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The efficiency of a NiO-sensitized solar cell is determined by the kinetics of hole injection and dye regeneration reactions at the
NiO/dye/electrolyte interface. In this research, the photochemical regeneration kinetics of dye adsorbed on the NiO film was
investigated by scanning electrochemical microscopy (SECM). Besides, organic C343 and P1 sensitizers in combination with
iodide-based, cobalt-based, and thiolate-based electrolytes were selected to understand the effect of sensitizers and redox
shuttles on the dye regeneration process. As a result, a fast regeneration kinetic rate constant was conformed in the thiolate-
based sample compared with cobalt-based and iodide-based, demonstrating that the organic redox shuttle was an efficient
mediator to optimize the performance of p-type DSSC. Furthermore, the regeneration rate constants (k.), reduction rate
constants (k,.q), and absorption cross section (®y,) were investigated for organic dyes and electrolytes. That is, an effective dye
regeneration rate constant k4 of 6.95x 10°mol'cm’s™ for NiO/P1 and k4 of 3.75x 10° mol'cm®s™ for NiO/C343 was
found at various wavelengths. Therefore, the experimental results demonstrate that regeneration kinetics are dependent on the
type of electrolyte and dye used. Moreover, the results suggest that scanning electrochemical microscopy is a powerful method

for screening efficient dyes and electrolytes for charge transfer reactions in P-type dye-sensitized solar cells.

1. Introduction

Due to their low production cost, versatility, low toxicity,
and competitive light-to-electric energy efficiency compared
to silicon solar cells, dye-sensitized solar cells (DSSC) have
recently gotten a lot of attention [1-4]. As an emerging
PV, dye-sensitized solar cells (DSSCs) can advance the
energy produced from renewable sources and energy effi-
ciency through their applications. Until recently, a variety
of studies on the sensitization of n-type titanium dioxide
(TiO2) and zinc oxide (ZnO) have been conducted [5, 6].
The progress of solar cell conversion efficiency was 7% [1],
and Nazeeruddin’s team’s effort increased it to around 10%
[7]. Nowadays, the best laboratory-scale confirmed result is
12.3% [8], which is slightly lower than the highest efficiency
reported by Kakiage et al. of around 14% [9].

Currently, a new type of DSSC has evolved as a new solar
cell based on the p-type semiconductor (p-SC) where the
photoexcited dyes (HOMO) are reductively quenched by
hole injection into the semiconductor’s valence band [10,
11]. The excited dye (D*) injects a hole into the semiconduc-
tor’s valence band (VB) upon light absorption, resulting in
dye reduction (D). The injected holes diffuse to the back
transparent conducting electrode (TCO), which then passes
via the external circuit to reach the counter electrode
[12-14]. In this perspective, the nickel oxide nonmaterial is
the predominant p-SC material used, but much higher photo
conversion efficiencies and it is applicable in several applica-
tions are needed [15-19].

In preceding studies, researchers have analyzed the effect of
electrolytes on dye regeneration for the reason that charge
transfer kinetics are very much associated with the photovoltaic
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FiGURrk 1: The molecular structure of (a) P1 sensitizer, (b) C343, and (c) absorption spectra of P1 and C343 dyes (d) light-induced electron
transfer reactions in p-type DSCs. D’: the reduced dye; hvb+: holes in the valence band of the semiconductor. Electrolyte redox potentials

and the valence band edge of NiO [16, 17, 39].

performance of DSSC devices [12, 20, 21]. In the past few
decades, a comprehensive investigation into the dye regenera-
tion mechanism in DSSCs has been performed by transient
absorption spectroscopy [22]. SECM, which has a wide range
of applications in biological processes [23], living cell studies
[24], batteries [25], fuel cells [26], quantum dots [27], superca-
pacitors [28], and solar cells [29], was recently used to investi-
gate the regeneration kinetics of redox couples and an
organometalic halide perovskite [30]. And, it has been shown
to be a useful tool for studying electron transfer kinetics across
avariety of interfaces, including polymer/liquid [31, 32], liquid/
liquid interface [33], and redox enzymes [34]. In this study, we
provide an experimental investigation on the regeneration
kinetics of P1 (as shown in Figure 1(a)), and C343 (as shown
in Figure 1(b)) dyes by using SECM on semiconductor oxides
NiO with the three different electrolytes I', T", and Co>* for
comparative study under different illumination wavelengths.

