table 6. Parameters determined by fitting the electrical impedance spectra (EIS) of dye
sensitized solar cells (DSSCs) at ocv condiitions.

R/Qem’ Ry/Qem® Cq/pC  Rrio/Qem® W, /Q em?

NrT 6.3 44 421 3.8 45
Nzo 44 50 445 5.2 31
Pt 3.3 0.89 713 4.7 46
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3.2. Ptand TCO-free counter electrode for DSSC

3.2.1 Nitrided Ni metal foam

32.1.1 Physical Characterization of nitrided Ni foam electrode

The comparison of FE-SEM images between nitrided Ni foam and foil was shown in Fig. 3.16.
While the nitrided Ni foils have a relatively smooth surface, the Ni foam has a surface with the large
pores dominated by three-dimensional structure. The thickness of nitrided Ni foil and foam were 117
and 458 um, respectively. The Ni foam revealed the existence of interconnected structures that
generate small and large open pores with compact and uniform surface In additions, the inside of
interconnected structure was observed triangle-shape hollow space with 10 um wall thickness was
depicted in FE-SEM images of Fig. 3.17(a). The side of interconnected structure was consisted to
small Ni grains as shown in the enlarge magnification FE-SEM surface images of Fig. 3.17(b). The
porasity of porous structure of Ni foam was also demonstrated the measurement of density by
Archimedean law;, which calculated the density with water buoyancy, and compared it with density
of Ni foil. Therefore, nitrided Ni foam presented density of 2.08 g cm®, it had porous structure which
had 234 % relative density compared to theoretical density of Ni foil (883 g cr®which wes
calculated by XRD (PDR#01-089-7128). Therefore, it was noted that the Ni foam had a very porous
structure with 76.6 % porosity compared to Ni foil, and the mass transport in electrode might be
improved due to this structure. *®

The XRD pattemns of Ni metal foil, Ni metal foam, and their nitrided ones are indiicated in Fig. 3.18.

Al of the diffraction peaks of Ni foil and Ni foam after the nitridation can be apparently indexed to
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the face-centered cubic (fc.c) Ni (PDF #00-004-0850). Although a preferential orientation of Ni
(200) at 52 of 20 is obtained in Ni foil or nitrided Ni foil, but a strong peak of 44 20 was observed in
Ni foam and nitrided Ni foam. The XRD pattemns of Ni metal foams were different form that of Ni
foils, but it was similar to that of Ni particles® It noted that the Ni metal foam was comprised of
interconnected metallic particles with well-oriented Ni particles to the (111) plane despite Ni plat foil
shown the orientation at (200) plane. On the other hands, the very small peaks around 42, 52 of 20
which corresponding to the peaks of NIiO were detected in the nitridation treated sample. It was
noted that the oxidation of metal foil or foam by air was also occurred during nitridation at 450 <C
inammonia atmosphere.

The nitridation or oxidation which was occurred in the metallic Ni metal foil or foam was
analyzed by X+ay photoelectron spectrometer (XPS) spectra with Ar ion sputtering as
demonstrated in Fig. 3.19(a). The binding energy of the oxidized Ni state, NiO, at855.0 or 854.3
eV was observed on the surface, but they gradually disappeared with increasing Ar ion sputtering
time. On the other hands, the binding energy of the pure Ni nitrides or metallic Ni was
increased in the bulk state. Although the Ni oxide was shown in two electrodes, nitrided Ni
foam and nitrided Ni foil, but the Ni nitride state was only observed in the surface of
nitrided Ni foam. It was noted that the Ni foam was finely nitrided due to the porous
structure and large surface area of Ni foam,” but the Ni foil was easily oxidized because
metallic Ni surface was exposed in air because the dense Ni foil had non-nitrided

