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ABSTRACT

Scanning electrochemical microscopy (SECM) in feedback mode was used to investigate the photochemical kinetics of
dye-sensitized solar cells (DSSCs). In this study, two organic dyes, coumarin (C343) and CW1, were used to sensitize nickel
oxide (NiO)-based photo electrochemical cells. Six NiO/C343 films with different thicknesses were the subject of a methodical
investigation to look at how they affected the charge transfer kinetics. The absorption cross-section (®hv), the reduction rate
constant (kred) and the effective rate constant (keff) were the three most crucial kinetic parameters that were quantitatively
evaluated. The findings unequivocally demonstrate that dye regeneration kinetics demonstrated exceptional sensitivity to
incident light intensity, electrode film thickness and sensitizer molecular structure. The fundamentals of the interfacial charge
transfer mechanisms that control DSSC performance are explored in this article, which also emphasizes the significance
material and operating conditions are to photochemical kinetics. A powerful foundation for spatially resolved analysis of photo
electrochemical systems is provided by the SECM-based the approach.
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Introduction

Since they can be combined with a broad variety of visible-
light sensitizers and exhibit good hole-transporting properties,
dye-sensitized nickel oxide (NiO) photocathodes have received
significant attention to be utilized in p-type dye-sensitized
solar cells (p-DSCs), photo electrochemical water splitting and
solar fuel generation'.The NiO film structure and in particular
the thickness, which determines light absorption, charge
generation and transport kinetics, is still the crucial element
in the photochemical efficiency of these systems despite
developments in dye structure and interfacial design. Although
recent research has proved the influence of film thickness

not only on the dye loading capacity but also on the charge
collecting efficiency and recombination kinetics, the in-depth
understanding of the related effects is still unknown?.

As new devices require fine control of optical transparency
and charge transport in ultrathin geometries, the understanding
gap makes it difficult to rationally design high-performance
NiO-based devices’. Because it has an effect on light
harvesting, charge carrier diffusion and interfacial charge
transfer simultaneously, film thickness in NiO films is an
optimization problem. Thicker films increase optical density and
dye adsorption but also form longer hole-transport pathways,
which increases the risk of recombination losses®. Thin films
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reduce charges’ travel distances but can also be plagued by
poor light absorption and increased interfacial recombination
at the substrate-electrolyte interface’.The spatially localized
photochemical kinetic processes that govern the overall
performance of the device is obscured by conventional
characterization methods like electrochemical impedance
spectroscopy and current-voltage measurements that are capable
of yielding only macroscopic information.The requirement
to unscramble the interplay between film microstructure and
photochemical kinetics by spatially resolved methods has been
brought out by recent work®.

A incredibly powerful technique for examining
photochemical reactions at high spatial and temporal
resolution,scanning electrochemical microscopy (SECM) has
special strengths in examining thickness-dependent kinetics’.
Photochemical activity and morphology of the film are
coupled by nature as a result of SECM, which allows mass
transport processes, recombination dynamics and charge
transfer rates to be measured locally at the nanoscale, unlike
bulk electrochemical techniques®. Two new modes, redox
competition and feedback modes, of SECM, introduced in
recent years, have been successfully utilized to investigate
where the photocurrent generation and spots of recombination
occur in dye-sensitized systems’.SECM is in a good position to
investigate how film thickness of NiO affects the competition
b etween charge collection and recombination, a key factor for
improving device efficiency.

The influence of the thickness of NiO films (0.5-5um) on
photochemical reaction kinetics in dye-sensitized systems is
examined in detail in this work by using sophisticated SECM
techniques.The paper reveal thickness effects on interfacial
charge transfer, transport of charge and light harvesting by
combining high-resolution SECM imaging with transient
photocurrent studies and impedance spectroscopy'®. Our
research demonstrates a non monotonic correlation between film
thickness and photochemical efficiency indicating an optimum
range of film thicknesses that balances light harvesting and
minimum recombination losses. With applic ability to p-DSCs,
solar fuel generation and other photo electrochemical reactions
involving control of charge carrier dynamics with considerable
accuracy,these findings provide novel design ideas for NiO-based
photoelectrodes''.

