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Increasing attention has been paid on solar energy conversion since the abundant solar energy
possesses the potential to solve the problems on energy crisis and climate change. Dye-sensitized
mesoporous NiO film was developed as one of the attractive photocathodes to fabricate p-type
dye-sensitized solar cells (p-DSCs) and dye-sensitized photoelectrosynthetic cells (p-DSPECs)
for electricity and chemical fuels generation, respectively. In this thesis, we designed a well-
structured NiO-dye-TiO2 configuration by an atomic layer deposition (ALD) technique, with an
organic dye PB6 as the photosensitizer. From kinetic studies of charge separation, ultrafast hole
injection (< 200 fs) was observed from the excited state of PB6 dye into the valence band of
NiO; dye regeneration (electron injection) was in t1/2 ≤ 500 fs, which is the fastest reported in any
DSCs. On the basis of NiO-dye-TiO2 configuration, we successfully fabricated solid-state p-type
DSCs (p-ssDSCs). Insertion of an Al2O3 layer was adopted to reduce charge recombination, i.e.
NiO-dye-Al2O3-TiO2. Theoretically, such a configuration is possible to maintain efficient charge
separation and depressed charge recombination. Based on NiO-dye-Al2O3-TiO2 configuration,
the open-circuit voltage was improved to 0.48 V. Replacing electron conductor TiO2 with ZnO,
short-circuit current density was increased to 680 μA·cm-2. The photocatalytic current density
for H2 evolution was improve to 100 μA·cm-2 with a near unity of Faraday efficiency in p-
DSPECs.

However, to further improve the performance of p-DSCs is very challenging. In p-ssDSCs,
the limitation was confirmed from the poor electronically connection of the electron conductor
(TiO2 or ZnO) inside the NiO-dye films. We further investigated the electronic property of
surface states on mesoporous NiO film. We found that the surface sates, not the bulk, on NiO
determined the conductivity of the mesoporous NiO films. The dye regeneration in liquid p-
DSCs with I-/I3

- as redox couples was significantly affected by surface states. A more complete
mechanism is suggested to understand a particular hole transport behavior reported in p-
DSCs, where hole transport time is independent on light intensity. The independence of charge
transport is ascribed to the percolation effect in the hole hopping on the surface states.
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1. Introduction

1.1. Background 

1.1.1. Energy and humans. 
The accelerating energy demand has seriously challenged the structure of 
energy supply at the present stage. Taking a personal example, the first cell-
phone I had was Nokia 7610 about 15 years ago[1]. Its battery is 900 mA·h-1 
commonly supporting 4 days. The cell-phone I have at present is Apple 5s 
with a battery of 1560 mA·h-1[2], requiring charging every day. Basically, 
five times more electricity is consumed /phone/day. In 2018, the fraction of 
global electricity generated by fossil fuels (coal, oil and natural gas) was 
64 %[3] (BP 2019). From the total energy consumption (ca.19.5 TW in 
2018[3,4]), the percentage accounted for by fossil fuels was even higher, up to 
85 %[3]. Consuming fossil fuels caused the release of CO2 and other prob-
lematic gases. The huge amount of such gases released in a short time 
changes the composition of the atmosphere to some extent. It causes climate 
change that brought and will bring a series of problems to many creatures on 
the earth. In contrast, the progress of modern technology cannot directly 
tackle such changes so far, like in situ absorbing/transforming CO2 from the 
atmosphere. This implies we must change the present energy mix, namely 
significantly reducing the consumption of fossil fuels in the upcoming dec-
ades. Meantime, without inducing traditional conflicts of human beings, 
applying renewable energy to replace fossil fuels is the way to maintain the 
energy demand. Based on all the renewable energies, the vast amount of 
solar energy (120,000 TW reaching the earth[5]) seems to be the only source 
that is able to sustainably support the increasing energy demand from a long 
term perspective (30-35 TW in 2050[6]).  

Most of the other available energy resources essentially relate to the solar 
energy. Like fossil fuels, they are formed millions of years ago by continual-
ly accumulating anaerobic decomposition of buried dead organisms[7]. The 
energy of fossil fuels is originally from ancient photosynthesis by carbon 
fixation from the atmosphere. Nowadays, we hope to apply modern science 
and technology to design more pathways that can efficiently convert solar 
energy. At present, three main methodologies are directing solar energy con-
version: the first one is to transform solar energy into thermal energy; the 
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second one is to transform solar energy into electricity; the other one is to 
apply artificial photosynthesis to covert solar energy into solar fuels, e.g. 
CO2 conversion into carbon-based fuels.  

1.1.2. Solar cells and junctions.  
Solar cell technology is an important strategy to efficiently convert solar 
energy at present stage. It was discovered by Edmund Becquerel in 1838[8], 
who immersed a silver chloride and a platinum electrode into electrolytes. 
Illuminating the silver chloride electrode induced a photovoltage between 
the silver chloride and the platinum electrode. This is called the 1st photovol-
taic effect or the Becquerel effect. Later, researchers found that voltage and 
current could be produced when shining light (mostly ultraviolet (UV) light) 
on metal electrodes[9,10]. However, people did not understand the principle of 
solar cells until the photoelectric effect[11] and the semiconductor theory 
were formulated. The discovery of p-n junction finally provided a key prin-
ciple for efficient photoinduced charge separation[12], which significantly 
promoted the development of the theoretical description and fabrication 
technology for solar cells. Since then, many diverse types of solar cells have 
been designed, such as Silicon (Si) solar cells[12], thin film solar cells[13], 
organic solar cells[14,15], perovskite solar cells[16] and dye-sensitized solar 
cells (DSCs)[17,18]. 

The core of a solar cell is the junction which should preferentially sepa-
rate the electron and generated hole to each electrode. Many types of junc-
tions have been fabricated: metal/vacuum (photoelectric effect)[19]; met-
al/semiconductor (the Schottky contact)[20]; semiconductor/semiconductor 
(p-n junction)[12]; semiconductor/aggregated dye[21] (analogous p-n junction); 
semiconductor-monomer dye (by thermodynamic cost)[18], etc. The junction 
allows possible charge separation can be achieved, to my knowledge, which 
is the most difficult part during the development of solar cell technology. 

1.2. P-type dye-sensitized solar cells (p-DSCs).  
This thesis is mainly dedicated to p-type dye-sensitized solar cells (p-DSCs), 
especially solid-state p-type dye-sensitized solar cells (p-ssDSCs). The de-
velopment of DSCs will be briefly summarized below. The DSCs, also 
named as Grätzel cell, were initially studied at 1960s[17,22], and a break-
through was made in 1991 by O’Regan and Grätzel[18]. P-DSCs, a new sub-
category of DSCs was invented in 1999 at Uppsala University[23], and pro-
vide a chance to study the electron transfer process which is inverted by 
comparison to n-DSCs. In addition, p-DSCs can be combined with n-DSCs 
to fabricate tandem DSCs which are possible to surpass the theoretical 
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Shockley-Queisser limit[24]. The working principle of a conventional liquid 
p-DSC is shown in Scheme 1.     
 

 
 
Scheme 1. Simplified description of the working principle (left) and the electrochem-
ical potential diagram (right) for liquid p-type DSCs. The recombination processes 
are symbolized by red lines. The white narrow bar in the electrochemical potential 
diagram describes the potential of the edge of valence band (VB) of NiO. Ox/Re 
means the redox couple composed by oxidized and reduced species. Detailed expla-
nation of the symbols used is given in the middle of Scheme 2.     

 
Conventionally, in p-DSCs, dyes as light absorbers (ground state, S) are 
promoted to their excited states (S*) through illumination. Holes injections 
occur from the excited state of the dyes into the valence band (VB) of NiO, 
resulting in formation of the reduced dyes (1). Then, the dyes are regenerat-
ed by electron transfer from the reduced dyes to the oxidized species of the 
redox couple (2). The reduced redox species diffuse to the counter electrode 
(6) and are regenerated by oxidation (8). The oxidized ions diffuse back to 
the reduced dyes (7), to participate in the next cycle. At last, electrons col-
lected by the counter electrode (CE) transport to external circuit (9) to re-
combine with the holes which diffuse through the NiO matrix (5). In reality, 
charge transfer does not exactly follow those desired processes mentioned 
above. Recombination in the inner circuit is impossible to avoid, and is es-
pecially serious in p-DSCs[25,26]. Two common recombination pathways are 
labelled in the electrochemical potential diagram of Scheme 1: (3) the re-
combination of the injected holes with the reduced dyes (non-geminate re-
combination); (4) the recombination of the injected holes and the reduced 
species in the electrolyte (alien recombination).  
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Scheme 2. Simplified description of the working principle (left) and the electrochem-
ical potential diagram (right) for p-ssDSCs. The recombination processes are sym-
bolized in red lines. The white narrow bar in the electrochemical potential diagram 
describes the potential of the edge of valence band (VB) of NiO. Detailed explana-
tion of symbols is inserted.     

 
The liquid electrolyte can be replaced by solid-state electron transport mate-
rials (ETM) to fabricate p-ssDSCs[27,28]. Through the design of solar cells, it 
is necessary to provide a diverse range of devices that are able to convert 
solar energy to electricity in ways tailored toward different requirements. P-
ssDSC is one of those endeavors to that direction[29]. The solar energy con-
version efficiency (up to 0.18 %[30]so far) is higher than that of 84 % of the 
liquid p-DSCs based on a reported review paper[31]in 2017 (referred to 174 
cells), suggesting p-ssDSCs have the potential to be high-performance de-
vice. The comparison of liquid and solid-state DSCs has been well summa-
rized in review papers[32,33]. As for the working principle of p-ssDSCs, the 
reduced dyes are injected electrons to ETM (2), and then those electrons 
transport through the ETM to the counter electrode (6). The charge transfer 
processes and electrochemical potential diagram are similar as those of the 
liquid p-DSCs, as shown in Scheme 2.    

1.3. Dye-sensitized NiO photocathode for solar fuels. 
The core concept of the solar fuel device is identical to any photoelectro-
chemical system that involves the energy conversion processes: solar ener-
gy—potential energy—chemical energy. In p-DSCs, electron transfer can be 
the reduced dyes transfer electrons to triiodide (I3

-) and a new chemical, io-
dide (I-) is produced. This can be considered as a photoelectronsynthetic 
process. In 1972, Honda and Fujishima designed a single crystal 
TiO2/electrolyte junction. In the system, holes generated by UV light occur 
onto the surface of TiO2, resulting in the 1st photoelectronsynthetic cell for 
water splitting[34]. Scheme (3) describes a photoelectronsynthetic cell focus-
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ing on the dye-sensitized p-type photocathode. The electron acceptor can be 
proton or CO2, and corresponding products H2

[35] or carbon-based fuels[36] 
can be expected to take place. 
 

 
 

Scheme 3. Simplified scheme of the working principle in the photoelectrosythetic 
cells based on dye-sensitized NiO photocathode for water splitting.  

1.4. Scientific motivation. 
By now, p-DSCs has been studied for two decades[23,37], but its solar energy 
conversion efficiency is much lower than that of n-DSCs[38]. Why is that? 
This should be the first question coming to the researchers’ mind when they 
start working in this field. I intended to use a novel structure of p-ssDSCs to 
explore new possibility to solve this problem; and devoted to give answers to 
the questions: what is the mechanistic limitation of the new p-ssDSCs? What 
is the possible limitation of mesoporous NiO photocathodes itself?  
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2. Theory 

In the chapter, theories related to charge separation, charge transport and 
recombination will be briefly described in separate sections.  

2.1. Planar semiconductor/electrolyte system. 
Dye-sensitized crystalline planar semiconductor/electrolyte system was per-
formed in the initial development of DSCs[17,39]. In such system, the electro-
chemical potentials between the semiconductor and the electrolyte are not 
equal. Charge exchange between the two systems will proceed once contact-
ing one another, and an equilibrium potential is formed through the whole 
system. A depletion region is built up in the semiconductor with a band 
structure bending upwards (assuming n-type semiconductor) in the high 
ionic strength of electrolytes. Upon dye excitation, the electron is injected 
into the conduction band (CB) of the semiconductor by tunneling (several 
Ångströms)[40]. The electric field in the depletion region could promote the 
injected electron to migrate away from the tunneling range, avoiding gemi-
nate recombination between the separated charges[41].   