surface.
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While the binding energy of 853.6 €V, indicating a Ni nitride, was apparently observed in
the bulk of nitrided Ni foam, but the binding energy of 852.3 eV, indicating a metallic Ni,
and that of 853.8 eV for Ni nitride were appeared in the bulk of nitrided Ni foil. It was
also illustrated that the relative nitrogen atomic concentration was dramatically decreased and the
metallic Ni state was clearly increased in the all nitrided Ni electrodes with increasing Ar
ion sputtering time. The electrical resistance of filmwhich played a significant role in performance of
electrode could be also affected by the bulk state. The resistance of nitrided Ni foam
electrode was 33mQ e, and itwasslightly larger than that of Ni metal plate (29 mQ cn). It
might be due to the Ni nitride was observed in the Ni foam although the metallic Ni was
shown in the Ni foil in the bulk state. However, these resistances were very similar to
metal plate which was not nitrided and did not be a barrier to application as an electrode.
Therefore, the metallic Ni in the bulk state could provide good electron transfer ability to surface-

nitrided Ni foam, and it was an promising altemative substrate of TCO substrate.
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Figure 3.16. The comparison of FE-SEM images; the cross-section image (a) and the surface
image (b) of nitrided Ni foamn, the cross-section image () and the surface image (d) of nitrided
Ni foil.
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Figure 3.17. (a) The enlarged cross-section image of nitrided Ni foam and (b) the enlarged
surface image of nitrided Ni foam.
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Figure 3.18. The comparison of XRD patterns of Ni foil, nitrided Ni foil, Ni foam and nitrided
Ni foam..
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Figure 319. Ni2p XPS depth profile of nitrided Ni foil and nitrided Ni foam with Ar ion
sputtering; (&) Ni2p XPS depth profile of nitrided Ni foil, (b) Ni2p XPS depth profile of
nitrided Ni foam, and (c) comparison of Ni2p XPS spectrum of nitrided Ni foil and
foam at the surface.
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321.2 Incensement of surface area by chemical etching

The increased surface area induced by porous morphology could influenced the electrocatalytic
activity of the tri-iodiide redox reaction ®* The nitrided Ni foams were prepared by chemical etching
with two kinds of acid, nitric acid (HNO3) and sulfuric acid (H,SO,), to increase the surface
roughness of Ni foams " The comparison of roughness between nitrided Ni foam, Ni(foarm), and
roughened nitrided Ni foam using sulfuric acid, Ni(H»SO,), and nitric acid, Ni(HNOs) was depicted
in atomic force microsoope (AFM) images of Fig. 3.20(@)(C). The root mean square (RMS)
roughness of Ni(foarm), Ni(H,SO;), Ni(HNG,) were 20.1, 139, and 45.7 nm, respectively. It could
be considered that the increment in roughness wes attributed to chemical etching process, and this
rougher surface could provide a larger surface area to increase iodide reduction in electrode. As
shown in Fig. 321, the XRD pattems of Ni foams were not changed whether it was chemically
etched with acids, but the wall thicknesses of nitrided Ni foams were slightly decreased
with chemical etching by acid.

The comparison of electrocatalytic activity for triiodide reduction was demonstrated in CV curves
for I'/l;” redox about the nitrided Ni foams and Pt coated ITO glass. According to the CV cunves in
Fig. 3.22(a), different from the electrochemical behavior of Pt electrode, which exhibited cathodiic
peak and anodiic peak, the nitrided Ni foam electrodes exhibited only cathodic peaks® The acid
treatment in Ni foam had greatly influenced on electrochemical activity of iodiide reduction. The
reduction pesk current density of the Ni(HNOs) (252 mA cm?) and Ni(H,SO5) (245 mA om?)

