
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a. Mechanical and Aerospace Engineering, University of California at San Diego, La Jolla 
CA 92093, USA. E-mail: kyhwang@ucsd.edu; cnchoi@ucsd.edu 

b. Center for Technology in Water and Wastewater, School of Civil and 
Environmental Engineering, University of Technology Sydney, Broadway, NSW 
2007, Australia. E-mail: wgshim527@hanmail.net 

c. Material Science and Engineering, University of California at San Diego, La Jolla CA 
92093, USA. E-mail: yjk019@ucsd.edu; gunwoo@eng.ucsd.edu 

d. Department of Advanced Materials Chemistry, Korea University (Sejong Campus), 
Sejong 339-700, Korea. E-mail: sangok@korea.ac.kr; dwcho@ korea.ac.kr 

e. Center for Photovoltaic Materials, Korea University (Sejong Campus), Sejong 339-700, 
Korea.  

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Dye adsorption mechanisms in TiO2 films, and its effects on 
photodynamic and photovoltaic properties in dye-sensitized solar 
cell 
Kyung-Jun Hwang,a Wang-Guen Shim,*,b Youngjin Kim,c Gunwoo Kim,c Chulmin Choi,a Sang Ook 
Kangd and Dae Won Cho*,d,e 

The adsorption mechanism for N719 dye on a TiO2 electrode was examined by the kinetic and diffusion models (pseudo-
first order, pseudo-second order, and intra-particle diffusion models). Among these methods, the observed adsorption 
kinetics are well-described using the pseudo-second order model. Moreover, the film diffusion process was the main 
controlling step of adsorption, which was analysed using a diffusion-based model. The photodynamic properties in dye-
sensitized solar cells (DSSC) were investigated using time-resolved transient absorption techniques. The photodynamics of 
the oxidized N719 species were shown to be dependent on the adsorption time, and also the adsorbed concentration of 
N719. The photovoltaic parameters (Jsc, Voc, FF and η) of this DSSC were determined in terms of the dye adsorption 
amounts. The solar cell performance correlates significantly with charge recombination and dye regeneration dynamics, 
which are also affected by the dye adsorption amounts. Therefore, the photovoltaic performance of this DSSC can be 
interpreted in terms of the adsorption kinetics and the photodynamics of oxidized N719.  

Introduction 
Dye-sensitized solar cells (DSSC) have attracted considerable 
attention as promising candidates for the production of low 
cost solar energy. Since they were first reported in 1991,1 

DSSCs have been the subject of extensive fundamental and 
experimental research, with reported photovoltaic conversion 
efficiencies exceeding 12% when using porphyrin dyes.2 
Recently, efficiencies exceeding 20% have been demonstrated 
using perovskite materials as photosensitizers.3  

As shown in Scheme 1, a typical DSSC consists of a 
transparent conducting oxide (TCO) glass electrode coated 
with mesoporous and nanocrystalline TiO2, dye molecules 
adsorbed onto the TiO2 surface, a redox couple electrolyte 
such as triiodide/iodide (I3

–/I–), and a counter electrode such 
as platinum or carbon.4 Photoelectric current is initiated by 
electron injection from the excited dye to the TiO2 electrode 
upon irradiation. Concurrently, dye oxidation produces cation 
radicals (dye+•, i.e. holes). The injected electron should travel 
to the TCO electrode through TiO2. However, some injected 
electrons on the TiO2 surface recombine with the oxidized 
dye+•, a process known as charge recombination (CR).5 On the 
other hand, the oxidized dye is subsequently reduced by the 
electrolyte containing I–, which in turn is regenerated by the 
reduction of I3

– at the counter electrode. This constitutes the 
dye-regeneration (DR) process.5 In general, rapid DR and slow 

CR processes are desirable for obtaining high solar conversion 
efficiency. 

 
Scheme 1. Energy-level diagram of DSSC. 

We have reported that charged species, such as 
photoelectrons and oxidized dyes, are distributed in the front 
of a TiO2 film. The photodynamics are affected by the 
thickness of the TiO2 film and the presence of a scattering 
layer.6 Therefore, the penetration depth of light is a very 
important factor for both CR and DR dynamics. The 
photodynamic properties for the CR and DR processes depend 
on the distribution of electrons and the radical dye+• (holes), 
which can be influenced by the concentration of adsorbed dye. 
These are particularly critical factors to the photocurrent and 
increasing photon absorption.  