  

2.2. Mesoporous semiconductor/electrolyte system. 
Grätzel cell is based on the dye-sensitized mesoporous semiconduc-
tor/electrolyte system[18]. The nanocrystals (10-20 nm in diameter) are inter-
penetrated but separate in space. The particle size should be smaller than the 
depletion region in the planar semiconductor/electrolyte interface, provided 
that the semiconductor is weakly doped (e.g. TiO2 based n-DSCs)[42]. The 
band bending through the nanoparticle (i.e. the potential drop) can be rea-
sonable ignored considering the size of depletion width (in the planar semi-
conductor/electrolyte interface). In DSCs, each single nanoparticle in the 
mesoporous film is surrounding by the electrolyte. The potential drop 
through each nanoparticle will be even smaller[43].  

After light excitation, the injected electrons from dyes into the nanocrys-
tal semiconductor are screened by the counter ions in the electrolyte, namely 
the photoinduced electrons and screening counter ions can be treated as neu-
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tral pockets. Thus, the Coulomb repulsion among the injected electrons 
could be ignored. This results in that no electric field is built in the nanocrys-
tal, like a surface charging sphere. Consequently, considerable amount of 
charges can be injected into the nanocrystalline semiconductor without in-
ducing a significant electric field[44]. The screening process is mainly con-
trolled by the relaxation time of ions in the electrolyte. The relaxation time 
in DSCs is commonly taken as infinite short and charge transport is domi-
nantly regarded as a diffusion process[44]. No potential drop is assumed in 
most of the mesoporous semiconductor[45,46]. The potential drop is suggested 
from the interface of the counter electrode (e.g. fluorine doped tin oxide 
(FTO)) and the mesoporous semiconductor[46,47].  

2.3. P-type semiconductor/dye/n-type semiconductor 
system. 
The energy diagram of the NiO-dye-TiO2 configuration is discussed here. 
The p-type semiconductor NiO and n-type semiconductor TiO2 can construct 
a p-n heterojunction (II)[48,49]. The formation of p-n junction is because the 
charge exchange happens in the junction of NiO-TiO2, until an electric field 
is formed to repel the majority in each semiconductor apart from the inter-
face. The role of the dye in the junction is essential to understand the energy 
diagram in NiO-dye-TiO2 configuration. A thick and aggregated dye layer 
on the planar semiconductor is suggested as an insulator/semiconductor 
junction[21,41,50]. Longer time for charge exchange is required to reach a con-
stant equilibrium potential through NiO-dye-TiO2 configuration. Or such an 
equilibrium condition can never be reached because of the inhibition of 
charge exchange by the insulator of the dye layer. Combined with the dye 
loading[51] and the surface area of the mesoporous NiO films[52], the NiO-
dye-TiO2 electrode (in this thesis) has been estimated with a sub-monolayer 
dye adsorption if the dye is uniformly distributed. Charge exchange, through 
the sub-monolayer dye, should be possible between NiO and TiO2. Ideally, 
the dye stands up vertically on the inner surface of NiO. All dye are separate 
one another, and no continuous band of the dye is built up. The junction in 
NiO-dye-TiO2 can be treated as a conventional p-n junction in NiO-TiO2 
with wide bandgap (Eg ≈ 3.5 eV for both NiO and TiO2)[53,54]. But the dye in 
this interface is able to convert the visible light into the separated charges to 
each semiconductor, as seen in Scheme 4.   
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Scheme 4. The proposed p-n junction in a p-type semiconductor/dye/n-type semicon-
ductor system. 

The depletion region in the p-n junction may be wider than the length of the 
dye[51], assuming most of the depletion region is localized inside TiO2 side 
(the hole concentration (p) in NiO is much higher than the electron concen-
tration (n) in TiO2, p≫ n). Thus, the dye should be inside the electric field in 
the depletion region. The photo-generated hole and electron pairs are driven 
by such an electric field, and eventually separated in NiO (hole) and TiO2 
(electron), respectively (Scheme 4). Such a configuration is able to reduce 
the recombination of the separated charge due to the energy barrier existing 
in the p-n junction. 

2.4. Stark effect from photoinduced charge separation. 
In this section the Stark effect is briefly introduced since it is one of im-
portant characteristics observed in NiO-dye-TiO2 configuration after pho-
toinduced charge separation. Charge separation leads to the change of local 
electric field that is able to affect any charge transition or distribution. As 
most of dyes are in their electronic ground state, the Stark effect is seen as a 
shift of the ground state absorption spectrum of the dyes. Dye absorption is 
an electronic transition process, which can be considered as the interaction 
of transition dipole of the dye and the electric component of light (electro-
magnetic wave), namely dipole-electric interaction[55]. Similarly, the transi-
tion dipole of dye can be perturbed by an external electric field[56], resulting 
in absorption peak position (νmax) shifted to higher/lower energy which de-
pends on the transition dipole is parallel or antiparallel to the external elec-
tric field (only discuss the uniaxially oriented condition)[57]. The Equation 
(1)[56] is an expression of the final result with perturbation by the external 
electric field. The term on the left-hand side of the equation indicates the 
shifted absorption peak (in frequency). The two terms on right-hand side are 
the difference of potential energy wherein the first term relates to a perma-
nent dipole moment, and the second term relates to an induced dipole mo-
ment[57]. Those two terms also reflect the linear and quadratic dependence on 
electric field.  
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                         ( ) − (0) = −Δ − Δ                              (1) 

 
In which, ( )  and (0)  are the peak frequency in the pres-
ence/absence of electric field, respectively; E is the external electric field; 

 and  are the difference dipole moment and polarizability between the 
ground and excited states of the dye (Equation (1) is only in uniaxially ori-
ented condition). 
 
By an expression of absorbance difference (ΔA), the linear term on the elec-
tric field can be described as Equation (2)[58] (the quadratic term is ignored 
here since the ΔA commonly linearly depends on the electric field in dye-
sensitized semiconductor (the  quadratic term is small)[59,60]).  

 
                                      Δ = − × ×                                       (2) 

 
In which,  is the difference absorption;   is the first derivative of ab-
sorption spectrum on wavelength;  is the wavelength; c is the speed of light; 
h is the Planck constant. 

2.5. Charge transport and recombination. 
For solar cells in the low injection condition, the flux of charge carriers in 
specific area/time is described by the continuity equation[48] that is based on 
the charge and mass conservation. The charge carriers in a given area are 
dominantly influenced by the charge generation, recombination (treated as 
the inverse flow of the current), and the current flow in or out this area under 
the diffusion and drift induced by an electric field.  
 

                             = − + ( ) +                             (3) 
 

In which N is the concentration of charges; G is the charge generation rate; 
R is the charge recombination rate; q is elementary charge; μ is charge mo-
bility; E is the electric field that imposes on charges; D is the charge diffu-
sion coefficient; x is the distance along the cross section of the solar cells.  

 
As mentioned above, diffusion is the dominant charge transport mechanism 
in conventional liquid DSCs[45,46]. Drift component (3rd term in the right-
hand side of the equation (3)) can be neglected. In the DSC system, the 
charge generation rate and recombination rate can be further described as the 
first term (following Beer-Lambert law) and the 2nd term (following the first-
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order reaction) on the right-hand side of the Equation (4), respectively. The 
parameters of τ and D are fundamental to understand the charge recombina-
tion and diffusion after the photoinduced charge separation in DSCs.  
 

                     = − ( ) ( ) +                      (4) 
                                

Ф is the photon flux; α is the absorption coefficient; N(0) is the charge con-
centration in the boundary condition; τ is reciprocal of the recombination 
rate (assume the 1st order reaction here).  

2.6. Multi-trapping/detrapping model. 
For an ideal planar crystalline semiconductor, the charge diffusion coeffi-
cient corresponds to the electron/hole diffusion coefficient in CB or VB, 
given the electron diffusion coefficient in single crystalline TiO2 (ca. 0.4 
cm2·s-1[61]), or hole in single crystalline NiO (ca. 0.05 cm-2·s-1)[62]. These val-
ues are orders of magnitude higher than the observed charge diffusion coef-
ficient in DSCs[63], indicating that the charge transport is influenced by the 
mesoporous structure of the semiconductor films[64]. This could be ascribed 
to the high density of trap states in the forbidden bandgap which involve in 
charge transport, e.g. the multi-trapping/detrapping model shown in Scheme 
(5). Based on this model, charge transport is described in three steps. (1) the 
electron injection into the CB; (2) the electron trapped by the localized state; 
(3) the electron detrapped back to CB by thermal activation. (4) the electron 
transport in CB; (5) trapped again. Although the effective electron transport 
(horizontal arrow in the Scheme 5) is completed inside CB, the multi trap-
ping-detrapping cycles reduce the electron transport rate, leading to a low 
observed diffusion coefficient (Dd). Such phenomena can be described by 
Equation (5) (TiO2 based)[65].   
 

 
  

Scheme 5. The multi-trapping/detrapping model for electron transport. The dash 
lines assigned as the localized trap states below CB.  
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                                      = 1 +                                           (5) 
 

Here, Dd is the observed charge diffusion coefficient; nL the density of elec-
trons in trap states; nc is the density of electrons in CB (free electrons); Dc is 
the electron diffusion coefficient in CB. 
 
In contrast to TiO2, much less attention has been paid on the trap states in 
mesoporous NiO films. The distribution of the trap states in NiO is very 
distinguishing to that of trap states in TiO2 from both energetic and spatial 
points of view. Generally, the trap states in TiO2 are treated as following an 
exponential distribution below the edge of CB[65,66]. In NiO, from reported 
results, the distribution of trap states is more similar to a Gaussian distribu-
tion[67,68]. The chemical nature of the trap states in NiO is still under debate. 
Based on spectroelectrochemistry (SEC), those trap states were assigned as 
Ni3+ and Ni4+ oxidized state[69,70]. Other researchers categorized part of them 
as the oxygen-localized defect states[68,71], even Ni+ reported as the possible 
trap states[72]. Nevertheless, the distribution, concentration and the chemical 
nature of trap states affect the electronic properties of NiO, including the 
charge diffusion in mesoporous NiO films. Until now, the mathematical 
models of charge diffusion and recombination derived from TiO2 based n-
DSCs are directly applied into NiO based p-DSCs. However, these mathe-
matical models should be built individually for NiO based p-DSCs, consider-
ing the complex electronic properties (mentioned above), the high density of 
trap states of mesoporous NiO films[43,67], and the significantly different die-
lectric constant of NiO from TiO2

[43,73].   

2.7. Hopping transport model. 
Charge transport in a mesoporous semiconductor film can also be described 
by a hole hopping model. In molecules, hopping transport is treated as 
charges exchange reaction in an identical energy state[74,75]. In DSCs, hop-
ping transport model is applied since the trap states existed in the forbidden 
band gap of the mesoporous semiconductors[76]. By hopping transport on a 
semiconductor, the CB or VB is excluded for the charge transport, whereas 
the charge transport is proposed through hopping among the localized states. 
Here, the thermally activated hopping model of Miller-Abrahams equation 
that has been used in DSCs is given as follow[76,77]. This model was original-
ly employed in amorphous semiconductor or polymers. Equation (6) shows 
that the hopping rate is exponentially dependent on the difference of energy 
and distance between localized sites. The charge transport rate requires inte-
gral of all the possible hopping steps. Since hopping indicates charge tunnel-
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ing from an occupied site to an empty one, it implies that charges around the 
Fermi level have higher probability to perform such a leap.  

  

              = −2 − , > −2 ,                       ≤                   (6) 

 
v0 is the phonon vibration frequency (‘jump-attempt’ rate); r is the distance 
between two localized states; α is localization radius which is from the result 
of the overlap integral of the wavefunctions; Eem and Efi are the energy of 
empty and the fill localized sates.  

2.8. Ambipolar diffusion coefficient. 
In the conventional liquid DSCs, the penetrated electrolyte inside the semi-
conductor matrix is the reason why the charge transport is only considered as 
diffusion. Before Section 2.8, we assume that charge diffusion in semicon-
ductor is the only determining factor for the observed charge transport. Here, 
the influence of the counter ions inside electrolyte is taken into account since 
the counter ions compensate with the charges in the semiconductor. Many 
reports showed that the concentration, conductivity and type of counter ions 
of the electrolyte affected the observed charge diffusion coefficient[78-80]. 
Kopidakis et al. introduced the ambipolar diffusion coefficient[81] to explain 
the influence of the electrolyte on the charges transport.  
 

     = ( )( / ) ( / )                                        (7) 

 
Dabm is the ambipolar diffusion coefficient (analogous to Dd); n is the elec-
tron density; p is the hole density; Dn is the electron diffusion coefficient; Dp 
is the hole diffusion coefficient.  