were significantly higher than that of Ni foam (-1.6 mA cm?). Furthermore, Fig. 322(b) indicates a
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linear relationship between the scan rate and cathodic peak current. The adsorption of iodide species
was slightly affected by the redox reaction on the electrode surface, but the major rate-determine step
of the reaction was diffusion processZ® In addition, the slope of the nitrided Ni foams which was
attributed to the faster redox reaction™ was changed with acid treatment, and the Ni(HNO) electrode
was shown the largest slope among them. It can be ascertained thet nitric acid treated nitrided Ni
foam shown most superior electrocatalytic activity for triiodide reduction. In additions, the nitrided Ni
foam used in this research demonstrated good reversibility and stability in the iodide redox couple
because the nitrided Ni layer on the surface functioned as a protective layer of metallic Ni foam” As
can be seen in Fig. 3.23(g), the cathodic current density changed slightly after 100 CV cycles from
~08 V 10 +0.5 V (vs. Ag/AgCl (sat. KCD). lodine typically reacts with the metal in the case of
cormasion which causes then depletion of iodine in the electrolyte™ Because the loss of iodine by
metal cormosion changes the color of the electrolyte from yellow to transparent color” ™ it could be
found out the color changes of electrolyte. However, the electrolyte which used in CV cycling
measurement was maintained yellow color, and the albsorbance was also not changed color after the
100 CV cycling. The peak at 360 nm, which contributed to the iodide anion, was only observed in
UV-Vis absorbance spectrum of Fig. 3.23(b). This result suggests that the nitrided Ni foams was not
degraded by corrosion of metal substrate in iodiide electrolyte, and it demonstrated good reversibility

and stahility in the iodide redox couple compared to platinized ITO film.
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Figure 3.20. The comparison of AFM images of nitrided Ni foamsand nitrided Ni foil; (@)
Ni(foam), (b) Ni(H,SO,), (¢) Ni(HNO,), and (d) nitrided Ni foil.
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Figure 3.21. The comparison of XRD patterns and the thickness of nitrided Ni foams; (a)
XRD patterns of Ni foams, (b) the cross-section images of Ni(foam), and (c) the
cross-section images of Ni(HNO).
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3.2.1.3 DSSC performance using nitrided Ni foam counter electrode
Fig. 324 demonstrated the comparison of DSSC performances using the counter electrodes with Pt

coated ITO glass, nitrided Ni foil and different nitrided Ni foams. Table 2 listed performance of
DSSCs with these countter electrodes. The conventional DSSC system which consisted of the
photoanode, N719 dye-adsorbed 10 umrthick anatase TiO, film on FTO substrate, and gel-type
iodide redox couple was used at 1 sun front illumination condition. First of all, the nitrided Ni foil as
the counter electrode was given poor conversion efficiency of 1.20 % due to poor electrocatalytic
activity for reduction of triiodlide. This low conversion efficiency and fill factor can be attributed to the
nonporous texture and low active surface area. However, when the nitrided Ni foam electrode which
hed a porous morphology with interconnected structure of Ni grains was used as counter electrode,
the photovoltaic performance had obviously enhanced because of a high active surface area® The
short circuit current density (j«) of DSSCs wes particularly changed from 32 mA cmi > to 96 mA
cm'?, and the FF was increased from 0.59 to 0.62. The nitriced Ni foam counter electrodes exhibited
higher catalytic activity in EIS curves, Fig. 3.24(c), compared to nitrided Ni foil counter electrode.
The lower charge transfer resistance (Ry) at the counter electrode and electrolyte, which presented at
high frequency in EIS, was observed in the DSSC with nitrided Ni foam countter electrode. The
diffusion resistance (W) values decreased in nitrided Ni foam counter electrode due to the porous
structures. It was noted that the higher catalytic activity and easy electrolyte diffusion were exhibited
when Ni foam electrode was used as a counter electrode of DSSC. In addition, mass transport

limitations of the electrolyte were affected because the nitrided Ni foam or foil was thick film. As
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shown in current transient test (Fig. 3.24(0)), While the nitrided Ni foil was presented this tendency
due to thick thickness, the nitrided Ni foam electrode could be sustained the initial photocurrent
density generated in the cell because the limitation of the photocurrent by diffusion was reduced due
to the porous morphology of Ni foam.*® The diffusion resistance (W) values decreased apparently in
nitrided Ni foam counter electrode due to the porous structures.