2. Experimental Methods

2.1. Materials. The NiO paste was prepared by ball-milling 4
grams of NiO nanoparticles (with a particle size of 20 nm) in
50mL of ethanol. Then, to obtain a fine dispersion, the
aforementioned colloidal solution, 4.4gm of EC (30-
60mPas), 5.6gm of EC (5-15mPas), ethyl cellulose, and

10 gm of triponal were sonicated and stirred overnight alter-
nately. On a rotary evaporator, the ethanol from the mixture
was evaporated to make a paste. And, the FTO glass was
coated with nickel acetate ethanol solution (0.05M) by
dip-coating and subsequently dried before screen printing.
The photocathode films were screen printed with the NiO
paste and cured for 5min at 125°C [35-38].

2.2. Instruments and Procedures. The SECM apparatus for
dye-sensitized solar experiments were used. The SECM
experiments were performed on a CHI920C electrochemical
workstation (CH Instruments, Shanghai). A homemade Tef-
lon cell with a volume of 2mL was used to hold a Pt wire
counter electrode and an Ag/Ag+ reference electrode. The
dye-sensitized NiO film coded as P1/NiO electrodes was
placed at the bottom, sealed by an O-ring. Moreover, an
extra Pt wire connected the back contact of the NiO/P1 sam-
ple with reduced (I') electrolyte to operate the photo electro-
chemical cell in a short-circuit setup. The LEDs were placed
close to the dye coated sample from the back side and
focused on film electrodes by an objective lens. The LEDs
were placed close to the dye-coated sample from the back
side and focused on film electrodes by an objective lens inci-
dent light power on the illuminated area 0.0785cm” and
photon flux density J,, of 22x107° to 22.4x107°
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FIGURE 2: Basic principle of the feedback mode (a). Reaction diffuses to the substrate (b). Substrate surface is an insulator (c). Positive

feedback (d). Negative feedback.

molcm’s” for blue LED and 22x107 to 14.9x 107
molcm?s™ for red LED. A 25um diameter Pt wire (Good
Fellow, Cambridge, UK) was sealed into a 5cm glass capil-
lary prepared by a vertical pull pin instrument (PC-10,
Japan). The ultramicroelectrode (UME) was polished by a
grinding instrument (EG-400, Japan) and micropolishing
cloth with 1.0, 0.3, and 0.05m alumina powder. The UME
was then conically sharpened to an RG of 10, where RG is
the ratio of the glass sheath and Pt disk diameters. Then,
the approach curves are given as normalized UME current
I vs. normalized distance L. The position Z max at which
mechanical contact of the UME with the sensitized sample
and the distance d, of the active electrode area to the sample
at Z max, where L is obtained from the vertical position z
increasing with the approach toward the NiO/P1 sample.
Therefore, the possible distance between the substrate and
tip is 200 um + d,, the potential at the tip is ET=0.7 V.
The potential of the UME was selected after recording a
cyclic voltammetry. ET (using Figure 1(d)) was taken well
in the region of the diffusion-controlled oxidation current
such that insignificant variations in the reference electrode
potential would not change the UME current [34, 39-41].

3. Results and Discussion

3.1. Investigation of SECM Feedback Mode at Various
Illuminations. As mentioned in Equation (la), the SECM

feedback mode permits electrochemical currents to collect
local quantitative information of oxidation reaction rates.
The tip current (I;) reaches asymptotic conduct with the
steady-state current as indicated by Equation (1b).