A new photo-electrochemical cell family has been newly
emerged: the P-DSSC. The photo-excited sensitizer (HOMO) in
p-type DSSC is reductively quenched by injecting holes into the
valence band of a p-type semiconductor (p-SC)'>". The excited
state dye D* injects a hole into the semiconductor valence band
(VB), decreasing the amount of dye D, following the process-
based operation mechanism of P-type DSSC.If the charge
recombination reaction between the reduced sensitizer and
hole in valence band (h+/VB p-SC) is acceptable to the redox
mediator (M) at a sufficiently slow rate.

The injected holes diffuse to the TCO at the back side, pass
through the external circuit and reach the counter electrode,
where they oxidize the redox mediator to its original state'*'".
Parameters affecting overall performance, stability and
conversion efficiency have been the focus of several studies.
Efforts were made to prepare P-type nanostructure films,
including NiO'%, CuO'",CuSCN'3, CuGaO", CuCrO2*,and
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K-doped ZnO?"?2, compared to that provided to n-type DSSC.
P-type semi-conductors have been interested in NiO due to its
high stability and large band gap (e.g., 3.6 to 4eV).

To avoid charge recombination between the injected
electron and the photo oxidi sed dye , dye regeneration is a
crucial process that minimises the loss of dye. It is critical that
the interfacial kinetic process be critical to the process of a
photoelectrochemical cell. Electron recombination with holes in
the valence band of p-type oxides and hole injection are critical
to regeneration in P-type DSSC. The photovoltaic efficiency
and regeneration kinetics of dye-sensitized solar cells can be
seriously affected by the film thickness®***.To characterize the
rate constant of electron transfer at the interface, time-resolved
spectroscopy (TRTS) was developed to study the kinetics of
electron transfer at dye-sensitized solar cells®-.

Besides, scanning electrochemical microscopy has also
been shown to be a powerful method to calculate ET kinetics at
various interfaces, such as polymer/ liquid interfaces®, liquid/
liquid interfaces* and redox enzymes®'.

According to a recent study by the Prof. G. Wittstock
group at the University of Oldenburg in Germany, scanning
electrochemical microscopy is a novel method of investigating
electron transfer at dye-sensitized semiconductor/electrolyte
interfaces (Figure 1). They addressed about the regeneration
kinetics of ZnO/D149, ZnO/Eosin and ruthenium (I)-sensitized
TiO2 interfaces®**°.
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Figure 1: Chemical structure of (a) CW1; (b) C343 dyes; (¢)
Absorbance of CW1 and C343 dyes

The NiO/C343 films of six distinct thicknesses were
investigated in detail in this work. This was accomplished by
modifying the dip-coating deposition parameters for NiO and
then sensitizing the films in a C343 dye solution for a full
night. There are two main analyses in the article: First, the
regeneration rates of C343 and CW1 dyes are compared using
SECM measurements. Second, a thorough analysis of the
kinetic parameters for C343-sensitized NiO films in each of
the six thickness ranges that SECM produces. This methodical
approach makes it possible to fully understand the kinetics of
thickness-dependent charge transfer in the dye regeneration
process depicted in (Figure 1).
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Materials and Methods
Preparation of the NiO/Dye film

Particles of nickel oxide (NiO) (about 20 nm in size, 99.9%,
Informant Advanced Materials) were ball-milled in ethanol
with a few acetate droplets. A fine dispersion was achieved
by sonicating and stirring the mixture of the aforementioned
colloidal solution, ethyl cellulose (Aldrich) and terpinol
anhydrous (=99.5%, Fluka) alternately. The mixture’s ethanol
was evaporated using a rotary evaporator to create a paste.
After being dip coated with a nickel acetate (+98%, Alfa Aesar)
ethanol (>99.7%, Merck) solution (0.05M), FTO glass (Nippon
sheet glass, resistance 13 €/square) was dried before screen
printing?”%,