The chemical etching of Ni foam counter electrode wes attempted to improve DSSC performance
asillustrated in Fig. 3.25 and Table 7. First of all, the short circuit current density of DSSCs was
particularly increased from 9.6 mA cm 2 to 106 and 11.3 mA cmi > with chemical etching of Ni
foam electrode. It was attributed to the rough surface by chemical etching provided a large surface
area to iodide redox couple in electrolyte. The decline in charge transfer resistance (Ry) in EIS of
Fig. 3.25(b) also presented the improvement of iodide reduction in order to rough
surface with chemical etching. The sum of all resistances of DSSC with nitrided Ni
foam was lower than that of DSSC with Pt coated FTO glass because of low resistance
of metal foam electrode. And this low resistance was benefit to fill factor and cell
conversion efficiency of DSSC device. In additions, the metal based substrate influenced the
current density of DSSC. To obtain efficient light harvesting in DSSC device, the scattering
layers was attempted in many groups.”"® The counter electrode substrate can act as a back
reflector and thus metal substrate may also increase the light harvesting in DSSC due to high
reflectance™® As shown in Fig. 3.25(d), the reflectance of the Ni metal foam was larger than Pt

coated TCO electrode, and the reflectance was decreased by nitridation treatment due to
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formation of Ni nitride on the Ni metal foam surface. After nitridation under ammonia
atmosphere, the color of Ni foam and the %R spectra were changed by acid treatment.
Above all, the two kinds of nitrided Ni foam, Ni(H,SO,) and Ni(HNO;), were shown
the different %R spectra. While the Ni(H,SO,) electrode presented maximum
reflectance at 550 nm, the Ni(HNO3) electrode was lowest reflectance at 500 nm.
Because maximum absorption value of dye is 510 nm, the Ni(H,SO,) electrode which
also acted as a back reflector has benefit to increase light harvesting in DSSC due to high
reflectance at 500 nm. This tendency wasalso depicted in IPCE spectrums of Fig. 3.25(C).
Accordingly; it was noteworthy that this nitrided Ni foam etched with nitric acid could be the best
functioned counter electrode for DSSCs. This device exhibited a g, V., fill factor and cell efficiency
of 10.6 mA om, 0.70 \, 064 and 4.76 %, respectively. The reference cell, DSSC with the
platinized ITO counter electrode, displayed cell efficiency of 5.77 % as represented in Fig. 3.25(3).
Therefore, the nitrided Ni foam counter electrode presented comparable conversion efficiency
compared to conventional DSSC despite of excluding g the Pt and TCO materials in counter
electrode. Therefore, it can be considered that the nitrided Ni foam electrode was promising
candidate for the Pt and TCO-free counter electrode of DSSC. Furthermore, the other nitride
metal foam can be applied as a cost-effective Pt and TCO-free counter electrode for

DSSC.
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Table 7 Summary of the |-V characteristics of the dye sensitized solar cells (DSSCs) with
various nitrided Ni foam and Pt counter electrode.

VeV jo /MA cm™2 FF n 1%
Ni(foam) 0.67 9.62 0.60 3.88
Ni(H.SO,) 0.66 11.3 059 445
Ni(HNO5) 0.69 10.7 0.64 473
Pt 0.74 11.1 0.67 557

85



3.2.2 Camphosulfic acid doped polyaniline (PANI/CSA) electrode
3.2.2.1 Electrochemical properties of PANI/CSAelectrode

A counter electrode should have electrocatalytic activity for triiodide reduction. Fig. 3.26(3)
demonstrates the comparison of the CV curves for I'/l;” redox about PANI/CSA film on glass and
platinized ITO. For this measurement, the 1.2 pm thickness of PANI/CSA film, optimized for the
electrocatalytic electrode, was used. According to the CV curves, the PANI/CSA film on glass
showed a much higher anodic peak current of 3.7 mA om ~ and cathodic peak current of —1.8 mA
cm 2 compared to those of platinized ITO. In Fig. 3.26(b), the cathodic current density of PANICSA
filmwas less changed after 100 CV cycles. This result suggests that the PANI/CSAfilm on glass has
good reversibility and stability inthe I'/1;” redox couple compared to platinized ITO film. Fig. 3.26(C)
indicates a linear relationship between the scan rate and cathodic peak current. Thus, the major
reaction of iodide reduction on PANICSA film wes diffusion process® In additions, the twice larger
slope of the PANI/CSA film wes also attributed to the faster redox reaction, even though this
polymer electrode was constructed on a TCO-free substrate. Therefore, it can be ascertained that

PANI/CSA coated on TCO-free glass shows superior electrocatalytic activity for triiodide reduction.
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3.2.2.2 Optimization of PANI/CSA electrode for counter electrode of DSSC