(1a)

R—-ne — O,

k
I =4nCF—r (1b)
’ K

where n is the number of electrons transferred at the
electrode tip, F denotes Faraday’s constant, C denotes the
concentration of reduced species, k. denotes the regenera-
tion rate constant, r; denotes the radius of the tip, and k
denotes the normalized rate constant [34, 39-41].
Figures 2(a) and 2(b) show that basic operation principle
on conducting surface and nonconducting/insulator. That
is, when the tip moves near to a conductive substrate, the
oxidized species formed in reaction (1) diffuse to the sub-
strate and can be reduced back to R and the UME current
exceeds the finite distance current (i} > ip), termed “posi-
tive feedback,” as shown in Figure 2(c). On the other hand,
when the tip moves to the substrate surface, which is a non-
conducting surface, there is no redox reaction and termed
“negative feedback” (i; >ip.,), as in Figure 2(d) [34,
39-42]. Furthermore, as shown in Equations (2a) and (2b),
the analytical equations utilized for the current vs. distance
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F1GURE 3: Normalized SECM feedback approach curves of Pt UME towards P1/NiO under illumination by (a) blue LED and (b) red LED.

curves for positive (conductive I©) and negative (insulating,
;™) feedback, respectively. The total tip current is equal to
the sum of the steady-state and probe approach currents, as
shown in Equation (2¢).

I
I$(L)=A+B+Cexp (D/L) = I_T

Toco

(22)

IinS(L)_ 1 — IT
Y " A+B+Cexp (DIL) Ipy’

Iy Kest
IT(L) = IT,ins(L) +pg, = T + 4”CF%r2T’

T,00

where L=(d/r;) is the normalized tip/substrate dis-
tance, and the coeflicients A, B, C, and D are fitting
constant parameters.

In illumination intensity, the reduced specie of electro-
lyte forms an oxidized yield when the UME approaches to
the sensitized NiO surface and increasing the UME current
as shown in Equation (2c) [43, 44]. The electron transport
processes, such as light absorption, diffusion of the mediator,
and hole transfer at dye-sensitized NiO/electrolyte interface,
affect the current vs. distance curves on the sensitized NiO
film/electrolyte interface [34, 44].

In order to investigate the influence of light intensity on
the regeneration kinetics, the SECM measurements were
performed with constant mediator concentration, by varying
illumination intensities. Figure 3(a) shows the normalized
approach curves on UME approaching NiO/P1 film under
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TaBLE 1: Normalized rate constants x and k. obtained for the reduction of photoexcited P1 by I" for different illumination intensities of
blue and red LEDs and (I") = 1 mM + 0.1 M of LiTES supporting electrolyte, D=1.86 x 107> cm’s™", r; = 12.5 um, RG = 10, k¢ = kD/ry.

Ji (10°mol cm™s™) Curve# k k. (10°cms™)
(a) Blue

22.4 1 0.134 1.44
19.8 2 0.119 1.38
13.9 3 0.108 1.24
11.8 4 0.101 1.16
6.82 5 0.099 0.89
6.12 6 0.096 0.84
221 7 0.094 0.42
(b) Red

14.7 7 0.073 0.67
13.1 6 0.071 0.64
12.1 5 0.063 0.62
9.41 4 0.057 0.56
6.82 3 0.039 0.48
4.19 2 0.024 0.36
2.21 1 0.015 0.23

TaBLE 2: Feedback model reduction rate of the regeneration rate k.4, absorption cross-section @, and regeneration free energy of P1/NiO,

C343/NiO, and three different electrolytes.