In this work, we have investigated the correlations between 
the photovoltaic performance and the adsorption mechanism. 
The photodynamic properties for CR and DR processes have 
also been studied using time-resolved transient absorption 
spectroscopic measurements. Based on experimental results, 
we report that the adsorption behaviours of N719 on TiO2 
influence photodynamic properties and therefore affect the 
DSSC performance.  
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Experimental 
Preparation of TiO2 electrode  

A 3 cm × 3 cm fluorine-doped tin dioxide conducting glass (FTO; 
Pilkington, TEC-8) was cleaned with acetone in an ultrasonic 
bath for 15 min, rinsed with ethanol and water, and dried in an 
oven at 80 °C for 1 h. The dry weight of each FTO glass was 
measured using a digital balance. A mask, with an open area of 
2 cm × 2 cm, was placed onto the FTO glass to allow for 
deposition of the TiO2 electrode. TiO2 paste with uniform 
particle size (20 nm) was synthesized according to the 
literature,7 and was placed in the mask opening using a screen 
printing technique (SM-S320, Sun Mechanix). The screen-
printed TiO2 paste/FTO substrates were kept in a clean box 
and were saturated with ethanol for approximately 10 min in 
order to reduce the surface irregularity of the coated paste. 
Then the TiO2 film was sintered at 500 °C for 30 min. An 
approximately 12 μm-thickness TiO2 film was deposited onto 
the FTO glass substrate. The weight of TiO2 electrode 
deposited on the FTO glass can be determined by the 
subtraction from the total weight of the dried TiO2 film and 
FTO glass to the uncoated FTO glass.  

Fabrication of DSSC 

The fabrication method is described in elsewhere.8 Two 
pinholes for injecting the electrolyte were drilled on the rinsed 
FTO glass using a drilling machine (DREMEL KIT 335, BOSCH). 
The Pt-counter electrode, prepared on FTO glass using 0.05 M 
H2PtCl6 (Aldrich) solution, was annealed at 400 °C for 30 min in 
air. The prepared photoelectrode and counter electrode were 
sealed with a hot-melt sealing sheet (SX 1170-60, Solaronix). 
The preparation of the DSSC was completed by injecting a 
redox electrolyte consisting of 0.6 M PM II (1-methyl-3-
propylimidazolium iodide), 0.03 M I2, 0.1 M guanidinium 
thiocyanate and 0.5 M 4-tertbutylpyridine into a mixture of 
acetonitrile and valeronitrile (v/v = 85:15). 

Characterization of photoelectric and photodynamic properties of 
DSSC 

The current-voltage (J-V) measurement was performed for the 
active cell area of 0.36 cm2 using a Keithley 4300 source meter 
under 100 mW/cm2 irradiation (Oriel, 94041A 450 W). The 
light intensity was calibrated using a Si reference diode 
equipped with an air mass 1.5-G filter (KG5). The J-V curves 
were used to calculate the short-circuit current (Jsc), open-
circuit voltage (Voc), fill factor (FF), and solar conversion 
efficiency (η) of the DSSC. The incident photon-to-current 
efficiency (IPCE) was measured as a function of wavelength 
from 300 to 900 nm using the IPCE measurement apparatus 
(QEX7, PV Measurements).  

Nanosecond transient absorption measurements were 
carried out using laser flash photolysis;6,9 the DSSC was excited 
by nanosecond laser pulses (540 nm, 10 Hz repetition rate) 
produced by an optical parametric oscillator (Continuum, 
Surelite OPO) pumped by the third harmonic generation (355 
nm, FWHM = 4.5 ns) from a Q-switched Nd:YAG laser 
(Continuum, Surelite II-10). Excitation pulses were attenuated 
by neutral density (ND) filters to adjust the pulse intensity 

incident on the sample to < 30 μJ/cm2, which can be further 
changed by the ND filters. Transient adsorption measurement 
was made using probe light from a xenon arc lamp (ILC 
Technology, PS 300-1), which was passed through a band-pass 
filter with FWHM of ~20 nm to measure the temporal profiles, 
and then focused onto the sample. Temporal profiles were 
measured with a monochromator (DongWoo Optron, Monora 
500i) equipped with a fast photomultiplier tube (Zolix 
Instruments, CR 131) and a digital oscilloscope (Tektronix, TDS-
784D). The reported signals were averaged over the course of 
3,000 events in order to obtain satisfactory signal to noise 
ratios. The transient absorption spectra were measured by an 
intensified charge-coupled device (ICCD, Ando, iStar). 