It was considered that the major factors to improve performance of the PANI/CSA counter electrode
were thickness of the film and thermal treatment temperature. Above all, the thickness of the
PANI/CSAfilm strongly affected the performance of the DSSCs. The revolutions per minute (RPIVI)
speed were changed to control the thickness of film. The FE-SEM images of Fig. 327(a)-(C) reveal
that the thickness of films deposited with 500 RPM, 1000 RPM, and 2000 RPM was 5.1 um, 12
um, and 488 nm, respectively. The changes in surface morphology with increasing thickness were
also presented as described in FE-SEM surface images of Fig. 3.27(d)H(f). The more increasing the
thickness of PANI/CSA film, the denser surface of film was obiained. This might lead to the decline
in catalytic activity of the counter electrode because the catalytic activity generally depends on the
surface area of the catalyst™ The mass transport limitations of the electrolyte were also oocurred in
the thick film. As shown in current transient test (Fig. 3.28(b)), PANICSA film deposited by 500
RPM speed was presented this tendency due to thick thickness. The PANI/CSA counter electrodes
exhibited higher substrate resistance and lower catalytic activity in EIS curves, Fig 3.29(c), compared
to platinized ITO counter electrode (inset plot in Fig. 3.28(C)). The sheet resistance (Ry) was
decreased with decreasing the RPM speed due to thicker thickness of PANI/CSA film. The higher
charge transfer resistance (Ry) at the counter electrode and electrolyte, high frequency in EIS,was
observed with decreasing thickness. To optimize the performance of DSSCs, the rotation speed for
spin-coating needs to be fixed to 1000 RPM in order to get best photovoltaic performance as

presented in Fig. 3.28(a).
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Thermal treatment temperature of the PANI/CSAfilm was varied to improve DSSC performance.
Suitable temperature during the process was an essential to fabricate efficient conducting polymer
film because it could affect the surface morphology and conductivity of the film. Fig. 3.29 displays
the AFM surface images of PANI/CSAfilm heated at various temperatures from 50 to 200 <C. With
the exception of the film heated at 100 <C, the root mean square (RMS) roughness of PANI/CSA
film slightly raised from 343 to 3.89 nm with increasing thermal treatment temperaturre as presented
in Fig. 329(a)+(d). It could be considered that the increment in roughness wes attributed to solvent
evaporation. m-cresol (bJp. 202.8 °C) evaporated from the film during the heating step, resulting in
the roughness increase of film. This rougher surface provides a larger surface area with potential
chances to transfer electrons between the counter electrode and electrolyte ¥*% However, this rough
surface could also reduce carrier mohility along the polymer film, which might lead to the decrease
of electrocatalytic activity. Indeed, Jung et al. have already reported that the very small change of
surface roughness can strongly affect the charge transport property.”™ In additions, the heat treatment
temperature affected the CV curves for measuring electrocatalytic activity and electrochromic
properties. As presented in the CV curves in Fig. 3.30(), the PANI/CSA film heated at 100 <C
shows the highest anodic and cathodic peak current compared to other films which were heated at
50, 150, and 200 <C. These results suggest that the higher redox current density describes the stronger
electrocatalytic activity of PANI/CSA film toward the reduction of the iodide redox couple with
thermal treatment at 200 C. On the other hands, electrochemical properties decreased significantly

when the thermal treatment temperature was over 100 °C. The PANI/CSA countter electrodes
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heated at 50 and 100 °C reveal similar electrochromic properties which showed 22 % difference in
optical transmittance change between colored/bleach states as indicated in Fig. 3.30(b). However,
PANI/CSA counter electrodes heated at 150 and 200 “C cannot show electrochromic properties due
to the structural change of PANI from half oxidized/half reduced emeraldiine base (EB) state to other
insulating state.”™"® Therefore, it could be argued that the PANI/CSA under the condition below
150 <C has electrochemical property which can conduct reaction with electrolyte under DSSC

system due to the structural deformation.
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463 nm

Figure 327. FE-SEM images of PANI/CSA films spin-coated with different RPM speed;
Cross-sectional images of (&) 500, (k) 2000, and (c) 2000 RPM and suface images of (d) 500, (€)
1000, and (f) 2000 RPM.