 
With this model, the observed diffusion coefficient is dependent on the mi-
nority carrier. Note that n and p in the Equation (7) refer to the concentration 
of those diffusible carriers (not fix charges). In conventional liquid DSCs, 
the high concentration (relative to the photoinduced charge carriers in the 
semiconductor matrix) of redox couples such as I-/I3

- (50 mM) is commonly 
applied. The redox electrolyte not only can eliminate the mass transport limi-
tation to the counter electrode, but also can make sure fast charge screening 
to those injected charges inside the nanoparticles. Taking liquid p-DSCs as 
an example, if the concentration of counter ions (n) in the electrolyte is much 
higher than that of the injected holes (p), n ≫ p, this results in Dp can be 
simply used to interpret the observed Dabm

[82].    
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2.9. Charge screening in solid-state dye-sensitized solar 
cells. 
Here, I would like to discuss briefly whether the charge screening works in 
solid-state DSCs (ss-DSCs). In comparison to liquid DSCs, the shortage of 
free counter ions is the main difference for ss-DSCs. This could alter the 
mechanism for charge transport since the injected charges are able to induce 
an electric field without the effective charge screening[45,83]. Charge injection 
could be limited as well by the Coulomb repulsion inside the nanoparticle. 
Therefore, significant charge recombination is generally confirmed in ss-
DSCs[83-85]. Researchers also proved that the addition of free ions is able to 
reduce the charge recombination, because of the improved charge 
screening[86-88]. However, to my knowledge, no studies have been performed 
on the influence of the existing electric field on the charge transport in ss-
DSCs. Diffusional transport is still widely applied in ss-DSCs[89,90].  

Consider that the charges separate into each electron or hole conductor. 
The concentration of the photoinduced charge should be identical in each 
conductor. To screen electrons or the holes also requires careful investiga-
tion. By the inspiration from liquid DSCs, one strategy is to employ electron 
conductor (TiO2) with high electron doping than the hole doping in NiO, 
which causes that most of the space charge range localized in NiO (e.g. the 
NiO-dye-TiO2 based p-ssDSCs). All the free holes in the NiO nanoparticle 
are depleted. Surrounding the NiO nanoparticle, the higher doped conductor 
(TiO2) with rich free electrons is able to fulfill the responsibility to screen 
the injected hole in NiO (for n-ssDSCs, vice versa). Such a screening strate-
gy probably still could induce substantial charge recombination since both 
separated carriers are in the solid phase, which is in analogous to the single 
crystal solid-state solar cell[46].   
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3. Materials and methods 

The information of photosensitizer and important techniques/methods used 
are given in this chapter. Other methods can be found in the papers attached.  

3.1. Sensitizer. 
In this thesis, a metal-free organic dye, PB6, with a donor-π-acceptor (D-π-A) 
configuration is used as the photosensitizer. A triphenylamine (TPA) unit 
and a perylene monoimide (PMI) group are chosen as the electron donor (D) 
and acceptor (A) moiety, respectively, linked by a thiophene group (π linker). 
The structure (left) and the absorption spectrum (right) of PB6 dye can be 
found in Scheme 6.  
 

 
 

Scheme 6. Structure of PB6 dye with a D-π-A configuration and UV-vis absorption 
spectrum in dichloromethane (DCM).  

 
PB6 dye was newly synthesized with highly chemical and thermal stability 
similar as reported perylene-based chromophores[91]. The PB6 dye also 
shows reversible and spectrally distinguishable reduced state and oxidized 
state. The electrochemical characterization of PB6 is summarized in Table 1.  
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Table 1. Electrochemical characteristics of PB6. 

 
Note: E0-0 is the energy difference between the electronic ground state and the lowest excited 
singlet state of the PB6 dye, which is similar as the energy difference between the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). 
E1/2(s+/s) and E1/2(s/s-) are the formal reduction potentials in the ground state of PB6. 
E1/2(s+/s*) and E1/2(s*/s-) are the formal reduction potentials in the excited state of PB6.   

3.2. Atomic layer deposition (ALD). 
Atomic layer deposition (ALD) technique is one of the technologies for the 
preparation of ultrathin films. ALD is able to satisfy the demand of an atom-
ic layer control and conformal coating, using sequential and self-limiting 
surface chemical reaction through gas phase. The most outstanding ad-
vantage of ALD is that it can practically achieve desired thickness at the 
Ångström level. Most of the ALD are binary reaction sequences including 
the ALD used in this thesis[92]. Here, a simplified schematic description is 
given to understand the working principle of this technique (Scheme 7). In 
this thesis, three metal oxides (TiO2, ZnO and Al2O3) were prepared with 
ALD technique. The precursors for ALD TiO2 are titanium tetrachloride 
(TiCl4) and H2O, diethylzinc (DEZn) and H2O for ALD ZnO, and trimethyl-
aluminum (TMA) and H2O for ALD of Al2O3.  
 

 
 

Scheme 7. Simplified one ALD cycle. #1: the target film; #2: pulsing precursor A 
with 1st chemically adsorbed layer. #3: removing the non-chemical adsorbed layer 
by N2 purge; #4: pulsing precursor B to perform the chemical reaction between A 
and B. #5: N2 purge to remove the non-chemical adsorbed B. The binary chemical 
reaction is inserted.  
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3.3. Current-voltage (I-V) characterization. 
Current-voltage (I-V) measurement should be the most important characteri-
zation of solar cells which directly provides the well-known characteristic 
parameter: solar energy conversion efficiency (η). The measurement is per-
formed by scanning the bias potential between the working electrode and 
counter electrode of solar cells. The measurement is commonly employed in 
the dark or light mode. A forward or a reverse bias potential can be also im-
posed at each mode.  

In an ideal case, the I-V measurement is equivalent to impose a scanning 
potential on a diode under the dark mode[48,93]. It is possible to extract the 
properties of a given solar cell, like the ideality factor, shunt resistance and 
series resistance. Under illumination, the whole I-V curve is supposed to be 
shifted downward (Figure 1). The photocurrent flows oppositely compared 
to the dark current under forward-biased scanning. In I-V curve, the potential 
under the net zero current is called open-circuit voltage (Voc) in which the 
photocurrent is equal to the dark saturated current. Beyond the Voc the fea-
ture of the diode of a solar cell will be quickly lost, and then the I-V curve 
will be described by Ohm’s law. Under the reverse bias, the photocurrent 
density (Jp) is the difference of the current density under illumination (Jp + J0) 
and dark (saturated current J0). The short-circuit current density is Jsc= Jp + 
J0 which is the current density without any external potential applied. Jsc can 
be simply treated as Jp if J0 is negligible (Equation (8)). 
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Figure 1. Illustration of J-V plot. The J-V curve was measured from p-DSCs with 
NiO-PB6 as the photocathode and 50 mM I-/I3

- in acetonitrile as redox couple. (J 
means the current density (mA·cm-2)) 
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                                   = − − 1                              (8) 
 

Here, J is the net current density; Jp is the photocurrent density; J0 is the 
saturated dark current density; q is the elementary charge; V is the applied 
bias potential; n is the ideality factor; kB is the Boltzmann constant; T is the 
Kelvin temperature.   
 
The performance of solar cells is also widely evaluated by a so-called fill 
factor (FF) (defined by Equation (9)) which generally describes “bad” or 
“good” of the solar cells, like the solar energy conversion efficiency. Any 
energy loss is dumped into such a mathematical parameter. With the FF, the 
solar energy conversion efficiency can be calculated from Equation (10).   
 

                                           = ′× ′×                                                 (9) 
 
                                      = ′ = × ×                                        (10) 

 
In which, ′

 is the voltage in the maximum power output; ′ is the current 
density in maximum power output; p’ is the maximum power output. Pin is the 
power of the incident photons.  

3.4. Incident photon-to-current conversion efficiency 
(IPCE). 
Generally, I-V measurement is performed under simulated sun light, indicat-
ing that photocurrent and photovoltage result from the broad solar spectrum. 
The individual contribution of the photocurrent from a single wavelength 
cannot be extracted in such an I-V measurement. Therefore, IPCE is used to 
tell the contribution of the photocurrent at each wavelength. IPCE in litera-
tures are also referred to the external quantum efficiency or the action spec-
trum. IPCE essentially provides the ratio of the achieved electrons/the inci-
dent photons. What we can directly measure are the output photocurrent and 
the input photo flux, as shown in Equation (11). Isc is the short-circuit current. 
 

                φ (λ) = ( )( ) = ( )( ) × ( ) × 100                (11) 
 

The Equation (11) only considers the result of the input (photons) and the 
output (electrons). IPCE can be theoretically calculated from a kinetic path-
way to trace how a photon converts into an electron step by step, described 
in Scheme 1. To extract a photo-generated electron several processes are 
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involved which is from the photon absorption, charge injection and dye re-
generation, to the charge collection, expressed by Equation (12)[94,95].         
 

                            = × × ×                          (12) 
 
LHE is the light-harvesting efficiency; Φinj is the charge injection efficiency; 
Φreg is the dye regeneration efficiency and Φcc is the charge collection effi-
ciency.  

 
To integrate the photocurrents from each wavelength, the photocurrent from 
whole solar spectrum also can be obtained, as shown in Equation (13). 
Commonly, the IPCE measurement is performed under short-circuit condi-
tion, so the integrated current density from IPCE should match with the Jsc 
measured from the J-V characterization.  
 

                                  = ( ) ( )                          (13) 
 
Here, λ1 and λ2 are the integration wavelengths. E(λ) is the single photon 
energy at wavelength λ. 
 
However, the energy conversion efficiency cannot surpass the Shockley-
Queisser limit[24] in the DSCs with a single dye. The reason is due to that 
part of photons below Eh-l (Eh-l, the energy difference between the HOMO 
and LUMO of the dye) cannot be absorbed, and those photons beyond Eh-l 
have to dissipate additional energy into heat from the hot electrons. There-
fore, the tandem DSCs with multi-junctions (dyes) are expected to surpass 
the Shockley-Queisser limit in order to significantly improve the IPCE value 
from each wavelength.      

3.5. Transient photovoltage measurement.  
Charge recombination is an important kinetic process causing the energy 
loss in DSCs, commonly described by a parameter called charge lifetime (τ) 
(Equation 4). In practice, it is impossible to directly measure the charge con-
centration[96,97]inside a DSC. The decay of Voc is employed to extract the 
charge lifetime, because Voc and charge concentration (n) can be connected 
by Equation (14)[98]. In addition, no net current flows under open-circuit 
condition, suggesting the charge loss results from recombination. The Fermi 
level under dark condition is constant through the whole solar cell because 
of the thermal equilibrium. Under illumination, a photovoltage is built up 
after charge injection into the semiconductor, corresponding to a new Quasi-
Fermi level (photo-generated electrons alter the thermal equilibrium). The 
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charge recombination in different Quasi-thermal equilibrium conditions can 
be derived R=R0exp(ΔEF/nkBT)[99] (R is recombination rate, R0 is recombina-
tion rate in dark and ΔEF is the Quasi-Fermi level splitting; n is the ideality 
factor; kB is the Boltzmann constant; T is the kelvin temperature).     
 

                         = =                     (14) 

 
Here, nc is the electron concentration in the CB under light; n0 is the elec-
tron concentration in the CB under dark; EFn is the Quasi-Fermi level under 
light; EF0 is the Fermi level under dark. 

   
Transient photovoltage measurement is performed on a given solar cell illu-
minated by a specific light intensity (corresponding to a specific state of this 
solar cell). Then, a small light intensity is imposed above the specific light 
intensity to perturb the original state of the solar cell. The changing Voc is 
traced, which is chosen as a parameter to describe the changing states. Here, 
the ‘small’ means charge recombination rate constant does not change under 
the external light perturbation[100] (assume the charge recombination is a 
pseudo-first order reaction). Then, the charge lifetime on a fixed light inten-
sity can be extracted from the Voc decay by an exponential fitting.  

As is well known, there is a high density of surface states localize on the 
mesoporous semiconductors. Those trap states are able to alter the observed 
charge recombination process, which has been proven in the n-DSCs. A 
physical model[100] suggested by Bisquert provided a mathematical explana-
tion on the influence of trap states on the charge lifetime of DSCs. The mul-
ti-trapping events increase the observed charge lifetime because those 
trapped electrons require time to detrap into the CB in TiO2 before the effec-
tive transport occurs. The charge recombination is assumed to occur only in 
the CB (free electron), as seen Equation (15). The physical meaning of a 
measured charge lifetime could be more complex because of multiple kinetic 
processes involved, such as the charge recombination with trap states in bulk, 
or surface states, and the recombination between the charge in surface states 
and the electrolyte.  