SECM apparatus and procedure

A Pt wire counter electrode and a Pt wire quasi-reference
electrode were used in the SECM studies. Using an x-y-z
stepper motor system, positioning was done. A Scm Pyrex glass
capillary was vacuum-sealed with a Pt wire with a radius of
12.5um (Figure 2). A wheel with 180-grid carbimet paper disks
and 0.3pm micro polishing cloths was used for three minutes to
polish and conically shape the UME. Since RG is the ratio of
the diameters of the Pt wire and the glass sheath, the UME was
sharpened to RG ~ 10. Prior to every experiment, the UME was
cleaned with ethanol and water after being polished with 0.3um
powder. A Pt wire was used to short circuit the sensitized NiO
electrode to the electrolyte, which was positioned at the bottom
of a small volume electrochemical cell.
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Figure 2: Schematic view of the processes involved in the SECM
feedback experiment with dye sensitizedNiO film substrate and
I3 redox mediators under illumination in short circuit photo
electrochemical cell configuration. The structural formula of
CW!1 is shown in the inset
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The LEDs’ emission spectra were contrasted with the NiO/
C343 and NiO/CW1 films’ absorption spectra. An objective lens
was utilized to concentrate the LEDs on the dye-sensitized film
near the cell, giving the photo-illuminated spot a diameter of
approximately 0.0785 cm2***, Under illumination from red
and blue LEDs with systematically varying light intensities, the
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SECM method curves were used to analyze the photochemical
kinetics via electron transfer from the redox electrolyte. (Figure
2) illustrates how the LED intensities at the locations of the
NiO/C343 and NiO/CW1 samples can be calibrated thanks to
the system’s integrated light sensor. Nonetheless, the SECM
operating principle is explained in***,

The expression of observed power in terms of photon flux
density is explained by the math that follows. It summarizes the
incident light power (P = 58uJs for blue LEDs, P = 56uJs! for
red LEDs) and photon flux (Jhv =2.9210® mol s'cm™ for blue
LEDs, Jhv = 3.85x10-9 mol s'cm? for red LEDs) from which
the number of photons per second is calculated using equation

(1a).

P.A
N,=—1(1
hw hc(}

Where h plank constant, h = 6.626068103* m’kg s,
C=2.9999910* m s,P is incident light power, is wave length
490nm for blue LED and 647nm for red LED respectively.

The resulting photon flux expressed by (eq.(2)
(2)
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Wher A is area A of 7.85 10%cm?, Nhv the number of photons
per second , 1.38x10'"J/s for blue LED, NA, Avogadro's
number=6.023x10%

Results
SECM feedback mode

According to various applications, SECM has been a widely
used tool to study interface dynamics’*’. SECM feedback
mods, which use an ultra microelectrode (UME) to substrate
and the resulting current response against the distance from the
surface, can be used to access photochemical kinetics in solar
cell sensitized***'. Various studies indicate that after the dye is
reduced (D), illuminated dye excited (D*) creates a hole in the
NiO semiconductor’s valence band (VB). Eq. 3a-e describes a
few photochemical reaction mechanisms in P-type DSSC***,
Sensitized electrode-electrolyte interface photochemical
reaction. Therefore, at the illuminated D-sensitized NiO
electrode-electrolyte-UME probe**:

NiO/D + hv — D” /NiO : excitation (3a)

D* /Ni0 — D~ — h*/NiO:charge separation (3b)
Nio(h*) + D~ — Ni0/D : germinate recombination (3c)
NiO(h*)/D~ +1I; > D/ NiO(+) + I, + I : regeneration (3d)
31" — 2e” — I3 : regeneration on UME (3e)

When excited dye is exposed to light, it undergoes a charge
separation, a hole injection into the valence band of NiO and
dye reduction. The dye will then recombine with oxidized

species of the electrolyte "3 and return to its ground state.

The model for this charge separation under illumination
is (eq.3b) heterogenecous electron transfer (regeneration)

I3/D (eq.3d).Scanning probe in feedback mode, which is
based on ultra-microelectrode movement near the surface of
a conductive or non-conductive substrate and is defined by tip
current for charge transfer reactions. The ultramicroelectrode
(UME) probe functions as both an actuator and a sensor in this
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operating mode, responding to local changes in electrochemical
activity while using feedback control to maintain a constant
tip-sample distance.