Dye Kq/10° (mol'em’s™) @, (cm’mol™) [AGreg/e” eV
P1 6.95 9.34 % 10°
0.48
5.17 x 10°
C343 3.75 3.86 x 10°
0.95
4.51 % 10°
Electrolyte
I 6.83 4.93 x10° 2.78
T 7.87 5.92 x 10° 2.63
Co* 5.72 4.27 % 10° 2.05

the illumination of blue LEDs. As the photon flux density J;,
increased from 2.21 x 10" mol cm™*s™" to 22.4 x 10~ mol
cm*s~", while the regeneration rate constant k. increased
from 0.42 x 10>cms ™" to 1.44 x 10>cms ™. Figure 3(b) shows
the normalized approach curves of red-light emitting diodes.
As the flux density J,, increased from 2.21x 10~ mol
cm %" to 14.7 x 10 mol cm s of blue LEDs their corre-
sponding k. increased from 0.23 x 1073cms ™" to 0.67 x 1073
cms ™" as shown in Table 1. The analytical dye reduction rate
constant k.4 as a function of kg, @y, I'p®, I, and [I'] gives
the formula for electron transport at the sample’s surface, as

_ 2()bhv]hvkeff
kred - 6[1_]keff - 3FD"(th]hv ' (3)

where @, is absorption cross-section, J, is photon flux den-
sity, k.g is regeneration rate constant, and I'p° is dye content

at ground level [34, 39, 42-44]. As shown in Table 2, the P1/
NiO sample reduction rate k4 =6.95x 10°mol'cm?s7!,
and @y =9.04 x 10°cm’s™" for the blue LED and @, =
4.51 x 10° cm’s™* for the red LED.

Using absorption spectra of P1 and C343 dyes (as shown
in Figure 1(c)), the Lambert Beer’s law of Equation (4) was
used to calculate the light-harvesting efficiency (LHE) for
different dyes loading on the surface of the nickel oxide film
of I'y = 6.3 x 10~® mol cm® and illumination intensities.

LHE(A) = (1-107"2%) x 100%, (4)

where LHE is the absorbance of the film, I'D is dye loading
content, and @(;,,) photon absorption cross-section
(cm®mol™). Theoretical light-harvesting efficiencies at
467 nm (blue LED) and 647 nm (red LED) were calculated
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F1GURE 4: Normalized SECM feedback approach curves of Pt UME towards C343/NiO under illumination by (a) blue LED and (b) red LED.

to be 71.5% and 43%, respectively [40, 43]. The excitation of
P1 dye and the emission of blue illumination coincide with
high photon absorption [45].

3.2. SECM Feedback Mode Investigation of NiO Films in
Different Dyes. To investigate the dependence of the regen-
eration kinetics on the properties of dyes, we have carried
out SECM approach curve measurements on two different
dyes, coumarin C343 and P1, at different wavelengths of
blue illumination. As photon flux density J,, and k.
increase, the normalized approach curve of UME on

C343/NiO film in (blue and red) LED illuminations is
shown in Figures 4(a) and 4(b). In blue illumination, k.
increased threefold when photon flux density ], increased
tenfold as shown in Table 3. For C343/NiO, k.4 =3.75x
10° mol 'em’s™!, @),,(3),3.87 x 10°cm?s™! in  blue light
and @y, ),4.51 x 10°cm?s™! in red illumination, as illus-

trated in Table 2. SCEM normalized approach curves of
UME towards the C343/NiO and P1/NiO in red illumina-
tion are documented in Figure SI-I. Furthermore, the
absorption cross-section in blue illumination is higher
than in red illumination [36].
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TaBLE 3: Normalized rate constants k. obtained for the reduction of photo excited C343 by I" for different illumination intensity of blue
and red LEDs and (I") =1 mM + 0.1 M of LiTFS supporting electrolyte, D =1.86 x 10° cm’s™, r; = 12.5Im, RG = 10, kg = kD/r ;.

Ji (10°mol cm™s™) Curve# K k. (10°cms™)
Blue
224 1 0.128 1.34
19.8 2 0.111 1.29
13.9 3 0.102 1.15
11.8 4 0.098 1.09
6.82 5 0.096 0.84
6.12 6 0.092 0.79
221 7 0.085 0.39
b) Red
14.7 7 0.083 0.78
13.1 6 0.074 0.71
12.1 5 0.063 0.68
9.41 4 0.059 0.62
6.82 3 0.049 0.53
4.19 2 0.034 0.41
2.21 1 0.022 0.24
1.6 0.8
~ 12+ 06
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FIGURE 5: The plot of J;, vs. kg of NiO/P1 and NiO/C343 under illumination by (a) blue LED and (b) red LED.