                                       
                                             = 1 +                                      (15) 

 
Here, τ is the observed electron lifetime; τc is the electron lifetime in the CB 
(without the influence of trap states); nL is the electron density in trapped 
states; nc is the electron density in conduction band;   
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3.6. Transient photocurrent measurement.  
Transient photocurrent is also a small perturbation technique of light intensi-
ty, similar as the transient photovoltage mentioned above. The purpose of 
such a measurement is to study the charge transport behavior in a connected 
circuit after photoinduced charge separation. The standard measurement is 
performed under a short-circuit condition and the in-time Jsc decay is moni-
tored. The corresponding response time (τrep) is then extracted from the Jsc 
decay. Since charge recombination happens during the charge transport, the 
observed response time should be described as Equation (16). Generally, 
charge recombination is much slower than the charge transport under short-
circuit condition. The response time basically is equivalent to the charge 
transport time.  

                                             
                                         = +                                               (16) 

 
Here, τrep is observed response time; τtr is the charge transport time, and τre 
is the charge lifetime under short circuit condition. 
 
With charge transport time, charge diffusion coefficient can be calculated by 
Equation (17)[101]. The coefficient of β is determined by the particular 
transport path in a mesoporous semiconductor, which could be affected by 
the trap states.  

                                                 
                                           =                                                    (17) 

 
Here, Dd observed charge diffusion coefficient; d is the thickness of the mes-
oporous film. τtr is the charge transport time; β is a constant coefficient. 

 
In addition, the transient photocurrent can be measured under different light 
intensity with on/off modes. In this situation, the trap states should be empty 
in the dark. The trap filling process can be traced after light perturbation by 
following the transient photocurrent. The shape of the transient photocurrent 
curve (vs. time) can be even used to identify charge transport mechanism. In 
DSCs, the transient photocurrent observed gradually increases until reaching 
an plateau, which can be affected by light intensity[102] and the frequency of 
perturbation[103]. The charge trapping/detrapping in the localized sates has 
been treated as the main reason for such a behavior during the measurement 
of transient photocurrent. The transient photocurrent measurement is also 
performed in a semiconductor via bandgap excitation. Photocurrent shows 
similar behavior (gradually increases until reaching an equilibrium state) as 
these measurements without a pre-imposed bias light, which seems to be 
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affected by the same trap filling process. The photocurrent can steeply in-
crease when the bias light is applied[104].  

3.7. Transient absorption spectroscopy (TAS).  
UV-vis absorption spectroscopy is based on Beer-Lambert law =− ( / ) by directly detecting transmitted light (assuming A is the steady 
state absorption; I is the transmitted light intensity; I0 is the incident light 
intensity). TAS is used to trace the kinetics of the target species/process after 
perturbation of the steady state. Commonly, a pump laser is used to perturb 
the sample, and then a polychromatic laser is to probe absorption of the tran-
sient species/process in different time delays. The probe process is identical 
as the measurement of steady state absorption, = − ( / ) (A  is the 
absorption of the transient species/process;  is the transmitted light intensi-
ty after pump). In TAS, the difference absorption spectrum is used to distin-
guish the absorption of different species/process, = − =  ( / ). 
Thus, ΔA is zero if I= Ip; ΔA is a positive signal if I>Ip, vice versa. Three 
absorption features are generally observed in TAS, (1) ground state bleach 
(I<Ip); (2) photoinduced species (I>Ip); (3) stimulated emission (I<Ip).  
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4. Important results and reflections. 

In this chapter, the main results will be summarized into eight sub-sections 
(section 1-8) based on Paper I-V. Some interesting data excluded in these 
papers are also discussed. In section 9, some reflections of my PhD work are 
given on the basis of the results discussed in the previous sections. Detailed 
results can be found in the attached papers.   

4.1. Essential motivations for the NiO-dye-TiO2 config-
uration. 
Since there are four papers directly related to the NiO-dye-TiO2 structure, 
here I summarize the essential motivations of such a configuration. The main 
inadequacies of p-DSCs compared to n-DSCs are listed. Then, possible solu-
tions provided by the NiO-dye-TiO2 configuration are discussed. Limitations 
of this configuration are given as well. 
 

 
 
Scheme 8. The proposed NiO-PB6-TiO2 configuration. The desired charge separa-
tion is labeled after dye excitation. The upper Scheme: working principle of p-
ssDSCs. The lower Scheme: working principle of p-DSPECs for water splitting. 
(The solid line indicates that the dye is sensitized on mesoporous NiO films linked by 
a covalent bond; the dash line stands for a physical contact by ALD of TiO2 inside 
the NiO-dye film. This was how the NiO-PB6-TiO2 configuration was constructed in 
this thesis.) 
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4.1.1. An interesting configuration of NiO-dye-TiO2. 
P-type semiconductor NiO and n-type semiconductor TiO2 are the two most 
commonly used semiconductors in p-DSCs and n-DSCs, respectively. Con-
necting both with a dye, the NiO-dye-TiO2 assembly, is an interesting con-
figuration for studying photoinduced charge separation. The NiO-dye-TiO2 
configuration can be used for constructing the rarely studied p-ssDSCs, and 
p-type dye-sensitized photoelectronsynthetic cells (p-DSPECs), as shown in 
Scheme 8. 

4.1.2. The low open-circuit voltage (Voc) of p-DSCs. 
The low Voc is one of the main limiting factors on the performance of p-
DSCs[105]. The theoretical limit of the Voc depends on the difference between 
the potential of the VB and the formal reduction potential of the redox cou-
ple (in liquid p-DSCs). NiO as the most successful p-type semiconductor in 
p-DSCs has a VB of ca. 0.5 V vs. normal hydrogen electrode (NHE). The 
redox couple mostly used is I-/I3

- redox couple with a formal reduction po-
tential of ca. 0.32 V vs. NHE. Thus, a maximum Voc of ca. 220 mV can be 
expected in such a solar cell. The theoretical limit of the Voc in NiO based p-
DSCs is much lower than that in n-DSCs (820 mV) constituted by n-type 
TiO2 (CB: ca. -0.5 V vs. NHE) and I-/I3

- (0.32 V vs. NHE).  
 

 
 
Scheme 9. The theoretical maximum Voc is described in different of configuration of 
solar cells. All potentials are given vs. NHE.   

 
Two strategies have been employed to enhance the Voc value of p-DSCs: the 
first one is to use new redox couples with more negative formal reduction 
potential. Significant improvement of the Voc, e.g. 709 mV[106], or 645 mV[37] 
is beneficial from such a strategy. One problem is that the redox mediators 
can easily be oxidized by O2; the second strategy is to choose other p-type 
semiconductors with more positive VB. The Voc is able to be enhanced from 
226 mV to 268 mV when switching from NiO to CuCrO2 (referred to I-/I3

- 
redox couple)[107]. Still, in terms of performance, no p-type semiconductors 
can generally compete with NiO in p-DSCs, indicating the limitations of the 
achievements made with this strategy so far.  
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With the NiO-dye-TiO2 configuration, a maximum Voc of 1.0 V can be ex-
pected since the hole is injected into the VB of NiO, and the electron into the 
CB of TiO2 after dye excitation.  

4.1.3. Underlying requirements of the high dye regeneration rate 
in p-DSCs. 
Ultrafast charge recombination between the hole in NiO and the reduced dye 
is commonly found in NiO-dye systems (< 100 ps shown in many cases)[25-

27]. Thus, a high dye regeneration rate is required in order to compete with 
the recombination loss. In liquid p-DSCs, dye regeneration could be limited 
by diffusion of the redox mediator to the reduced dye in order to complete 
the electron transfer. For instance, the liquid p-DSCs were fabricated with a 
NiO-PB6 photocathode and 50 mM I-/I3

- as the redox couple. The upper 
limit for the pseudo–first-order diffusion rate constant is 5×108 s-1 (assuming 
a diffusion rate constant of I3

-, 1010 M·s-1[108]), much smaller than the dye 
regeneration rate constant required (1010 s-1). Thus, the dye regeneration 
could limit the photocurrent generation. In this thesis (Paper I-IV), the diffu-
sion process is eliminated via constructing a solid-state configuration of 
NiO-dye-TiO2. The dye is directly in contact with TiO2 and dye regeneration 
can be completed when the electron is transferred from the reduced dye to 
electron acceptor TiO2 (assuming hole injection happens first). A strong 
electronic coupling is expected between the dye and TiO2 (see Scheme 8), so 
that the dye regeneration should be much faster compared to that in liquid p-
DSCs.   
 
It should be mentioned here, that the dye regeneration rate in liquid p-DSCs 
may be faster than the upper limit posed by diffusion of the redox couple in 
the electrolyte. In Paper IV, the dye regeneration efficiency is estimated up 
to 50 %. The halftime of charge recombination is ca. 5 ps in a dry film of 
NiO-PB6 (Paper I), so dye regeneration should also occur on a time scale of 
ca. 5 ps. This suggests that some associated species must form between the 
NiO-dye and redox mediators. The rate of electron transfer from the reduced 
dye to the redox mediator could thereby be significantly improved. Such an 
argument was already given in 2008[25]. However, clear understanding about 
such association processes are still lacking. In n-DSCs, researchers further 
proved associated species could form between the dye molecules and the I-

/I3
- system[109,110].  
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4.2. Kinetic study of the photoinduced charge separation 
in NiO-dye-TiO2 configuration (Paper I) 
The energy diagram of the NiO-dye-TiO2 configuration has been constructed. 
Hole (driving force (-ΔG0) = 530 meV) and electron injection (-ΔG0 = 330 
meV) into the VB of the NiO and the CB of TiO2, respectively, from the 
excited state of the PB6 dye are thermodynamically favorable. No matter 
which carrier is injected into the respective semiconductor first, the resultant 
reduced PB6 (hole injection in the VB of NiO first) or oxidized PB6 (elec-
tron injection in the CB of TiO2 first) are also thermodynamically able to 
inject charge into the CB of TiO2 (-ΔG0) = 430 meV) or the VB of NiO (-
ΔG0) = 630 meV), respectively (Table 1). The electrochemical potential 
diagram of the NiO-PB6-TiO2 configuration is shown in Scheme 10 (assum-
ing hole injection into the VB of NiO happens first). 

Scheme 10. Electrochemical potential diagram of NiO-PB6-TiO2 configuration, 
assuming hole injection into the VB of NiO first. All the potentials are given vs. NHE. 

Photoinduced absorption (PIA) spectroscopy was used to follow the electron 
injection from the excited state of PB6 into TiO2. Two configurations were 
investigated: one was TiO2-PB6 with a covalent bond between TiO2 and PB6; 
the other one was ZrO2-PB6-TiO2, where the dye and TiO2 are not covalent-
ly linked, but in physical contact, as described in Scheme 11 (ZrO2 is a wide 
bandgap insulator). 

Scheme 11. Electron injection though the covalent bond between the donor unit (D) 
of PB6 and TiO2 (solid line) in TiO2-PB6 configuration (left); Electron injection 
though a physical contact between the acceptor unit (A) of PB6 and TiO2 (dash line) 
in ZrO2-PB6-TiO2 configuration (right).  
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After excitation by a 532 nm laser, two clear peaks are observed at 920 nm 
and 540 nm in TiO2-PB6. These spectral signatures match well with the ab-
sorption spectrum of the 1st oxidized state of PB6 observed by spectroelec-
trochemistry (SEC) (Figure 2). Similar oxidation peaks are assembled in 
ZrO2-PB6-TiO2. One interesting point here is that the electron can be inject-
ed into TiO2 from the excited state of the dye through a physical contact, as 
in the ZrO2-PB6-TiO2 configuration. The PIA-setup used here has a time 
resolution in the ~ms range, suggesting that the oxidized form of PB6 is 
stable on ms time scale in both TiO2-PB6 and ZrO2-PB6-TiO2 films.  
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Figure 2. Difference spectrum between the 1st oxidized state of the dye (PB6+) and 
the ground state (PB6) in the TiO2-PB6 assembly measured by SEC (black curve) in 
0.1 M Tetrabutylammonium hexafluorophosphate (TBAPF6) in DCM solution under 
0.9 V vs Ag/AgNO3 reference electrode; PIA in dry films of TiO2-PB6 (red curve) 
and ZrO2-PB6-TiO2 (blue curve) with 530 nm excitation. Reprinted from Paper I. 