The UME in the electrolyte solution determines the steady-
state limiting current and the diffusion-limited reaction, which
are given in (eq.4) and (eq.5), respectively.

O+ne” - R(4)

k
Iy = 47F (%) CrE(5)

Where, F: Faraday’s constant, n is number of electrons
transferred in reaction (eq. 4), k , reaction rate constant,C is
concentration of electrolyte,r, is UME radius and «, normalized
rate constant.

The photochemical kinetics of blue and red light of various
wavelengths were studied in dye-sensitized NiO film. The impact
of light intensity on the photochemical kinetics was examined
by observing approach curves at different photon flux J,_; as can
be seen in (Figures 3a and 3b), its value also increases with the
increase in J, . When UME is close to the sample surface, tip
current is modified by photo electrochemical interaction at the
NiO/dye electrolyte interface (Table 1).

Table 1: Normalized rate constants keff of CW1/NiO and C343/
NiO in blue illumination D =1.86 107° cm? -s—1, rT = 12.5 pm

J,/10” mol-cm™ -s™! | Curve # | k | k,10-3 cm-s—1
(a) CW1

22.4 7 0.219 | 8.18
19.8 6 0.214 | 7.67
13.9 5 0.189 | 6.25
11.8 4 0.178 | 5.62
6.8 3 0.156 | 3.79
6.1 2 0.132 | 3.48
2.2 1 0.067 | 1.45
(b) C343

224 7 0.213 | 4.93
19.8 6 0.205 | 4.64
13.9 5 0.185 | 3.82
11.8 4 0.174 | 3.46
6.8 3 0.137 | 2.37
6.1 2 0.129 | 2.18
22 1 0.065 | 0.92

The SECM feedback mode technique was used to
examine the photo electrochemical reaction’s kinetics by
the electrolyte on NiO films with two dyes (C343 and
CW1) of different intensities, as presented in Tables
1 and 2. The normalized experimental method curves at
UME under blue LED light illumination for CW1/
NiO are presented in Figure3(a).

Under blue LED light, the photon flux ranged from
2.210°mol. cm2.s7"to 22.4 x10°mol.cm2.s™". In blue LED
for CW1/ NiO, the k . rate constant rose from 1.45X107
to 8.18X1073cm.s™!. Figure 3(b) illustrates the normalized
experimental approach curves at NiO/C343 under blue LED
light at various intensities. As given in Table 1, NiO/
(343 keff rate constant in blue LED rose from 0.92107 to
4.93107cm.s".
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Figure 4(a) shows the experimentally normalized approach
curves on C343/ NiO under red illumination flux density range

d between 2. 12X10°mol.cm™?s™" to 14.7X10 mol. cm2.s™!
its rate constant k  ranged between 2.43x107 to 7.39X107
cm.s " Figure4(b) shows the approach curve on NiO/CWI
under red illumination at different intensities rate constant r
anged between 1.82x10-3 to 5.64X107*cm.s™!' in red LED
as presented in (Table 2).

o 2 4

Figure 3: Normalized SECM feedback approach curves of
a Pt disk UME towards (a) NiO/CW1, (b) NiO/C343 , under
illumination by a blue LED. Photon flux density of LED in 10~
mol cm-? s-!

The apparent heterogeneous rate constant k . for the
photochemical reaction of the photo-reduced dye by I" is
obtained from (kerr = ¥D/7r)with the diffusion coefficient of

I~ in acetonitrile of 1.867X10 cm*s™" and r, of the particular
UME used. The results are summarized in Table 1 for blue
illumination, table 2 for red illumination respectively.

Fig. 5.isthe k , vs J_plotfor CW1 and C343
sensitized (a) blue light and  (b) red light. An
experiment value of k , = 6.95%105 mol! . cm3 .s
T and ®hv(}) = 3.16X 10° cm? mol™! for the C343 blue,
LED respectively. An experiment of kred = 7.95%X10° mol™.
cm’®.s 7! and ®hv(}) = 3.32X10% cm? mol™ for CWI1 in the
blue, LED, respectively Table 3. Upon back-illumination
of the sensitized NiO film, the ground state dye
is designated as D, photo-reduced dyes D~ and photo
excited dye molecules D*.