91



«a 12'.:_"_';_':::.'—,;:::___\\‘
£ 101 N
5] \
< 81 ——500 rpm )
E 64 ---- 1000 rpm )
- 44 2000 rpm
b o Platinized ITO :‘
¥

0 T r T T T T -
0.0 0.1 02 03 04 05 06 07 08

Voltage /V
(b) .,
a 121 |
E 104 |
(3 . |
< 81 Light on Light off
E 6 —— 500 rpm
~ 4 - ---1000 rpm
o~ Y N 200(') 1.‘prn [
Platinized ITO|
04— [S—
9 10 11 12 13 14
Times / sec
(c)
-20
-
S a Ju——
_ < b s
g 15 f‘/' 11
G 4 g
—-10 Patinized ITO
= 500 rpm
N 1000 rpm
) 2000 rpm
5 10 15 3 20
Z /Qcm

Figure 328. The comparison of the DSSC performance of the PANI/CSA counter electrode
with various RPM speed and the platinized TCO counter electrode in iodide redox
electrolyte; (a) current density—voltage characteristics measurerment of the DSSCs, (b) plots of
the current transient measurement, and () Nyquist plots of the DSSCs from EIS curves.
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Table 8. Summary of the |-V characteristics of the DSSCs with various PANI/CSA counter
electrodes differentiated by controlling RPM speed.

Thickness Jc/MA
Sample Vo IV 5 FF n %
(um) cm
500RPM 51 0.70 1050 0.66 482
1000RPM 12 072 n37 063 515
2000 RPM 049 0.72 172 051 432
Platinized ITO - 072 1272 071 6.56
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Figure 329. AFM images of the PANI/CSA film with different thermal treatment
temperature; () 50, (b) 100, (c) 150, and (d) 200 °C. RMS roughness values are also described
oneachfigure.
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Figure 3.30. Electrochemical properties and optical transmittance changes of PANI/CSA
films with different thermal treatment temperatures; (@) CV curves of PANI/CSA films, (b)
changes in insitu optical transmittance during continuous potential cycling, and (¢) UV-Vis-
NIR spectrum of the PANI/CSAfilm with different thermal treatment temperatures.
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3.2.2.3 Application for bifacial DSSC

Fig. 3.31 reveals the comparison of DSSC performances using the counter electrodes with
platinized ITO glass and differently heated PANI/CSAfilms. Table 8 lists performance parameters of
DSSCs with these counter electrodes. In Fig. 3.31(b), all kinds of resistance in DSSCs with
PANI/CSA courtter electrode were higher than that in DSSCs with platinized ITO counter electrode.
Therefore, fill factor of DSSCs with PANI/CSA counter electrode was lower than that of DSSCs
with platinized ITO counter electrode. The diffusion resistance (W) values increased with increasing
thermal treatment time. In addition, the lowest value of ohmic series resistance (Ry) and charge
transfer resistance at counter electrode/electrolyte interface (Ry) were observed in the film heated at
100 <C. It is noteworthy that the PANI/CSA film heated at 100 “C could be the best functioned
counter electrode for DSSCs. Therefore, thermal treatment at 100 <C s the optimized condition for
efficient PANICSA counter electrode of DSSCs. This device exhibited comparable DSSC
performance compared to the reference cell, DSSC with the platinized ITO counter electrode which
was displayed cell efficiency of 6.56 % as represented in Fig. 3.31(a). The DSSC with PANI/CSA
counter electrode presented 84 % of conversion efficiency compared to conventional counter
electrode of DSSC. The PANI/CSAfilm has transparency as shown in inset picture of Fig. 3.31(C). It
should be noted that the half-ransparent PANI/CSA film could be applied to bifacial DSSC because
transparency was crucial for high performance of the bifacial DSSC when the light was cast from the
rear side.” As described in Fig. 331(c), the UV-Vis spectrum of PANICSA and platinized ITO