Figures 5(a) and 5(b) show the curve of k. vs. J;, of
(P1/NiO and C343/NiO) in blue and red illumination,
respectively. As a result, P1/NiO has a higher kg in blue illu-
mination and a lower k. in red illumination than C343/
NiO. These results were attributed to a shift in the dye’s
reduction potential from LUMO to the mediator’s reduction
potential, as represented by [15, 41]

where AGgg stands for regeneration free energies, E(D/D")

for dye reduction potential, and E(I;7/I,”")=-0.35V vs.
NHE for redox reduction potential.

The dye E(D/D") has a reduction potential of -0.83 V vs.
NHE for P1 dye and -1.2V vs. NHE for C343 dye. However,
there were significant differences in regeneration rate k.4
and absorption cross-section @, between the two dyes [41].
The free energies of regeneration for P1 dye and C343 dye,
according to Equation (5), are -0.48 V vs. NHE and -0.85V
vs. NHE, respectively. As a result, there is a clear variation in
the regeneration free energies of different dyes, indicating that
the regeneration is highly dependent on dye type [15, 41].
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TaBLE 4: Normalized apparent heterogeneous first-order rate constants x and apparent heterogeneous first-order rate constants k ¢ obtained
from P1/NiO by three different electrolytes T, I', and Co** in blue illumination ry = 12.5 ym, RG = 10, kg = xD/r.

Jiw ¥ 107 molcm™s™ Curve # k ke x 10 cms-1
(a) T

224 1 0.13 9.19
19.8 2 0.12 8.91
13.9 3 0.11 8.01
11.8 4 0.109 7.56
6.82 5 0.086 593
6.12 6 0.081 5.61
2.20 7 0.052 2.87
(b)r

224 1 0.104 6.92
19.8 2 0.097 6.70
13.9 3 0.087 6.03
11.8 4 0.082 5.69
6.82 5 0.064 4.46
6.12 6 0.061 4.22
2.20 7 0.032 2.16
(c) Co**

224 1 0.059 4.12
19.8 2 0.057 3.99
13.9 3 0.052 3.59
11.8 4 0.049 3.39
6.82 5 0.038 2.66
6.12 6 0.036 2.51
2.20 7 0.018 1.28

10
8
§ 61
- -
S
K
2y
2
T T T T
0 5 10 15 20 25
J,, (10 mol cm™s™")
——(T)
—Oo—(I)
—A— (C02+)

(a) (b)

FIGURE 6: (a) Normalized SECM feedback approach curves of Pt UME towards NiO/P1 with electrolyte T". (b) Plot of ], vs. k. in three
electrolytes (T), (I'), and (Co**) under the illumination of blue LED.
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3.3. SECM Feedback Mode Investigation of NiO/P1 Films in
Different  Electrolytes. We examined the normalized
approach curves of P1/NiO with different electrolytes (I’,
T, and Co*") at varied intensities of blue illumination to
demonstrate the dependence of regeneration kinetics on
electrochemical characteristics of electrolytes. In the three
different electrolytes listed in Table 4, the normalized
approach curves of the P1/NiO sample with photon flux
density J;, and first-order rate constant k., were increased,
as shown in Figure 6(a).

The SECM approach curves of the electrolytes T~ and
Co®" in various intensities are shown in supplementary
information in Figure SI-II (a and b). The k. vs. J, for
the three electrolytes I, T°, and Co®* is shown in
Figure 6(b), and Table 2 shows the experimental value of
kg and Jp, for each electrolyte. The experimental data
demonstrates that k. calculated value from T  electrolyte
is higher than I" and Co®". Between the three electrolytes,
however, there were significant differences in both the
regeneration rate constant and the absorption cross-section.