Adsorption analysis 

The adsorption kinetics was measured using the apparatus as 
described elsewhere.10 The N719 dye was purchased from 
Solaronix (0.5 mM N719 in ethanolic solution). The TiO2 films 
were dipped into a 25 mL adsorption vessel containing 10 mL 
of 0.5 mM N719 solution and a stirrer rotated at 100 rpm. 
Samples were withdrawn regularly from the adsorption vessel 
via micropipette for analysis. During the adsorption process, 
the N719 residuals were determined by monitoring the 
absorbance changes at 510 nm using a UV spectrophotometer 
(UV-160A, Shimadzu). Contrast to conventional method, this 
method can be used to directly investigate adsorption kinetics 
without consideration of desorption procedures. The amount 
of N719 at equilibrium on the TiO2 films was calculated using 
equation (1):  

 
                                                   (1) 
 

where q (mmol/g) is the equilibrium amount of N719 adsorbed 
on the TiO2 film, C0 and C (mmol/l) are the dye concentrations 
at initial and equilibrium states, respectively. The volume V 
(litre) is the volume of the solution, and w (g) is the mass of 
the TiO2 film. 
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Fig. 1 The absorption spectra for N719 residue (initial concentration: 0.5 mM in ethanol) 
measured at various dye adsorption times using a cell with 2 mm path length. 

Results and Discussion  
Dye adsorption kinetics 
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Fig. 1 shows the absorption spectra of N719 residuals after the 
dye-impregnation into the TiO2 film. The spectra were 
measured at different soaking (adsorption) times in ethanol 
solution. The spectra exhibit typical absorption bands of N719 
at around 375 and 510 nm. These bands decreased drastically 
early in the adsorption process, then changed less dramatically 
at later times as shown in inset of Fig. 1.  

The adsorption rate constant is one of the key parameters 
for understanding the adsorption mechanism and the practical 
adsorption-related process.11,12 The adsorption concentrations 
of N719 were determined using the absorption spectra shown 
in Fig. 1. As shown in Fig. 2a, the adsorption amount of N719 
increased markedly within the first 3 h. This fast adsorption is 
attributed to the excellent adsorbing ability of the carboxylate 
groups of N719. The carboxylates can be adsorbed either at 
the defect sites or at the hydroxyl groups on the surface of the 
porous TiO2 electrode. The adsorption amount of N719 
increases smoothly, but at a lesser rate, from approximately 3 
to 12 hours. At 12 h, the TiO2 surface is saturated and the 
adsorption process tapers off. This adsorption trend is typical 
for organic materials on porous metal oxides.13,14 
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Fig. 2. (a) Experimental kinetic data for N719 adsorption on TiO2 films and fitted kinetic 
profiles using various models; (b) experimental and fitted kinetic profiles using the 
pseudo-second order (PSO) kinetic model for N719 adsorption on TiO2 films; (c) 
experimental and fitted kinetic profiles using the intra-particle diffusion (Weber-Morris) 
model for N719 adsorption on TiO2 films; (d) the distribution functions of the N719 
diffusion coefficient.  

The qualitative tendency for N719 adsorption on TiO2 films 
was analysed using two well-known representations of 
adsorption kinetics: a pseudo-first order (PFO) model, and a 
pseudo-second order (PSO) model. The adsorption parameters 
listed in Table 1 can be determined using the fitted profiles 
from the PFO and PSO models, as shown in Fig. 2a. 

The PFO equation (eq. 2)15,16 proposed by Lagergren is: 
 

(2) 
 

where qe and qt are the adsorption amounts (mmol/g) of N719 
onto TiO2 at equilibrium and at time t (h), respectively. This 

equation has been used to describe adsorption phenomena 
under specific conditions, such as low concentration of solute 
or in a state of equilibrium. The rate constant for adsorption is 
k1 (h-1). The qe value fitted by the PFO model is significantly 
smaller than the experimental qe value (Table 1), which 
suggests the PFO model may not be applicable for this 
N719/TiO2 system.  