counter electrodes after electrolyte injection demonstrate different transmittance pattems. Because
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maximum absorption value of dye is 510 nm, the PANI/CSA counter electrode which showed
higher transmittance in the range of 450 nm to 650 nm has benefit to light absorption from rear side
illumination.” It wes clearly indicated in IPCE spectrum of Fig. 331(d). The DSSC with
PANI/CSA counter electrode exhibited higher quantum efficiency from 500 nm to 700 nm. It was
noted that the large amount of light could be absoried on dye due to the complementary absorption
properties of PANI film and dye.”™ In additions, the improved transparency of PANI/CSA film
because of electrochromic properties which wes illustrated in Figure 3.32(b) can help to increase light
absorption from rear side illumination. Hence, the comparable jsc was observed in DSSC with
PANI/CSA counter electrode. As a result, the DSSC with the PANI/CSA film coated on TCO-free
glass provided a j. 0f 5,44 mA cm > and cell efficiency of 2.67 % from rear illumination. The DSSC
with platinized ITO glass represented a jsc of 546 mA cm > and cell efficiency of 2.86 % under rear
illumination. Therefore, it waes considered that this comparable efficiency wes originated from the
effective absorption from front and rear illumination.

The PANI/CSA film had very porous structure as shown in the cross-section FE-SEM
image in Figure 3.33(a). This porous electrode was also applied to DSSCs using the
cobalt (111/11) redox couple which had slower charge transfer rate than the iodide redox
couple. Figure 3.33(b) and (c) depicted the performance in the DSSC device based on
the PANI/CSA counter electrode using cobalt electrolyte. The PANI/CSA film heated at
100 °C, which exhibited the best performance in the electrolyte with the iodide redox

couples, was applied to the counter electrode of this device. The reference cell, the
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DSSCs with platinized ITO counter electrode, had a js., Vi, fill factor and cell efficiency
of 8.04 mAcm 2 0.6 V, 0.62 and 2.97 %, respectively. In contrast, the DSSC with the
PANI/CSA film provided a j, V., fill factor and cell efficiency of 5.22 mA cm 2, 0.56
V, 0.65 and 1.89 %, respectively. Despite the lower current density and cell efficiency
compared to the platinized ITO counter electrode, the CSA doped PANI counter

electrode also presented comparable cell performance in the cobalt redox electrolyte.

98



14
b e
C\Il 12 NN
s S
E 10 Y
(5 TR P R
< 84 ps'o‘ \ -
y )
E 64 ™ \ A
..... \ "
S, PISO \
R, \
'\ 7 200 e \‘.‘
---=- Platinized ITO %) |
0 -+

— Y
0.0 0.1 0.2

T T u T T
03 04 05 06 07 08

Voltage /V

100
——PANI/CSA s
801 ---- Platinized ITOCE
<
N
= 40
-
204
0 e T T T v
300 400 500 600 700 800 900 1000

Wavelength / nm

a5 PZ(IU

of 7 e,
T
1100

z' Q f:m.2

IR 1000 11
e Psu Z/Qcm
P

100

P

150

—— Platinized ITO

P o il

T T
10

15 20 3 30
Z /Qcm
40 PANI/CSA
wunn® Y
304
S, N
» .’0“..
204 g 4 o\
* 4 Platinized ITO CE",
104 J | 4
.. # '
o %ee® [} %
0 ' T T T
300 400 500 600 700 800

Wavelength /nm

Figure 331. (@) Photocurrent-voltage curves of PANI/CSA counter electrodes with
different thermal treatment temperatures from front illumination, (b) Nyquist plots of EIS
curves, () transmittance spectrum after electrolyte injection (inset picture is digital image of
transparent PANI/CSA counter electrode), and (d) IPCE spectrum of the DSSCs from rear

illumination.

99



Table 9 Summary of the |-V characteristics of the DSSCs with PANI/CSA counter electrodes
differentiated by thermal treatment temperature.