Photoinduced charge separation in the NiO-PB6-TiO2 configuration was 
followed by femtosecond-transient absorption spectroscopy (fs-TAS). By fs-
TAS, real-time information about how fast holes and electrons can be inject-
ed into NiO and TiO2, respectively, can be accessed. In Figure 3a, a shoulder 
peak in the absorption at 650 nm is formed within 200 fs. This can be as-
signed to the reduced form of PB6, consistent with the results obtained by 
SEC in NiO-PB6 (Figure 3b). This means that an ultra-fast hole injection 
happens from the excited state of the dye into the VB of NiO after dye exci-
tation by 560 nm laser. Similar kinetics of hole injection, < 200 fs, are ob-
served in NiO-PB6 films. Within tens of ps, the feature assigned to reduced 
PB6 decreases, and is replaced by a pronounced spectrum with a peak 
around 500 nm and a bleached peak around 620 nm. This spectrum (e.g. 
after 500 ps in Figure 3a) agrees well with the 1st derivative of the steady 
state absorption spectrum of the NiO-PB6-TiO2 film (Equation (2) and Fig-
ure S15 in Paper I). The changed difference absorption spectrum appears 
because the steady state absorption spectrum of NiO-PB6-TiO2 is blue shift-
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ed in an electric field, due to the Stark effect. The electric field is built up 
after the electron is injected into TiO2 from the reduced dye, leaving the 
regenerated PB6 dye in the electric field as shown in Scheme 12 (left). The 
kinetics of dye regeneration, t1/2 ≤ 500 fs, could be measured by following 
the formation of Stark effect signal, which is the fastest dye regeneration 
reported in any DSCs.  

Figure 3. (a) fs-TAS of NiO-PB6-TiO2 film (dry film) excited at 560 nm. (b) Differ-
ence spectrum between the reduced state of the dye (PB6-) and the ground state 
(PB6) in the NiO-PB6 assembly measured by SEC in 0.1 M TBAPF6 in DCM solu-
tion under -1.49 V vs. Ag/AgNO3 reference electrode. Reprinted from Paper I. 

The hole and electron injection efficiencies are estimated to 98 % and 93 %, 
respectively. No obvious charge recombination in the NiO+-dye-TiO2

- state 
is observed within the detection window (2 ns). The long-lived charge sepa-
rated state is significantly different from that in the NiO-PB6 configuration 
where the recombination halftime is ca. 5 ps. The efficient charge separation 
and long-lived charge separated state suggest the potential application of the 
NiO-PB6-TiO2 configuration for solar cells or solar fuels devices.   

Scheme 12. Illustration of the electric field changes after charge separation. ΔE is 
difference in electric field after/before photoinduced charge separation, and Δμ is 
difference in dipole moment of the dye between the excited state and the ground 
state in NiO-PB6-TiO2 configuration (left, adapted from Paper IV), and the pro-
posed TiO2-PB6-NiO configuration (right). 
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Extra evidence of the Stark effect (additional data after Paper I pub-
lished).  
To further confirm the presence of the Stark effect observed in the NiO-PB6-
TiO2, an ‘opposite’ configuration TiO2-PB6-NiO was proposed. The dye 
sensitization, in the TiO2-PB6-NiO configuration, causes that the carboxylic 
acid in the donor part (TPA) will be covalently linked with TiO2 and the 
acceptor (PMI) should be close to NiO. The orientation of PB6 molecule is 
completely inverted as compared to that in the NiO-PB6-TiO2 configuration 
(Scheme 12 (right)). The red-shifted absorption spectrum of TiO2-PB6-NiO 
would be expected to be observed after photoinduced charge separation 
(TiO2

--PB6-NiO+).  
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Figure 4. Nanosecond-transient absorption spectra (ns-TAS) in dry films of TiO2-
PB6-Spiro (a) and NiO-PB6-TiO2 (b) at 5 μs after laser excitation, at 532 nm.  

 
Since we had difficulties to prepare an ALD layer of NiO, the hole transport 
material Spiro-MeOTAD was used in replace of NiO, resulting in the TiO2-
PB6-Spiro configuration. Nanosecond-transient absorption spectroscopy (ns-
TAS) was applied to observe the Stark effect. Two positive peaks at 415 nm 
and 620 nm, and one negative peak at 500 nm were observed after dye exci-
tation at 532 nm, as shown in Figure 4a. The narrow peak at 415 nm is as-
signed to the oxidized Spiro-MeOTAD. There are three oxidation peaks in 
Spiro-MeOTAD (ca. 415 nm, 500 nm and 700 nm) reported in ref[111]. How-
ever, the extinction coefficients of oxidized Spiro-MeOTAD at 500 nm and 
700 nm are much lower than that of the oxidized peak at 415 nm (ca. 20 
times lower at 500 nm, and ca. 10 times lower at 700 nm; negligible absorp-
tion between 530-620 nm). Therefore, we can safely conclude that the pro-
nounced signature of a negative peak at 500 nm and a positive at 600 nm 
mainly result from the Stark effect. The absorption spectrum of TiO2-PB6-
Spiro is red-shifted after the photoinduced charge separation (TiO2

--PB6-
Spiro+). Meanwhile, ns-TAS was also performed in the NiO-PB6-TiO2 as-
sembly. A spectrum with a positive peak at 520 nm, and negative peak at 
650 nm is observed, analogous to that observed by fs-TAS (Figure 3a), but a 
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totally completely opposite spectra signature compared to that in TiO2-PB6-
Spiro. The different spectra of TiO2-PB6-Spiro and NiO-PB6-TiO2 strongly 
confirm the presence of the Stark effect.  

4.3. An advanced strategy to control charge recombina-
tion (Paper II). 
To further improve the lifetime of the charge separated state of NiO-PB6-
TiO2, an insulating layer of Al2O3 can be inserted between the NiO-dye and 
TiO2 layer, resulting in the NiO-PB6-Al2O3-TiO2 configuration (Scheme 13). 
In theory, the thickness of Al2O3 can be well controlled by ALD. If an Al2O3 
layer with desired thickness is inserted to cover the donor part of the PB6 
dye solely, but leave the acceptor part connected with TiO2, such a configu-
ration should have the ability to maintain efficient charge separation and 
suppressed charge recombination. Such a configuration (NiO-PB6-Al2O3-
TiO2) could provide an advanced strategy to control the charge recombina-
tion. In Paper II, the NiO-PB6-Al2O3-TiO2 configuration is explored with a 1 
nm layer of Al2O3 inserted by ALD (the thickness of Al2O3 in mesoporous 
film is an estimated value from ALD of Al2O3 on a polished Silicon wafer).  
 

 
 
Scheme 13. The proposed configuration of NiO-PB6-Al2O3-TiO2. The molecular 
structure of the PB6 dye is inserted. Adapted from Paper IV. 
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Figure 5. Charge lifetime as a function of Voc. Different values of Voc in x-axis cor-
respond to the measurement performed under different light intensities. The solid 
black lines are added by eye. Adapted from Paper II. 

Charge recombination was characterized by the transient photovoltage tech-
nique. The charge lifetime in the NiO-PB6-Al2O3-TiO2 configuration is 
longer than that of the NiO-PB6-TiO2 configuration (Figure 5) at a specific 
Voc, indicating lower charge recombination after Al2O3 deposition. The 
charge separated state can last at least 2 ns (the maximum time window of 
the instrument used for fs-TAS) without significant recombination in both 
NiO-PB6-TiO2 (Figure 5 in Paper I) and NiO-PB6-Al2O3-TiO2 films (Figure 
S3 in Paper II). Thus, ns-TAS was performed to follow the long-lived charge 
separated state, as shown in Figure 6. Charge recombination in presence of 
the Al2O3 layer seems to be reduced compared to that in the NiO-PB6-TiO2 
films. Here, it should be stressed that this experiment still requires to be 
carefully repeated before a solid conclusion can be drawn (ns-TAS data after 
Paper II published).  
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Figure 6. Kinetic traces obtained by ns-TAS in dry films of NiO-PB6-TiO2 and NiO-
PB6-Al2O3-TiO2 after excitation at 532 nm. NiO-PB6-TiO2 at 510 nm (black); NiO-
PB6-TiO2 at 620 nm (red); NiO-PB6-Al2O3-TiO2 at 510 nm (blue); NiO-PB6-Al2O3-
TiO2 at 620 nm (magenta). 
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4.4. P-ssDSCS based on NiO-PB6-TiO2 type configura-
tion (Paper II, Paper III and Paper IV).    
Efficient hole injection, dye regeneration and the relatively long-lived charge 
separated state are observed in both NiO-PB6-TiO2 and NiO-PB6-Al2O3-
TiO2 films (section 4.2 and 4.3). Thus, p-ssDSCs based on these dye-
sensitized films were fabricated and the performance of these solar cells was 
further explored. In the J-V curve of NiO-PB6-TiO2 based solar cells, a Jsc of 
ca. 12 μA·cm-2 and Voc of 400 mV are observed. The IPCE spectrum shows 
a broad peak from 480-800 nm (Figure 7b) which is consistent with the ab-
sorption spectrum of PB6 dye in NiO-PB6-TiO2 films (Figure S4 in Paper I). 
It indicates that the photocurrent in NiO-PB6-TiO2 based solar cells is from 
the solar light absorbed by the PB6 dye. The Voc of 400 mV is higher than all 
reported p-DSCs with I-/I3

- as the redox couple. Although, the Voc of 400 mV 
is far lower than the theoretical limit (1.0 V) for an ideal NiO-PB6-TiO2 
structure, the design of NiO-PB6-TiO2 configuration shows great promise 
for this strategy to enhance Voc in p-DSCs.  

The Jsc and Voc in NiO-PB6-Al2O3-TiO2 based solar cells are further in-
creased to ca. 24 μA·cm-2 and 0.48 V (Figure 7a), respectively. Only few 
reported p-DSCs have higher Voc [37,106,112,113]. The improved Voc (0.48V) after 
insertion of Al2O3 is probably due to reduced charge recombination loss. 
More charges accumulate in NiO (holes) and TiO2 (electrons), leading to a 
larger Quasi-Fermi level splitting. The low Jsc here (24 μA·cm-2) is the main 
limiting factor of the performance of the solar cells.  
 

0.0 0.1 0.2 0.3 0.4 0.5
0

5

10

15

20

25

30

J sc
 (μ

A⋅
cm

-2
)

Photovoltage / V

 NiO-TiO2               NiO-PB6-TiO2 
 NiO-Al2O3-TiO2      NiO-PB6-Al2O3-TiO2 

   

(a)

   
400 500 600 700 800

0.00

0.05

0.10

0.15

0.20(b)
 NiO-TiO2

 NiO-Al2O3-TiO2

 NiO-PB6-TiO2

 NiO-PB6-Al2O3-TiO2

Wavelength/ nm

IP
C

E/
 %

 
 

Figure 7. (a) J-V curve of solar cells with different configurations; (b) the corre-
sponding IPCE. Reprinted from Paper II. 

 
The photocurrent is rather unsatisfactory in the NiO-PB6-TiO2 or NiO-PB6-
Al2O3-TiO2 based solar cells (Figure 7a). The reason is ascribed to the amor-
phous state of TiO2 deposited under a low ALD temperature (100  °C) since 
the amorphous TiO2 could increase the series resistance. In order to improve 
the Jsc, ALD of ZnO was used to fabricate a NiO-PB6-Al2O3-ZnO structure. 
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The motivation is that, ZnO has been reported to have a similar energy in the 
edge of CB as that of TiO2, but it has a higher electron diffusion coefficient 
and an easier fabrication procedure to achieve the crystalline structure[114,115].  

In Paper IV, from the J-V measurement of NiO-PB6-Al2O3-ZnO based 
solar cells, a Voc of 370 mV and Jsc of 450 μA·cm-2 were achieved (Figure 1 
in Paper IV). The Voc of 370 mV is comparable with the Voc achieved in both 
NiO-PB6-TiO2 (Voc = 400 mV) and NiO-PB6-Al2O3-TiO2 (Voc = 480 mV) 
based solar cells. However, the Jsc of 450 μA·cm-2 is improved by a factor of 
ca. 20 with respect to the Jsc of 24 μA·cm-2 in NiO-PB6-Al2O3-TiO2 based 
solar cells.  

In Paper III, the performance of p-ssDSCs based on NiO-dye-ZnO con-
figuration fabricated with a solution-processed ZnO layer is improved even 
further. A Voc of 440 mV and Jsc of 680 μA·cm-2 were achieved (Figure 4 in 
Paper III). The enhanced Jsc (680 μA·cm-2) is attributed to the high conduc-
tivity of crystalline ZnO in the NiO-dye-ZnO configuration (the crystalline 
structure of ZnO is confirmed by X-ray diffraction (XRD) (Figure S3 in 
Paper III) and transmittance electron microscopy (TEM) (Figure S4 in Paper 
III)).  