In order to compensate for the deviation from the PFO model, 
the PSO equation has been applied as expressed in equation 
(3):15,17  

 
                                                  (3)  
 

where k2 (h·g/mmol) is the rate constant for second-order 
adsorption. The PSO model is appropriate for explaining the 
chemisorption kinetics of highly heterogeneous adsorbents, 
and the PSO rate equation is in agreement with experimental 
results for the kinetics of N719 adsorption onto porous TiO2 
with a correlation coefficient (R2) of 0.999. Thus, it is 
reasonable to conclude that chemisorption is the main rate-
controlling step for the N719 adsorption onto the surface of 
TiO2 electrode.  

The experimental data and fitted PSO kinetic profiles 
derived from the kinetic model for N719 adsorption on TiO2 
films are shown in Fig. 2b. The concentration in the PSO model 
does not converge to zero at t=0 because TiO2 electrodes 
typically have heterogeneous sites and defects at the 
surface.18 Adsorption sites such as –OH, -OH2, and -O- make 
analysis of adsorption kinetics for TiO2 surfaces more difficult. 
Single bridging vacancies, double bridging vacancies, and 
lattice vacancies are other imperfections that can exist at the 
electrode surface.19 

 
Scheme 2. Transport processes in adsorption by TiO2 adsorbent.  

The diffusion-based kinetic model has also been used to 
explain the influence of diffusion on the adsorption process in 
heterogeneous systems. As shown in scheme 2, the transport 
resistances in the adsorption process can be classified into four 
types: 1) bulk, 2) film, 3) adsorption, and 4) intra-particle 
diffusion processes. The intra-particle diffusion model consists 
of a pore (or crack) diffusion and a surface diffusion. Usually, 
the bulk and the adsorption processes are much faster than 
the other two processes. Thus, these two processes are not 
investigated as thoroughly in the analysis of heterogeneous 
adsorption systems. On the other hand, mass transfer is a very 
important and highly varied process. This process depends on 
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the combined nature of the adsorbent and the adsorbate, as 
well as the overall conditions of the adsorption process. 
Therefore, it is more likely that either the film or intra-particle 
(especially pore) diffusion resistance controls the adsorption 
process and becomes the limiting step.20  

Among many adsorption diffusion models, the Weber-Morris 
model and homogeneous solid diffusion model have been 
widely used to determine the rate-controlling step of 
adsorption. The intra-particle diffusion kinetic model based on 
the Weber-Morris equation (eq. 4):  

 

(4) 
 

is used to fit the adsorption data and to investigate the 
adsorption mechanism,15,21 where kpi is the intra-particle 
diffusion rate constant for adsorption at stage i (g/mmol·h1/2), 
and C is the intercept that represents the boundary layer 
thickness (mg/g). According to equation (4), the plot of q 
versus t1/2 should be a straight line with slope kpi and y-
intercept C. When this linear plot passes through the origin (i.e. 
C=0), then the intra-particle diffusion is considered to be the 
rate-controlling step, and the film diffusion is negligible. 
However, when the straight line does not pass through the 
origin (i.e. C has a value), this indicates that there is a 
difference the rates of mass transfer in the initial and final 
steps of adsorption, and that the film diffusion is involved 
simultaneously along with intra-particle diffusion. Both are can 
be considered as the rate-controlling step. 

The linearized plots of the adsorption amount of N719 
versus the square root of time (q vs. t1/2) were obtained, and 
the results are shown in Fig. 2c. The plots are tri-phasic in 
nature. Three different slopes are required to fit the data 
properly, indicating that three types of diffusion influence the 
rate-limiting steps. Because the straight lines do not pass 
through zero, the lines for film and intra-particle diffusions are 
combined. 