Table 2: Normalized rate constants k . of C343/NiO and CW1/
NiO in red illumination D = 1.86 107 cm® -s™' , r, = 12.5 pm

J,/10° mol-cm? -s™! | Curve # | k | k107 cm-s™!
(a) CW1

14.7 7 0.048 | 7.39
13.1 6 0.046 | 7.09
12.1 5 0.044 | 6.89
9.4 4 0.041 | 6.21
6.8 3 0.034 | 5.31
4.2 2 0.027 | 4.01
2.12 1 0.016 | 2.43
(b) C343

14.7 7 0.037 | 5.64
13.1 6 0.036 | 5.41
12.1 5 0.035 | 5.24
9.4 4 0.032 | 4.72
6.8 3 0.137 | 4.02
4.2 2 0.027 | 3.01
2.12 1 0.023 | 1.82
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The mathematical expression for excited dye D* can be
derived from mass conservation and steady-state approximations
for photo excited dye surface concentrations given by eq.uation
(eq.6) and reduced dye (eq.7).

aly

D *
? = JiwPho — kinjFD (6)

ary .
= = krealp- U515 + kins I3 (7)

Therefore, (eq.8) gives the rate constants of k_,
for reduction of the reduced dye upon injection
of the hole into the valance band of the NiO
semiconductor by the reduced state of redox in the i
ncident light upon it. A kinetic analysis rate constant
k .. on the basis of reduction rate constant kred,dye
absorption cross-section ®hv, sample thickness L,
dye concentration Do and electrolyte concentration [] as
1 2L I 1
= B ] ©

Where , k_, represents the regeneration rate (Figures 4-6)
(Table 3).
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Figure 4: Normalized feedback approach curves for the approach
of a Pt disk UME towards (a) NiO/C343, (b) NiO/CW1 in red
[lumination

Table 3: Regeneration parameters for C343/NiO and CW1/NiO
in blue illumination.

Dye k_/mol'em’s™ | @ /cm’mol™ Ep(eV)
CW1 9.62 10° 7.95 10° -435 | -2.8 -3.81
C343 3.06 10° 3.32 10° 434 |-092 |-38
8
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Figure 5: k ;. vs J, for (a) CW1 and (b) C343 sensitized NiO
films in blue and red LED.
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Figure 6: k . . dye, the hole injection, the regeneration reaction
red hv

and, the reduction potential of dyes
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Figure 6a. Show that CW1 dye’s reduction rate constant,
kred and absorption cross-section ®hv are much larger than
C343 dye. Dye difference effect, which results from the shift
of conduction band edge of p-type semiconductor (NiO),

affects rate and direction of photochemical reaction drivers such
as free energies of hole injection AG,; per electron(eq.9),

dye regeneration reaction, AG,, (eq.11), per electron and
excited state dye reduction potential Ep (eq.11) as shown in
figure.6b.
AGjins
—— = [EVyio — (Eqo(D)" + E(D/D))] (9)

AGreg - -
— — [U7/15) - E(D/D7)] (10)

E,(eV) = Eyo(D =) + E(D/D—) (11)

Where ¢ is the elementary charge, E .. is the valence
band potential of the NiO**. E (D*) is the energy of the
excited dye, E(D/D-) is the reduction potential of the dye and
E() is the reduction potential of the redox electrolyte (-0.28eV)
in acetonitrile solvent and Ep is reduction potential of
the excited state of the dye. From various studies, the valence
band potential (EVB) of NiO is 0.54 V vs NHE**, the E00
(D*) 0of C343 (-2.6eV) and CW1 (-0.693eV). The reduced state
dye energy, (E(D/D-), for CW1 and(-3.12eV) and for C343
(-1.2eV)*". Using (eq.9), the free energy for hole injection
(AGini) per electron is calculated to be (-4.35eV) and (-4.34eV)

for both CW1 and C343 respectively.