Thus, the reduction rate constant k.4 and excitation
cross section @y, for the P1/NiO film were evaluated as
k.q=6.8x10°mol'cm’s™, @, =4.93 x 10°mol 'cm* with
I" in blue illumination, k4 ="7.87 x 10°mol'cm’s™, @, , =
5.92x10°mol'cm”® with T, and k4 =5.72 x 10°mol”
'em’s™!, @y, = 4.73 x 10°mol'cm® with Co®". It is noted that
observable variation of the reduction rate and absorption
cross section with different electrolytes indicates that the
regeneration kinetics is dependent on electrolyte and dye.
When a sensitized (P1/NiO) sample is illuminated, the
excited state dye D* injects a hole into the NiO semiconduc-
tor’s valence band (VB), followed by the reduction of the dye
D™ as shown in Figure 7. The electrolyte interruption of dye
regeneration kinetics at the sensitized semiconductor/elec-
trolyte interfaces is critical to the device operation efficiency
of P-DSSCs. The reduction potentials (M/M~) of I'/1,~, T,/
T, and Co**/Co™" electrolytes were found to be -0.35V,
-0.5V, and -1.08 V (vs. NHE), respectively [15, 41].

The equation of the driving force for the regeneration
reaction of electrolyte [35] is given by

o))l e

where AG,, represents the free energy of the sensitizer’s

reg
regeneration reaction, E(D/D — ) represents the dye’s reduc-
tion potential, and E(M/M’) represents the mediator’s
reduction potential. The E(D/D - ) for P1 dye was estimated
to be -3.93 eV based on our experimental findings [31, 41].
The regeneration energy per elementary charge (AG,.,/e”)
was calculated to be 2.78¢V for I'/I;7, 2.63eV for T,/T,
and 2.05eV for Co**/Co>". However, among the three elec-
trolytes, the regeneration free energy of I"/I,” is significantly
higher than T,/T~ and Co”*/Co>*. As shown in Table 4, the
dye regeneration kinetics in the electrolyte (T") was faster
than in the (I') and (Co*") electrolytes.

As a result, Figure 7 shows a significant variation in the
driving force of the P1 dye regeneration reaction with three
different electrolytes. To avoid recombination reactions
between reduced electrolyte and hole in NiO as M~ + h*/V
Byio» (DID™) > E(M/M™) > E;5(NiO) (where 0.54V vs.
NHE for NiO) is a critical precondition for efficient dye
regeneration reaction [31, 41]. As a result, SECM approach
curves shows that dye regeneration kinetics are clearly influ-
enced by electrolyte properties and dye nature. The electro-
lyte’s effect as a downcast of the valance band edge
hastened the hole injection rate of the excited dye, affecting
the driving force of the dye regeneration. The use of SECM
feedback modes to characterize dye reduction constants
and absorption cross-sections has proven to be an innova-
tive technique. Therefore, the overall SECM investigation
opens a new outlook for p-type DSSC characterization.

4. Conclusion

The investigation of dye molecule regeneration kinetics
using an electrolyte NiO electrode adds to a better under-
standing of the dye regeneration mechanism in P-type DSSC
liquid electrolytes. Approach curves show that the kinetics of
regeneration depends on the wavelength of the incident
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light, photon flux density, optical properties of sensitizers,
and chemical properties of electrolytes. This study shows a
clear variation of regeneration constants such as reduction
rate, regeneration rate, absorption cross-section and the free
energies (in eV) of the hole injection of sensitized NiO. As a
result, the SECM feedback approach has been shown to be a
more effective way of exploring the details of charge transfer
reaction rates in the development of various P-type DSSC
components. Thus, SECM with a feedback model is a novel
method for the characterization of regeneration kinetics pro-
cesses in P-type generation photovoltaics. This allows the
straight forward testing of efficient electrolytes and efficient
dyes to harvest light energy in photovoltaic systems.
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