The intra-particle diffusion rate constants for the stepwise 
adsorption decrease in the following order: kp1 > kp2 > kp3 
(Table 1). The steep slope shown for kp1 represents the fast 
adsorption process of N719 dye, in that the dye molecules are 
transferred onto the electrodes by film diffusion.22 The second 
slope kp2 is more gradual and reflects the process whereby the 
N719 molecules are slowly diffusing and adsorbing into the 
pores. The flat slope kp3 is attributed to the adsorption process 
at equilibrium, where the adsorbate diffuses very slowly into 
the micropores because the concentration in the solution has 
decreased.23 The intra-particle diffusion rate constants for the 
stepwise adsorption are listed in Table 1. Based on the Weber-
Morris approach, it can be concluded that both film and intra-
particle diffusion processes are involved in controlling the rate 
of adsorption.  

In order to investigate the contribution of film diffusion in 
the system further, a homogeneous solid diffusion model 
(HSDM) has been applied according to equation (5):24,25 

 
(5) 

 
where  is the average concentration at any particular time 
(mmol/g), q ∞  is the solute  concentration in the solid 
corresponding to an infinite time (mmol/g), n is number of 
terms, t is the time, Di is the effective intra-particle diffusion 
coefficient (m2/min), and R is the TiO2 particle radius. The 
detailed explanation is given elsewhere.

11,12,26 
Integrating this equation over the range of diffusion 

coefficients gives the diffusion coefficient distribution function 
(DCDF), which is helpful to characterize the adsorption 
kinetics.27,28 The distribution function that is based on the 
integral equation can be written as follows: 

 
(6) 

 
 
where R is the particle radius, Ds is the diffusivity, Dmin is the 
minimum of the diffusion coefficient, Dmax is the maximum of 
the diffusion coefficient, and f(D) is the distribution function of 
the diffusivity. Additionally, the Nelder-Mead (or downhill 
simplex) method29 and the generalized nonlinear 
regularization method were used to determine D as well as the 
distribution function for D. In order to determine the 
controlling step of the system, three different entities (section 
I – kp1, section II – kp2, section III – kp3 and whole) are used to 
describe the experimental results given in the Weber-Morris 
plot presented in Fig 2(c). As a result, Fig. 2(d) compares the 
distributions of the calculated diffusion coefficients for N719 
adsorbed on the surface of the TiO2 electrode. The distribution 
curves for section I, II, and III exhibit similar shapes with a 
single peak, but the maximum peak position and the peak 
range vary considerably. The maximum distribution coefficient 
is 1.06 ×10-22 m2/s for section I, which is nearly one order of 
magnitude lower than those for sections II (1.47 ×10-21 m2/s) 
and III (2.00 × 10-21 m2/s). The peak for section I is larger and 
narrower compared to those for other two sections. Moreover, 
the total curve obtained for all regions is resolved as three 
peaks, which are corresponding to the diffusion coefficients of 
3.50 × 10-25, 9.26 × 10-22, and 1.80 × 10-18 m2/s. This result 
indicates that three different types of diffusivity exist in the 
N719/TiO2 system, and that the adsorption process is 
essentially controlled by film diffusion. 

Performance of dye-sensitized solar cells and 
kinetics of dye adsorption 
The IPCE of DSSCs was analysed in term of the adsorption time 
of N719 (Fig. 3). The IPCE can be expressed as the product of 
three terms, as the following equation (7):30,31 
 

IPCE = LHE(l) × fini × hcoll                                               (7) 
 
where LHE is the light harvesting efficiency at a given 
wavelength (λ), Φinj is the quantum yield of charge injection, 
and ηcoll is the efficiency of collecting the injected charge at the 
cathode.  
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Table 1. Adsorption kinetics model of N719 dye on a TiO2 electrode 

qe, exp 
Pseudo-first-order model Pseudo-second-order model Intra-particle diffusion model 

qe, cal 
(mmol/g) 

k1 
(h-1) 

(R1)2 
qe, cal 

(mmol/g) 
k2 

(h·g/mmol) 
(R2)2 

kp1 
(h1/2·g/mmol) 

kp2 
(h1/2·g/mmol) 

kp3 
(h1/2·g/mmol) 

0.087 0.072 0.297 0.943 0.081 20.092 0.999 0.029 0.004 0.001 
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Fig. 3 Incident photon to current conversion efficiency spectra of DSSCs prepared using 
different dye adsorption times. 