4.5. H2 evolution with a similar NiO-PB6-TiO2 type 
configuration (Paper III).   
In this section, a configuration of NiO-dye-ZnO (with solution-processed 
ZnO) is applied in p-DSPECs for H2 evolution from water splitting. In Fig-
ure 8, photocatalytic current densities up to 100 μA·cm-2 were observed un-
der one sun illumination, with a bias potential of 0.05 V vs. reversible hy-
drogen electrode (RHE). The photocurrent only slightly decreases after 9 h. 
8.4 μmol of H2 were detected (1.59 C charge) according to gas chromatog-
raphy (GC) and H2 sensor measurements. This is corresponding to a Faraday 
efficiency nearly unity. Note that the photocatalytic current is achieved using 
the efficient Platinum (Pt) as catalyst (less than 3 μA·cm-2 without Pt). Even 
so, the photocatalytic current density of 100 μA·cm-2, to my knowledge, is 
the highest current density reported in H2 evolution under approximate one 
sun condition using dye-sensitized NiO films as photocathodes[116,117]. The 
photocatalytic current in NiO-dye systems is actually much lower than that 
reported in water oxidation with dye-sensitized TiO2 photoanodes, although 
O2 evolution from water is a four-electron transfer reaction[118,119]. It indi-
cates that the H2 evolution reaction is still very challenging in dye-sensitized 
NiO systems.  
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Figure 8. Chronoamperometry measurement in 0.1 M acetate buffer (pH = 5.0) 
under bias of 0.05 V vs. RHE. NiO-PB6-Al2O3-ZnO-TiO2-Pt photocathode (red 
curve); the results of hydrogen measurements inserted, by hydrogen sensor (blue 
line) and GC (H2 peak, in black curve). LED (light emitting diode) white light illu-
mination (420–750 nm), 50 mW·cm-2, equivalent to one sun condition from 420 nm 
to 750 nm (here the TiO2 is used to protect the ZnO from decomposition in the aque-
ous electrolyte). Adapted from Paper III. 

4.6. The high charge diffusion coefficient in p-ssDSCs 
(Paper IV). 
In Paper IV, we try to provide a more complete understanding of p-ssDSCs 
and investigate the main limiting factors on the performance of p-ssDSCs so 
far. Transient photocurrent and photovoltage techniques are used to study the 
charge diffusion and recombination after photoinduced charge separation. 
Primarily, charge diffusion in the TiO2- and ZnO-based solar cells will be 
discussed here.  

 
Charge diffusion and charge recombination are studied in intact solar cells 
with the NiO-PB6-Al2O3-TiO2 and NiO-PB6-Al2O3-ZnO configurations. The 
NiO-PB6-Al2O3-ZnO films were fabricated with a similar ALD procedure 
(see method part in Paper IV) in order to have comparable results with NiO-
PB6-Al2O3-TiO2 based solar cells. In Figure 9a, the transport time is about 
0.8 ms and 0.2 ms for TiO2- and ZnO-based p-ssDSCs, respectively. That is 
1-2 orders of magnitude faster than that reported in the liquid p-DSCs (10 
ms)[120], see Figure 9b. The faster charge transport time is one of the ad-
vantages of p-ssDSCs with respect to liquid p-DSCs. Note that the charge 
transport time is not dependent on the light intensity (the current density is 
linearly dependent on light intensity) in p-ssDSCs or liquid p-DSCs. The 
non-dependent transport behavior is an interesting characteristic of p-DSCs 
reported consistently in liquid p-DSCs[73,120-131]. This is significantly different 
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from that in TiO2-based n-DSCs, where the  charge transport time is expo-
nentially dependent on light intensity[132]. In Paper IV, the light independent 
transport behavior is observed in p-ssDSCs as well.  
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Figure 9. (a) The dependence of charge transport time on short-circuit current den-
sity (which is linearly dependent on light intensity) in different p-ssDSCs; (b) Hole 
lifetime measured under open-circuit conditions as a function of current density (red 
dots) and hole transport time as the function of current density (measured under 
short-circuit condition, black dots) in liquid p-DSCs with I−/I3

− as redox electrolyte. 
The solid black lines are drawn as guides to the eye. Reprinted from Paper IV.  

 
For sake of simplicity, the charge transport inside p-ssDSCs is assumed to be 
dominated by diffusion, as is often assumed in liquid DSCs and n-
ssDSCs[89,133]. As discussed in Chapter 2 a p-n junction could exist in the 
NiO-PB6-TiO2 type configuration. Further study of the charge transport is 
still required to understand what the influence of the p-n junction would be. 

The observed charge diffusion coefficient (Dd) was calculated based on 
Equation (17) (Section 3.6), resulting in a Dd ≈ 8×10-6 cm2·s-1 for TiO2-based 
p-ssDSCs, and a Dd ≈ 3×10-5 cm2·s-1 for ZnO based p-ssDSCs under one sun 
condition. The Dd ≈ 3×10-5 cm2·s-1 is the highest reported for the p-DSCs, 
and even comparable with the electron diffusion coefficient (De) in n-
DSCs[81,134]. Dd in liquid p-DSCs was estimated to ca.10-7 cm2·s-1 (Figure 10) 
which can be directly assigned as the hole diffusion coefficient (Dh) inside 
NiO by an ambipolar model[81] (Section 2.8). The Dh obtained in liquid p-
DSCs is consistent with the reported in literature [120].  

The calculated value of Dd in p-ssDSCs is similar to the value of De in 
TiO2 (liquid n-DCSs), and two orders of magnitude larger than Dh in NiO 
(liquid p-DSCs). We thus conclude that charge transport in NiO-PB6-Al2O3-
TiO2 (ZnO) based solar cells is limited by electron diffusion in TiO2 or ZnO. 
A different charge-transport-determining mechanism should be operative in 
p-ssDSCs, than in liquid p-DSCs in which charge transport is limited by hole 
diffusion in NiO. The minority-limited diffusion in p-ssDSCs is analogous to 
that of the single crystalline solid-state solar cells in which the minority in 
the bulk determines the observed diffusion coefficient[48,135,136].   
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The electron-limited diffusion in p-ssDSCs indicates that electron densi-
ty (n) is much smaller than the hole density (h) based on the ambipolar mod-
el (Equation (7), Section 2.8). The reason is that the electron conductor 
(TiO2 or ZnO) is not well electronically connected inside mesoporous NiO 
films. The electronically unconnected parts of TiO2 or ZnO layer can still 
participate in complete charge separation (i.e. formation of NiO+-PB6-
Al2O3-TiO2

- (ZnO-)) after dye excitation. However, most of the separated 
electrons in TiO2 or ZnO layers can then not reach the counter electrode. 
Thus, only a small part of the reduced dye can make the contribution to the 
photocurrent (only small part of the circuit is electronically connected: from 
the reduced dye to TiO2 or ZnO conductor, then to the counter electrode). 
We defined the ratio of this part dyes/the total number of dyes as dye utiliza-
tion fraction (estimated to ca. 0.2 % in TiO2-based p-ssDSCs, and ca. 4 % in 
ZnO-based p-ssDSCs, (Figure 5 in Paper IV). 
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Figure 10. The calculated diffusion coefficient as a function of current density, the 
curves are in double-logarithm scale. Reprinted from Paper IV.  

 
The low dye utilization fraction is the main reason for the low Jsc in the p-
ssDSCs. The electronically unconnected conductor results in many of the 
injected electrons being trapped in TiO2 or ZnO. As a consequence, the elec-
tron extraction is the main limiting factor in p-ssDSCs. These unconnected 
conductors are equivalent to a high resistance existing in the TiO2 or ZnO 
layer. In the equivalent circuit of p-ssDSCs, electrons flow from NiO to TiO2 
or ZnO, and then go through the external circuit to fulfill an electronic cir-
cuit. During the electron transport, many electrons are trapped in the TiO2 or 
ZnO layer, resulting in the concentration of the free electrons in TiO2 or ZnO 
is much lower than that of free holes in NiO, i.e. n ≪ p (Equation (7)). Thus, 
electron diffusion in TiO2 or ZnO is the charge diffusion limiting step.  
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4.7. The function of surface states in mesoporous NiO 
films (Paper V). 
We have carefully studied the low dye utilization fraction in the p-ssDSCs. 
One conclusion is that the ALD procedure for the mesoporous film should 
be much more carefully considered even if the ALD technique has been 
widely used in mesoporous film[137,138]. In paper V, we modified the ALD 
procedure in order to assure a monolayer adsorption (even closer to mono-
layer at least) at each cycle of the deposition. In short, the modified ALD 
procedure is to solely pulse ALD precursor A for multiple cycles to ensure a 
saturated monolayer adsorption of precursor A in the inner surface of NiO, 
and then to pulse precursor B for multiple cycles to completely react with all 
the precursor A. This is then is called one ALD cycle (e.g. A pulsing:N2 
purge)*200 times:(B pulsing:N2 purge)*200 times, as one ALD cycle, see 
Paper V). Such a modified ALD procedure could make sure a conformal 
deposition of layer-by-layer structure obtained on the inner surface of the 
mesoporous NiO film. As for p-ssDSCs with NiO-PB6-TiO2 type configura-
tion, the modified ALD should allow deposited TiO2 to be a better connec-
tion in mesoporous NiO films. The limiting issue of the electron extraction 
mentioned in Section 4.6 may be solved accordingly.  

In paper V, we did not aim at improving the performance of p-ssDSCs 
by depositing more desired TiO2 or ZnO inside mesoporous NiO films by the 
modified ALD. Instead, we went back to mesoporous NiO films with the 
question: does the limiting factor come from p-type semiconductor NiO it-
self? A better understanding of the electronic properties of the mesoporous 
NiO could help us to answer that question. In addition, it has been reported 
that ALD of Al2O3 is able to passivate the surface states in SnO2

[139] and 
NiO[71] with a single ALD cycle. The modified ALD procedure inspired by 
p-ssDSCs could offer us a sufficient passivation on the surface states on NiO. 
Therefore, NiO films were treated with one modified cycle of ALD of Al2O3, 
resulting in a NiO film with lower density of surface states (referred to as 
NiO-A). NiO-A film provides us a desired control sample to study the func-
tion of the surface states on NiO. 

The density of states (DOS) of NiO and NiO-A was firstly calculated in 
different potentials as shown in Figure 11. In the NiO-A sample, most of 
surface states are removed from NiO films. The DOS integrated from -0.9 V 
to 0.6 V is about 2.9×1020 cm-3 in NiO and 8.1×1019 cm-3 in NiO-A, respec-
tively (all potentials in Section 4.7 are referred to the Ag/AgNO3 reference 
electrode unless otherwise stated). 72 % of the surface states in the integrat-
ed potential range are removed in NiO-A. In Figure 11, we named the sur-
face states within the intra bandgap (-0.9 V to 0.02 V) as intra-bandgap 
states (80 % are removed in NiO-A). NiO-A seems to act as a more ideal 
semiconductor in which less intra-bandgap states exist than that in unmodi-
fied NiO. 
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Direct current (DC) conductivity was measured on both NiO and NiO-A 
films. We found that removal of surface states makes the DC conductivity of 
the NiO-A film decreased by a factor of 70 as compared to that in NiO. This 
suggests that the conductivity is dominated by the surface states of NiO film, 
not by the NiO bulk.  
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Figure 11. Density of states (DOS) of NiO and NiO-A films at different potentials. 
The edge potential in the valence band of a crystalline NiO is labeled with a blue 
line based on ref[23,140]. 

 
Many papers[25-27] reported that the recombination of separated charges in 
NiO-dye systems are much faster than the recombination in TiO2-dye sys-
tems[141-143]. The high density of intra-bandgap states existing on NiO is fur-
ther reported as the underlying reason for the high charge recombination 
rate[67,144]. With this theory, p-DSCs based on NiO-A films (with less intra-
bandgap states) possess the potential to significantly improve the perfor-
mance of p-DSCs. To reduce the intra-bandgap states is also one of the rea-
sons that some researchers tried to fabricate highly crystalline NiO for p-
DSCs[145]. Therefore, p-DSCs were fabricated to explore the performance of 
NiO and NiO-A based liquid solar cells with I-/I3

- as redox couple.  
From the J-V curve in Figure 12, a Voc of 0.22 V has been obtained for 

NiO-A based solar cells, which is factor of two higher than the Voc in NiO-
based solar cells. The high Voc (0.22V) is because the Quasi-Fermi level in 
NiO is shifted towards the VB (0.02 V) after removal of many intra-bandgap 
states. However, the Jsc of NiO-A based p-DSCs decreases by a factor of 20 
compared to the Jsc in NiO-based p-DSCs. This was out of our expectation.  