In addition, the dye regeneration reaction per unit elementary
charge for CW1 and C343 was -2.84¢V and -0.29¢V, respectively;
the photochemical reaction between the dye and electrolyte
must be feasible so that the two dyes’ reduction potential is
more negative than the electrolyte’s (AGreg<0); for CW1 dye, a
significantly higher free energy per charge and a slightly higher
injection per electron were found, which would lead to a faster
regeneration process than that of C343*, In other words,
as shown by (Eq.11), the valence band edge of NiO is lower
than the reduction potential of the dye’s excited state, which
for CW1 and C343 is -3.81eV for CW1 and -3.8eV for C343.
The aforementioned highlights the crucial finding that dye types
have a significant impact on the photochemical parameters.

SECM measurement of different film thickness

Systematic research on the effect of film thickness on the
photochemical kinetics of dye is lacking. Several investigations
have been conducted on the film thickness of the macroscopic
nature of dye sensitized solar cells parameters such as Voc,
Jsc (Figure 7) and FF but not on the reaction rate and rate of
dye photochemical kinetics at individual samples*“’. The
film thickness has an indirect influence on the performance
of dye sensitized solar cells, photochemical reaction and the
possibility of dye assembly and therefore promoting more
light absorption'*?°. SECM feedback measurement allowed the
examination of dye photochemical kinetics in a microscopic
sample (Table 4).

This work studied six samples of thickness 2.8um, 34um,
3.8um, 4.4pum, 5.4pm and 5.8um. Figure 7(a) demonstrates the
absorption spectra of C343 adsorbed at various thicknesses
on porous NiO films. The spectra distinctly show broad bands
of absorption having a peak near 490 nm, overlapped onto
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an background signal from scattering of light by the nickel oxide
film (Table 5). This confirms the successful pore dye saturation
of the films for all films. The film thickness follows the
trend of peak heights in the solid-state absorption on the
surface NiO spectra, pick highest for 5.8um (figure 6(a).(b)
and lowest spectra pick for 2.8um (figure 7(a)(g).

Table 4: Normalized rate constants k . of C343/NiO for
different film thickness in blue illumination, J, /10~ mol-cm™
s, k /107 cms™ S/

1 /107 P TUA L SIS0 RSPV B SR R YA S
hv S28 S34 S38 S44 S54 S58
22.4 7.65 8.57 8.74 8.88 9.18 10.17
19.8 7.19 8.18 8.39 8.62 8.95 9.87
13.9 6.21 7.19 7.37 7.43 7.97 8.98
11.8 5.43 6.24 6.71 6.86 7.56 8.28
6.12 3.82 432 5.05 5.28 5.68 6.37
221 1.74 1.83 1.98 2.09 2.36 3.89
16 T
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Figure 7: (a) Optical absorption spectra of NiO/C343 films of
different thickness,(b) SECM approach curves obtained with Pt
UME (rT = 12.5 mm) on C343-NiO films of thikness 28.

Table 5: Regeneration parameters ®hv and k , of C343 by I- for
different film thickness. ®hv/10° (cm?mol” 1) k /10° (mol™'cm3
s)and mol cm?

28 3.71 5.65 5.15 0.188

34 3.89 5.46 5.79 0.171

38 4.28 4.98 6.02 0.162

44 4.98 4.55 7.27 0.151

54 5.27 3.95 8.32 0.136

58 5.58 3.88 9.31 0.131
Figure 7(b) are the normalized SECM
approach curves recorded using Pt UME T =
12.5um coming towards C343/NiO  films of 28um
thickness under illumination ~with  different photon

flux density. By changing the photon flux density I
of the blue illumination from 2.21x10°mol.cm2s™! to
22.4x10°mol.cm2.s”!, keff changed from 1.74x10%cms"
to 7.6x10-cms'for thickness of the sample 28um (Table 4).
Such trend the value of keff at illuminated C343/NiO film,
in Jhv.