The LHE represents the fraction of incident photons 
absorbed by N719; and LHE can be expressed by equation 
(8):31 

 
LHE = 1−10−abs(l)                                                        (8) 

 
where abs(l) is the optical absorbance at wavelength l of the 
N719 adsorbed on the TiO2 film. Generally, the IPCE is 
expected to increase with the dye adsorption time. The IPCE 
may also increase with an increased amount of adsorbed dye, 
because the generated photocurrent is proportional to the 
amount of absorbed light in DSSCs. In this work, the FTO glass 
reflects ~20% of incident light. Therefore, about ~80% of the 
incident photons can be absorbed by the N719 and converted 
into photoelectrons.31,32 

Fig. 3 shows the IPCE spectra of the DSSC as a function of 
the adsorption time. The IPCE increases as the adsorption time 
increases. The IPCE is especially enhanced in in the first 3 h of 
adsorption. The IPCE is saturated at about 75% efficiency for 
wavelengths ranging between 500 and 550 nm. In this region, 
there is a metal-to-ligand charge transfer (MLCT) transition, 
which causes the increased absorption. After 3 h, the dye 
coverage on the TiO2 film approaches equilibrium, thus the 
IPCE is nearly saturated. The maxima of the IPCE spectra are 
shifted to longer wavelengths and are broadened compared to 
those for the earlier adsorption times. 

Fig. 4a shows Jsc and η as a function of N719 adsorption time. 
The Jsc and η values are markedly enhanced in the time range 
of 0.2 - 3 h. The largest percentage of the dye molecules are 
adsorbed onto the TiO2 electrode in this time range. Both the 
Jsc and η values are still increasing, but to a lesser extent, from 
3-6 h, and are almost constant after 6 h. The number of 
adsorbed dye molecules does not increase after about 6 h. 

This trend is consistent with changes in the amount of 
adsorbed dye. Thus, we conclude that adsorption contact time 
plays a key role in increasing Jsc and η.33  

Fig. 4b shows the change in the Voc and FF as a function of 
adsorption time. The Voc is 0.73 V, even early in the adsorption 
process, and then increases to a constant 0.75 V after 
sufficient dye adsorption. The small but increasing Voc can be 
attributed to the decrease in electron-hole recombination 
from the conduction band of the TiO2 film to I3- in the 
electrolyte. In other words, the increasing density of the dye 
adsorption onto the TiO2 electrode may insulate the TiO2 
surface from the electrolyte, which in turn hinders the electron 
transfer from the TiO2 surface to the I3- ions. 34  

The FF also increased sharply in the first 3 h, then decreases 
slightly from 3-6 h, and remains nearly constant at 68% after 6 
hours. The coverage of the dye on the TiO2 electrode increases 
and is chemisorbed to the interior surfaces of the micro-pores 
of the TiO2, until the electrode is saturated. The morphology of 
the TiO2 electrode and the charge recombination process are 
both contributing factors in the FF value of this DSSC.35 
Furthermore, the FF is also influenced by the dye adsorption 
times. 
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Fig. 4 The change in (a) Jsc and η, and (b) Voc, and FF as a function of dye adsorption 
times. 
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Fig. 5a shows the transient absorption spectra of N719 on 
DSSC measured at different time intervals upon excitation with 
540 nm. Transient absorption spectroscopy has proven 
particularly useful for investigating charge recombination and 
dye regeneration dynamics occurring in DSSCs.36 The transient 
absorption band around 700-900 nm is attributed to the 
oxidized N719 species (cation radical, N719+•).37 The transient 
absorption decay was observed at 824 nm, in which the 
contribution of the N719+• is dominant.  

Inset figure of Fig. 5b shows the transient absorption decay 
profile of DSSC for the dye-adsorption time of 48 h. A pseudo-
second order exponential function was used to fit the decay 
kinetic profiles for long and short components. Here, the 
longer component is attributed to the back transfer of injected 
electrons from the TiO2 conduction band to the N719+•, which 
corresponds to the charge recombination time (τCR). The 
shorter component can be assigned to the dye regeneration 
time (τDR) of N719+• by I- ions in the electrolyte (Fig. 6a).  

 
Fig. 6 (a) Transient absorption spectra and (b) charge-recombination (τCR) and dye-
regeneration (τDR) time constants for DSSCs prepared with various dye adsorption times. 
The inset figure is the transient absorption decay profiles of DSSC prepared with dye-
adsorption time of 48 h, and monitored at 824 nm. 