To understand the low Jsc in NiO-A based p-DSCs, cyclic voltammetry 
(CV) on NiO and NiO-A was performed in I-/I3

- redox electrolyte to check 
the possible electrocatalytic ability of NiO in the redox reaction of I-/I3

-. The 
motivation is from the reactions of the counter electrode in n-DSCs, where a 
catalyst is required to deposit on FTO in order to fulfill I3

- reduction. In addi-
tion, dye regeneration in p-DSCs with I-/I3

- as redox system is not fully un-
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derstood. This partly results from I3
- reduction being difficult because it re-

quires the breaking of the covalent bond of I-I.  
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Figure 12. J-V curves of NiO and NiO-A based on liquid p-DSCs. The electrolyte is 
0.05 M I2, 0.1 M LiI in ACN. 

 
A proof supporting the difficulty of I3

- reduction is that the recombination 
reaction between electron in TiO2 and I3

- is significant suppressed (down to 
the ms timescale[98,146]) in liquid n-DSCs. As stated by Meyer and co-
workers: ‘Why the injected electrons do not reduce I3

- efficiently is un-
known’[141]. Especially, the injected electrons are required to diffuse through 
a dozen micrometers of TiO2 matrix filled with a high concentration of I3

- 
species. Willig mentioned that the concentration of the actual oxidized redox 
species (involved in recombination) should be small, likely not I3

- but a spe-
cies resulting from I3

- after the I-I bond cleavage[46]. Durrant proved that the 
recombination between the electron in TiO2 and I2 is much more efficient 
than that with I3

-[147]. Meyer speculated that the oxidatively active species 
should be I2

- • produced after dye regeneration in n-DSCs, but I2
- • can be 

rapidly disproportionated into I3
-
 and I-[148]. All the arguments/proofs suggest 

that I3
- should not be the active specie recombined with the electron in TiO2. 

However, we also know that I3
- reduction to regenerate I- in the counter elec-

trode of n-DSCs is efficient with a suitable catalyst, such as Pt[149,150]. In 
Paper V, we propose that I3

- reduction needs the assistance of a suitable cata-
lyst. There is no efficient catalyst in TiO2 mesoporous film, which makes the 
recombination between the injected electron and I3

- slow.  
From the CV of NiO, two redox peaks are clearly observed with Ox1 (3I- 

- 2e- → I3
-) at 0.2 V, Re1 (I3

- + 2e-→3I-) at -0.55 V, Ox2 (2I3
- - 2e- → 3I2) at 

0.7 V and Re2 (3I2 + 2e- → 2I3
-) at 0.13 V[151], see Figure 13. A clear reduc-

tion peak is observed at -0.55 V (Re1), meaning that NiO can catalyze I3
- 

reduction without any doubt. However, such a reduction feature is missing in 
the NiO-A film, which inspires us to consider that those removed intra-
bandgap states in NiO are involved in dye regeneration (I3

- + 2dye-→3I- + 
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2dye). More specifically, (1) NiO provides catalysts for I3
- + 2e-→3I-; (2) the 

removed intra-bandgap states (at least part of them) on NiO worked as the 
catalysts. Herein, we named those removed intra-bandgap states as NiOIBS-R. 
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Figure 13. CV of NiO and NiO-A films collected in 5 mM I-/I3
- (5 mM I2 and 10 mM 

LiI) and 100 mM TBAPF6 in ACN at 100 mV·s-1 scanning rate. 

 
As discussed in Section 4.1.3, surface associated species should be formed to 
eliminate the diffusion limitation of redox couple in electrolyte, in order to 
complete ultrafast dye regeneration. Here, we propose that the associated 
species does not form between the dye and I-/I3

- redox couples, but between 
NiO surface and I3

-. The surface states can be affected by ion adsorption[131] 
as well as dye adsorption (note that the conductivity decreases after PB6 
sensitization, see Table S1 in Paper V). This could imply that I3

- can adsorb 
on the NiO surface states. For dye regeneration, the reduced dye could inject 
an electron to the intra bandgap states, then to I3

- associated with NiO, as 
shown in Scheme 14 and 15. The proposed dye regeneration diagram chal-
lenges the traditional dye regeneration mechanism that the electron transfer 
is directly from reduced dye to the I3

- in the electrolyte. 
 
SCHEME 14.  

Dye- + NiOIBS-R…I3
- → Dye + (NiOIBS-R)-…I3

-                               (a)                 

                                        (NiOIBS-R)-…I3
- → NiOIBS-R…I- + I2

- •→ NiOIBS + I- + I2
- •                    (b) 

                                  or  (NiOIBS-R)-…I3
-  → NiOIBS-R…I2

- • + I-→ NiOIBS + I- + I2
- •               (c) 

Note: I2
-• is the diiodide radical from one electron reduction[149]. I3

- is not 
necessary to adsorb on the NiOIBS-R, but should be near the NiOIBS-R. 
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Scheme 15. Dye regeneration mechanism in liquid p-DSCs with I-/I3
- as redox cou-

ple. The widely accepted dye regeneration mechanism (left); the proposed dye re-
generation (right) in this thesis; the NiO particle represented by the green cycle, the 
measured DOS and VB are labeled.  

4.8. The independence of the charge transport time on 
light intensity (Paper V). 
In Paper IV, we concluded that the charge transport time is independent on 
light intensity in p-DSCs. In Paper V, a more complete charge transport 
mechanism is proposed to understand why such an independence is general-
ly observed in p-DSCs. Boschloo and co-workers firstly observed the light 
intensity independence in p-DSCs, and they suggested that hole transport 
involves charge hopping at the NiO/electrolyte interface[131]. Here, we fur-
ther develop this argument.  

Hopping transport between the localized sites is commonly used to un-
derstand charge transport in disordered semiconductors, mostly explained by 
the Miller-Abrahams model[76,152]. As mentioned in Section 2.7, the probable 
hopping events should occur around the Quasi-Fermi level (Ef) where more 
empty sites are around the occupied one (below the Ef). In NiO based p-
DSCs under illumination, Ef will be shifted towards the VB of NiO when the 
deeper intra-bandgap states are gradually filled up by more photoinduced 
charges with increasing the light intensity. This means that hopping is influ-
enced by light intensity. In addition, the hopping transport can be explained 
in a simple way with the help of the effective transport energy (Eef)[76,153]. Eef 
is an assumed energy level responsible for charge transport (the hopping 
transport is simplified to a trap-control transport, e.g. trapping/detrapping 
model). The charges localized in the deep traps require longer time for re-
leasing to the effective transport energy, but the shallow traps need shorter 
time. The Ef can approach or be far away from the Eef, which is influenced 
by the light intensity. Therefore, the independent behavior of charge 
transport on light intensity does not seem to agree with hopping transport on 
the localized states. 
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In Paper V, we propose that the surface states in NiO are not fully localized, 
but more delocalized because of the percolation effect. The reason could be 
that the density of surface states in NiO is significant, surpassing the percola-
tion threshold. The density of surface states in NiO and NiO-A can be esti-
mated based on the surface area of NiO film, giving ca. 4 surface states per 
nm2 in NiO and ca. 1 per nm2 in NiO-A. The percolation effect leads to the 
charge being essentially delocalized among the surface states. The activation 
energy of hopping between two surface states becomes much smaller. This 
could be the reason that the charge transport time is generally not dependent 
on the light intensity in the p-DSCs, as shown in Figure 14.  

The conductivity of NiO-PB6 decreases by a factor of four after dye ad-
sorption (Table S1 in Paper V). In addition, it is reported that cation adsorp-
tion can increase the charge transport time (from ca. 30 ms with Li+, to ca. 
100 ms with TBA+), but the dependence on light intensity does not 
change[131]. Both situations indicate that surface states of NiO can be affected 
by dye/ion adsorption, and the charge transport behavior can alter according-
ly. Since the dependence on light intensity still is maintained, the loss of 
surface states is not significant (still above the percolation threshold). Proba-
bly, only transport routes are changed after reducing the density of surface 
states[73]. 
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Figure 14. Transport time as a function of current density (linearly dependent on 
light intensity) in liquid p-DSCs based on different photocathodes. The electrolyte is 
50 mM I-/I3

- (50 mM I2 and 100 mM LiI) in ACN. 

 
While the surface states are reduced by 72 % in NiO-A, the hole transport 
mechanism is highly different in NiO-A-PB6 based p-DSCs. In Figure 14, 
the charge transport time is shown to be exponentially dependent on the light 
intensity in NiO-A-PB6 based p-DSCs, which behave similarly to TiO2 
based n-DSCs. This could suggest that the density of surface states is lower 
than the percolation threshold. The multi-trapping/detrapping model sug-
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gested in n-DSCs, might therefore be used to explain the charge transport 
behavior in NiO-A-PB6 based p-DSCs.  

A control experiment with the NiO-PB6-A assembly was also performed. 
Here, Al2O3 was deposited using an identical ALD procedure onto pre-
sensitized NiO-PB6 films. The PB6 dye had the function as a protection 
layer for the surface states. The sequence of the density of surface states 
should be as follows: NiO-PB6>NiO-PB6-A>NiO-A-PB6. In Figure 14, the 
exponential dependence of charge transport time on light intensity is main-
tained in NiO-PB6-A based p-DSCs. The slope in the log-log plot is much 
smaller than the slope in NiO-A-PB6, but higher than that in NiO-PB6 
(which is essentially zero). The different slopes suggest that changing the 
density of surface states is able to transform the hole transport mechanism. 
The different charge transport mechanisms of NiO and NiO-A based p-DSCs 
are described in Scheme 16.  

 

 
 

Scheme 16. Illustration of the charge transport mechanism in p-DSCs. Left: percola-
tion hopping as proposed in NiO with a high density of surface states (4 surface 
states in per nm2); a multi-trapping/detrapping model as proposed in NiO-A with a 
low density of surface states (1 surface states in per nm2)). Note that DOS is very 
different in both samples. The DOS above the VB edge in NiO has a near Gaussian 
shape, but the DOS in NiO-A decays exponentially in this region. It should be men-
tioned here the DOS should be determined more accurately before further conclu-
sion can be made. 

4.9. Some reflections in my PhD work. 
In order to further discuss the PhD work in its entirety, some interesting 
thoughts will be discussed in this section.  
 
(1) From Section 4.2. 
In order to prove that oxidative quenching of the excited PB6 dye by TiO2 is 
possible, TiO2-PB6 and ZrO2-PB6-TiO2 configurations were designed, as 
shown in Scheme 11. In fs-TAS of the TiO2-PB6 film with the covalent link 
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between dye and semiconductor, no clear oxidized feature of PB6 is ob-
served at 540 nm within 2 ns (the peak at 920 nm is outside the detection 
window). The TAS spectra are similar to that of the excited state of PB6 in 
ZrO2-PB6 configuration (Figure S11 in Paper 1). This could suggest that the 
electron injection kinetics are slow in the TiO2-PB6 configuration due to the 
‘push-pull’ characteristic of the PB6 dye with the acceptor part far away 
from the anchoring part and the final electron acceptor TiO2, as optimized 
for a p-type semiconductor. In fs-TAS of ZrO2-PB6-TiO2, a new spectral 
feature was observed with a weak positive peak at 530 nm and a negative 
peak at 630 nm, which are assigned as a weak Stark effect signature (Figure 
S13 in Paper I). The oxidation peak of PB6 at 540 nm is hard to identify 
because of its spectral overlap with the positive peak at 530 nm. The Stark 
effect signature results from electron injection into TiO2 from the excited 
state of PB6 dye. An ultrafast oxidative quenching (< 1 ps) by TiO2 is there-
fore confirmed in ZrO2-PB6-TiO2 configuration. This could imply that most 
acceptor groups of the PB6 dye are oriented away from the TiO2 surface. If 
the acceptor of a dye has close contact with TiO2 (for example, the dye is 
lying down on TiO2 surface), the electron injection could be much improved 
(e.g. <1 ps).  