VeV joe /MA cm2 FF n 1%
Ps 0.72 11.37 0.63 5.15
P 0.72 1258 0.61 550
P 0.69 8.67 0.44 2.65
Po 0.65 0.18 0.28 0.03
Platinized
0.72 12.72 0.71 6.56
ITO
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Chapter 4. Conclusions

To obtain cost-effective counter electrode for DSSC, the Pt-free or Pt and TCO-free electrode were
used as a counter electrode of DSSC. The conventional platinized TCO glass counter electrodes are
used as a catalyst layer and a charge transport layer, respectively. However, Pt is a noble metal
with very high cost and TCO electrode was also expensive materials which was the
most expensive constituent in DSSC devices.

Firstly, we used the materials with high catalytic activity for I; reduction and rapid charge transport
ability to replace Pt layers. The well-ordered inverse opal PEDOT electrode with a PEDOT.PSS
filled self-assembled PS opal template was synthesized with novel method and applied as a Pt-free
counter electrode for DSSC. Compared to common electrodeposited PEDOT electrode, this inverse
opal structured PEDOT electrode was shown improved charge transfer and diffusion of iodide
redox electrolyte in various electrochemical measurements due to its porous morphology.
Particularty; the improved quantum efficiency at specific wavelength was also ooserved in IPCE
measurement resulted from well-ordered inverse opal structure of the electrode Therefore, we could
be successfully applied the inverse opal structured PEDOT electrode as an effective counter
electrode for DSSCs. The transition metal nitrides which shown high electrocatalytic activity due to
their noble metaHike electronic structures was prepared by sputtering depasition at low-temperature
and could be used as a Pt-free counter electrode for DSSC. Because RF. sputtering deposition did
not needed high temperature calcination using ammonia gas to obtain metal nitride, we could be
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also obtained Ni nitride flexible electrode which was deposited on ITO/PET subbstrate. Furthermore,
this Ni nitride film shown very thin at nano-scale thickness, this optically transparent Ni nitride
counter electrode for bifacial DSSC could be prepared on ITO/PET substrate successfully.

On the other hands, Pt and TCO-free counter electrode was also studied to realize the real cost-
effective counter electrode for DSSC. The counter electrode wes required electrocatalytic activity to
reduce the triiodide to iodide ion and electron conductivity to electron transfer from external circuit to
electrode surface. Ve found out the materials which functioned two things, high catalytic activity for
triiodide reduction and rapid charge transport ability in a single layer simultaneously.

The nitrided Ni foam electrode was applied as a Pt and TCO-free counter electrode of DSSC.
First of all, the nitrided surface on Ni foam was presented good electrocatalytic activity in iodide
redox electrolyte due to their noble metal-like electronic structures as reported in literature. Since this
nitrided Ni foam is consisted of three-diimensional interconnected metallic particles, it could be acted
asagood electron transfer layer to replace TCO electrode which was typically used as a substrate. In
additions, openHpore structures in metal foam can be provided larger surface areas to redox couple in
electrolyte and reduced mass transport limitations of the electrolyte in electrode compared to
common metal plate. Therefore, the nitrided Ni foam can be a new cost-efficient counter electrode
without expensive Pt and TCO. And many various kinds of nitride metal foarms could be used asa
Ptand TCOHfree counter electrode by using this nitridation method in the further works.

Lastly, the camphorsulfonic acid-doped polyaniline (PANI/CSA) electrode was used as a Ptand

TCOHree counter electrode for DSSC. The camphorsulfonic acid-doped polyaniline (PANI/CSA)
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film was prepared by simple spin-coating deposition and low-tempered treatment. The PANI/CSA
spin-coated on normal glass substrate by several optimization process, thickness and heat treated
temperature, and it was sucoessfully assembled as a counter electrode of DSSC. The PANI/CSA
was a Well-known conducting polymer which shown high conductivity and it was provided
excellent electrocatalytic ability because m-conjugated polymer superseded Pt as efficient
electrocatalyst for iodide reduction reactions. Thus, PANI/CSA film could be presented excellent
photovoltaic performance when it applied as a Pt and TCO-free counter electrode of DSSC.
Furthermore, the PANI/CSA film which used in this study was illustrated optical transparency and
optical transmitiance changes with electrochromism properties. Therefore, it demonstrated that the
PANI/CSA film can have a promising potential for effective bifacial DSSC with Pt and TCO-free

counter electrode.
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