samples were recorded in

increases with the increase Normalized approach

curves of other supporting

information. It can be seen that for same variation of photon

Int J Cur Res Sci Eng Tech | Vol: 8 & Iss: 2

flux density, the keff increased from lower to higher flux
density in all the samples (Figure 8).
For Diffusion-Controlled system Regeneration rate have invers
reltion with film thkness

1

Koy = — 12
s =T 12)
By using equ.(12) in equ.(8)
'r"ed
hv hv eff
10
U] (@ =9 @ _
~ =5 =
E £ -3, g
T 6 <’ -k, |%
;— j [ —=Ty, JE
=4 ek 5, = o
RS 5 1=
Kot = =
kS 4
0 3 0 15 w0 % B 3 3F M 45 N 560

The/107% molem™2 L0 b
ALY @
0154
Q1T
é:: L16. =O-ke
T
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14,
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% 20 & 4 & 2 = @
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Figure8: (a), .vs.Jhvforsixdifferent C343/NiO photoelectrodes
with systematically varied thickness; (b) k ,, ®, [ vs L/nm
Thickness of film (c). Regeneration rate vs. Film thickness.

For all samples , the increased flux regeneration rate
constant increased more than tripled relative to low
flux density blue illumination regeneration rate
constant. Above all, the dependence of regeneration
rate constant k. , on dependence of sample thickne
ss was shown evidently that the sample thickness is
fairly meaningful to effective photochemical reaction.

The relationship between keff and Jhv is shown in Figure
8(a) for six different C343/NiO photo electrode samples with
systematically different thicknesses. The relationship between
sample thickness Lvs k_,, ®hv and I' for six different samples
is displayed in Figure 8(b). The increased dye deposition, which
provides more opportunities for light absorption as film thickness
increases, is the cause of the sample’s increasing thickness. The
constant of regeneration falls with increasing film thickness
because the dye concentration on the NiO film surface increases
and the photochemical reaction rate on the NiO/C343 surface
is higher than that of the UME photochemical reaction. In the
P-type DSSC, the situation is much more complex, though it is
still possible to reach the same conclusion.

For electrodes from our set, the second major parameter,
®hv, was obtained as a function of film thickness. Due to the
very slight spectral broadening that was observed when C343
adsorbed onto NiO, this is in fact expected to be a function of the
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dye’s extinction coefficient, ®hv, which can at best be regarded
as variable even at high concentrations of C343.

The quantity serves as a benchmark for the quantity of dye
molecules per internal surface area.Dc=I" /(P.1)=I" /(A.l) where
the projected area of the SECM probe is DC dye concentration
I', NiO film surface dye content (mol ¢cm?), p porosity (%),
Lp(um) and thickness of NiO film as shown Figure 8b. This
makes sense because it is implicitly assumed that the sample
size(NiO) varies for all films associated with the mean effects of
the dye molecules on the surface. Higher concentrations of C343
molecules improve kred, which means that hole conduction in
adsorbed dye C343 facilitates the regeneration of oxidized dye
molecules. The absorption spectra’s peak height tendency and
the I'D’s tendency against film thickness are appropriate.The
inverse relationship between film thickness and regeneration
rate is depicted in Figure 8c. If diffusion or charge transport
are limiting factors, thinner films typically promote faster
regeneration and thiker film exihbet slow regeneration .

Conclusions

The photochemical kinetics of C343-sensitized NiO photo
electrodes were investigated on a range of film thicknesses and
it was discovered that the absorption cross section area @, and
the rate constants kred were significantly different for the photo
electrodes of systematically varied NiO thickness. The clear
difference of regeneration parameters was analyzed for CW1/NiO
and C343/NiO and both dyes’ regeneration parameters showed
significant variation in different wave lengths of illumination.
The SECM kinetic model demonstrates significant variation in
(343 photochemical kinetics constants k_, and absorption cross
section @, for C343-NiO electrodes of systematically varied
film thickness. It is concluded that the photochemical kinetics of
the dye molecules and hole injection have been greatly impacted
by the thickness of film and dye types in the present system.
These findings highlight the critical role of film thicknesses in
designing efficient dye-sensitized photocathodes for solar energy
conversion, where modified thickness can exploit interfacial
kinetics without compromising charge collection.
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