The τCR and τDR were obtained from the transient absorption 
decay profiles of DSSCs prepared with different dye adsorption 
times as shown in Fig. 5b. Both τCR and τDR increased in 
conjunction with the increasing adsorption time as listed Table 
2. Both τCR and τDR increased rapidly with the early dye 
adsorption time, and then became constant after about 6 h. 

These changes are similar with the changes of adsorption 
amount as shown in Fig. 2a. 

Table 2. Charge-recombination (τCR) and dye-regeneration (τDR) time 
constants for DSSCs prepared with various dye adsorption times 

adsorption time (h) τCR (μs) τDR (μs) fDR (%) 
0.2 175 2.8 98 
0.5 180 3.3 98 
1 190 3.6 98 
2 190 5 97 
3 200 6 97 
6 205 7 97 

24 210 7.2 97 
48 210 7 97 

*The monitoring wavelength was 824 nm. 

 
Fig. 6. Suggested mechanism for fundamental charge transport processes. It depicts 
that the photoelectrons and the oxidized dyes were generated at front of TiO2 film.  

The iodine ion concentration of the electrolyte plays a key 
role in dye regeneration dynamics (Fig. 6a).38,39 The increasing 
of the τDR is directly attributed to the increasing diffusion 
resistance of I- ion into the micro-pores of the TiO2 electrode.40 
In general, rapid DR and slow CR processes are useful for 
obtaining high IPCE. In this work, the lifetimes of CR and DR 
processes increased with the same trend related to the 
increase of adsorption time (Fig 5b). This result indicates that 
the adsorption density of N719 on the TiO2 electrode has an 
effect on the CR and DR characteristics of the DSSC system.  

The light penetration depends on adsorbed dye 
concentrations, as described by Beer’s law. The transmitted 
light-intensity decrease drastically according to the increase of 
the concentration of adsorbed dye. As shown in Fig. 6b, in case 
of highly dye-adsorbed DSSC, most of photoelectrons were 
generated predominantly from the front of DSSC, not from 
back. Therefore, the photoelectron can diffuse from front to 
back, and the CR process slows due to little chance to meet 
oxidized dye. Thus, the long CR time-constants are observed in 
DSSCs prepared with longer adsorption time. On the other 
hand, if the dye-oxidation takes place in front of TiO2 film 
adsorbed dyes highly, the DR process become slower 
compared to that for short adsorption times. In order to 
reduce N719+•, the electrolyte should be diffused from back to 
front, because the surface diffusion of adsorbed N719+• can be 
ignored. Therefore, both τCR and τDR increase with the 
increasing of dye adsorption times 

The solar conversion efficiency is directly proportional to the 
dye-regeneration yield (fDR), which is defined as 41 
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                                                    (9) 
 

where kDR is the rate constant of DR occurring in the presence 
of a redox couple (iodide/iodine), and kCR is the rate constant 
of CR that takes place between the N719+• and the injected 
electron in the conduction band of TiO2. Based on the 
calculations using equation (9), the fDR values are determined 
to be >97% for all DSSC fabricated in this work as listed Table 2. 
This means that dye regeneration, and not charge 
recombination, is the main reduction process of N719+•.  

Conclusions 
In this study, we investigated the adsorption kinetics of N719 
dye on the TiO2 electrode of a DSSC using UV/Vis 
spectrophotometric measurements to monitor the adsorption 
processes directly. Several adsorption kinetics models were 
applied to explain the experimental kinetic data. Among many 
kinetic models tested in this work, the PSO model correlates 
well with the experimental adsorption data of the N719/TiO2 
electrode, indicating that chemisorption is the predominant 
adsorption process. Moreover, we also found from the 
diffusion-based model that film diffusion was the main 
controlling step of the system, even though the simultaneous 
occurrence of film and intra-particle diffusion was noticed. The 
models comparing the change in adsorption kinetics with dye 
adsorption time followed the variations in the main 
parameters (FF, Voc, Jsc, and η) of DSSCs. In addition, the dye 
adsorption times (and dye adsorption amounts) influence the 
photodynamic processes such as DR and CR, which are also 
affected by the photoelectric properties of the DSSC.  
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