Compared to the steady state UV-vis absorption spectra, we found that 
the absorption spectrum of NiO-PB6-TiO2 is red-shifted by ca. 20-40 nm 
compared to the spectrum of NiO-PB6 (Figure S4 in Paper I). We explained 
in the Paper I that “this shift is attributed to the change of the dielectric 
strength of the surrounding of PB6 after coating by high-dielectric TiO2

[137]”. 
This shift could also be explained as the Stark effect resulting from the PB6 
dye being placed in the p-n heterojunction between p-NiO and n-TiO2

[48,49] 
(Section 4.3). 

In the p-n heterojunction of NiO-PB6-TiO2, the photoinduced charge 
separation (NiO+-PB6-TiO2

-) actually acts as a forward bias on this p-n junc-
tion between p-NiO and n-TiO2. The electric field of the p-n junction will 
decrease, but the direction of it does not change. Assume that E1 is the elec-
tric field in the p-n junction in the dark, and that E2 is the reduced electric 
field after photoinduced charge separation, shown in Scheme 17. The direc-
tion of the difference electric field (E2-E1) will be identical to that of the ΔE 
after charge separation in Scheme 12 (left). Therefore, the blue shifted ab-
sorption spectra can be observed in the fs-TAS (Figure 3a).  

The clear feature of the Stark effect means that the dipole moment of the 
dye must have a component parallel to the electric field. This strongly sup-
ports the assumption that the PB6 dye is standing up (lean with certain an-
gles) on the surface of NiO. Additionally, we observed a long-lived charge 
separated state in NiO-PB6-TiO2 sample in which the Stark effect can be 
observed for > 2 ns (reaching the detection limit of the fs-instrument) with-
out obvious recombination (Figure 5 in Paper I), and even into the microsec-
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ond time scale (Figure 4). This could be because the energy barrier in the p-n 
junction inhibits charge recombination.   
 

 
 
Scheme 17. The proposed p-n junction in the NiO-PB6-TiO2 configuration. The 
electric field (E1) in the dark (left); the electric field (E2) after charge injection (for-
ward bias) under illumination (right). The direction of E2-E1 is opposite to that of E1 
or E2. 

(2) From Section 4.3.  
Since a p-n junction can be built up between NiO and TiO2, more reflections 
about the junction of NiO/TiO2 will be given here based on the NiO-TiO2 
based solar cells presented in Figure 7. The NiO-TiO2 based solar cells are 
introduced as a control experiment. Clear photocurrent and photovoltage are 
observed from J-V curve, indicating that the solar cells work successfully. 
From the IPCE in Figure 7b, the photocurrent is contributed from the pho-
tons whose wavelength is shorter than 560 nm. The IPCE spectrum increases 
steeply below 380 nm, resulting from the wide bandgap excitation of NiO or 
TiO2 (Eg ≈ 3.5 eV). After inserting an Al2O3 layer, certain IPCE still can be 
observed at wavelength less than 380 nm in the solar cells of NiO-Al2O3-
TiO2, albeit smaller than that of NiO-TiO2. Essentially no photocurrent is 
observed from the J-V of NiO-Al2O3-TiO2 based solar cells (Figure 7a).  

To summarize, (a) inserting Al2O3 could influence the p-n junction, alt-
hough it probably cannot completely inhibit it; (b) most of the photocurrent 
of NiO-TiO2 based solar cells stem from excitation between 380-560 nm 
where the IPCE agrees well with the transmittance spectrum of NiO (Figure 
S2 in Paper V); (c) The bandgap excitation could be eliminated after ALD of 
Al2O3 where basically no IPCE is observed from 380-560 nm in the NiO-
Al2O3-TiO2 based solar cells.  

Concerning point (a), photocurrent (see IPCE Figure 7b) still can be de-
tected < 380 nm, suggesting that the charge is able to flow through the p-n 
junction even after inserting Al2O3. Thus, insertion of Al2O3 layer cannot 
completely inhibit the charge exchange between NiO and TiO2. A red-
shifted (ca. 20 nm) absorption spectrum of NiO-PB6-Al2O3-TiO2 can be 
observed with respect to that of NiO-PB6, which could be an extra argument 
that the electric field still influences the dye absorption spectrum (Figure S4b 
of Paper I and Figure S2 of Paper II). Nonetheless, the Al2O3 layer can sig-
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nificantly decrease the influence of electric field on the dye. Possible evi-
dence comes from the fs-TAS of NiO-PB6-Al2O3-TiO2, in which the signa-
ture of the Stark effect is not as clear as that in NiO-PB6-TiO2. The sample 
inserted with an Al2O3 layer shows ΔA at 500 nm and 620 nm are about ca. 
0.001 (Figure S3 in Paper II), in contrast to ca. 0.003 in NiO-PB6-TiO2 (Fig-
ure 3a). The pump laser intensity used and dye loading should be same for 
both samples. Consider that Al2O3 layer will promote more effective charge 
separation (less recombination), namely a larger electric field (ΔE). It should 
result in a larger ΔA in fs-TAS of NiO-PB6-Al2O3-TiO2 than that of NiO-
PB6-TiO2, as predicted by Equation (2). Nevertheless, insolating Al2O3 layer 
also possesses the ability to counteract the potential cross it, which will de-
crease the electric field strength. In total, the actual ΔE experienced by the 
dye is decreased after insertion of Al2O3 layer. Thus, a smaller ΔA might be 
observed. This is the initial purpose of designing NiO-PB6-Al2O3-TiO2 con-
figuration, i.e. reducing the ability of charge exchange between NiO and 
TiO2. 
 
(3) Related to Section 4.3 and 4.5. 
Herein, points (b) and (c) in Section 4.3 will be discussed. In Figure 7b, de-
tectable IPCE is observed from 380 to 560 nm (3.3V-2.2V) in NiO-TiO2 
based solar cells. The introduced Al2O3 insulator is able to decrease the IP-
CE in NiO-Al2O3-TiO2 based solar cells. The whole IPCE spectrum should 
be shifted downward because of less photocurrent flowing through the insu-
lator Al2O3 placed between NiO and TiO2. However, more significant influ-
ence is observed in the wavelength range of 380-560 nm in Figure 7b (NiO-
Al2O3-TiO2).  

It is unusual that an IPCE from 380-560 nm is detected in NiO-TiO2 
based solar cells, when considering the wide bandgap of NiO or TiO2 (Eg ≈ 
3.5 eV). In reality, a gradually increasing absorption spectrum is observed 
from the visible range to the UV-range in NiO film, starting at the wave-
length ca. 600 nm (Figure S4 in Paper I). As confirmed in Section 4.7, the 
surface states exist in the bandgap of the mesoporous NiO film (Figure 11). 
Electrons seem to be excited from these intra-bandgap states into the con-
duction band of NiO, which may produce the photocurrent shown in the 
IPCE of NiO-TiO2 based solar cells (Figure 7b). The intra-bandgap states are 
mostly localized 1.0 eV above the VB of NiO (Figure 11), indicating that the 
absorption of NiO can be from 2.5 eV to 3.5 eV (Eg ≈ 3.5 eV), which seems 
agreeing well with the IPCE observed from 380 to 560 nm (3.3 -2.2 eV) in 
NiO-TiO2 based solar cells. After ALD of Al2O3, these intra-bandgap states 
are removed, and then such an IPCE cannot be detected in the solar cells 
based on NiO-Al2O3-TiO2 configuration. It is very interesting that the photo-
current generated from the excitation of intra-bandgap states of NiO can be 
observed in an IPCE measurement. It is worth investigating more carefully 
in the future.  
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Summary and Perspective. 

This thesis is dedicated to providing new understanding of the dye-sensitized 
mesoporous NiO photocathode. Throughout the whole thesis, different as-
pects of the PB6 dye-sensitized mesoporous NiO photocathodes are studied: 
photoinduced charge separation (Paper I); a novel strategy to reduce charge 
recombination (Paper II); p-type solid-state dye-sensitized solar cells (Papers 
II, III and IV); potential application for H2 evolution (Paper III); Charge 
diffusion and recombination from a solar cell point of view (Paper IV); a 
newly proposed dye regeneration mechanism (Paper V); the characteristics 
of the independence of the hole transport time on light intensity (Papers IV 
and V). Here, the key results of this thesis are summarized.  

Systematic research on the charge separation in the NiO-dye-TiO2 con-
figuration was done. Ultrafast and efficient photoinduced charge separation 
was confirmed. Spectral features characteristic of the Stark effect were ob-
served after charge separation, indicating that the electronic transitions of the 
dye are influenced by an electric field. We did not focus on so much on the 
junction of NiO-dye-TiO2 system at the beginning. Nevertheless, the particu-
lar p-n junction between NiO and TiO2 could be very interesting. The Stark 
effect could directly stem from the electric field existing in the p-n junction. 
The injected charges behave as a forward bias on this p-n junction. The long-
lived charge separated state in NiO-dye-TiO2 could be caused by the p-n 
junction as well, for which back charge transfer is inhibited.  

Based on the NiO-dye-TiO2 junction, an insulating Al2O3 layer could be 
inserted between NiO-dye and TiO2 through ALD conformal coating (depo-
sition on the Ångström level). It can provide a NiO-dye-Al2O3-TiO2 configu-
ration that, in theory, should provide an advanced strategy to balance charge 
separation and recombination. With such a configuration, we further confirm 
the possibility of using NiO-dye-TiO2 as photocathodes in p-ssDSCs (0.18 % 
solar energy conversion efficiency so far[30]), and to perform H2 evolution 
(stable photocatalytic current for hours (100 μA·cm-2); near unity Faraday 
efficiency). More work still needs to be done to improve the NiO-dye-TiO2 
configuration. Especially, the engineering problem about how to achieve an 
electronically connected electron conductor layer inside the mesoporous NiO 
films needs to be addressed.  

In the last work, we went back to the NiO photocathode itself. One rea-
son is that we put much effort into improving the performance of NiO based 
p-DSCs, but it seems to be very challenging to obtain a well-performing 
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device. Plagued with the unsatisfactory performance of the liquid p-DSCs 
(solar energy conversion efficiency > 1% reported only in two papers[37,106]), 
we asked ourselves an often reoccurring question in the field of p-DSCs: do 
the significant limitations of these devices come from the intrinsic properties 
of the mesoporous NiO film itself?    

We reconsidered the function of the surface states on NiO. We found that 
surface states directly relate to the conductivity of mesoporous NiO films, 
the dye regeneration (in I-/I3

- system) and the hole transport behavior in NiO 
based p-DSCs. The reduced dyes could inject electrons into an associated 
species formed between NiO and I3

- to achieve ultrafast dye regeneration (in 
5 ps). The surface states in the bandgap of NiO behave as catalysts to assist 
the reduction of I3

-. A new dye regeneration mechanism is proposed for p-
DSCs with I-/I3

- as the redox couple (Scheme 14 and 15). More work still 
need to be done to fully understand the charge transfer cycle.  

One characteristic of p-DSCs is that charge transport in p-DSCs is not 
dependent on light intensity. In Paper V, a more complete charge transport 
mechanism is presented to account for such an independence behavior. The 
light intensity independence is ascribed to a percolation effect in the hole 
hopping on the surface states of NiO. The charge transport mechanism can 
be influenced by the density of the surface states, and completely trans-
formed after it is significantly reduced, e.g. NiO-A. In NiO-A based p-DSCs, 
the charge transport time shows an exponential dependence on light intensity, 
which can be explained by a multi-trapping/detrapping model generally ap-
plied in TiO2 based n-DSCs.  

In summary, the surface states of NiO can influence many electronic 
properties of mesoporous NiO films. For instance, a high density of intra-
bandgap states could reduce the hole transport time, and improve dye regen-
eration and give a high Jsc, but also could cause faster charge recombination 
and lower Voc. To balance all the parameters simultaneously seems difficult, 
or even impossible in p-DSCs. This could be the reason why it is so chal-
lenging to enhance the performance of p-DSCs. Without doubt, more studies 
must imperatively be done, for example on how these surface states impact 
the performance of p-ssDSCs. To me, this is also a fun topic to study.  
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6. Sammanfattning på svenska 

Denna avhandling är ägnat åt att skapa ny förståelse för den färgämnesensi-
biliserade mesoporösa NiO-fotokatoden. Under hela avhandlingen studeras 
olika aspekter av PB6-färgämnesensibiliserade mesoporösa NiO-fotokatoder: 
fotoinducerad laddningsseparation (papper I); en ny strategi för att minska 
laddningsrekombinationen (papper II); p-typ färgämnessensibiliserade sol-
cellceller i det fasta tillståndet (Papers II, III och IV); potentiella tillämp-
ningar för vätgasutveckling (papper III); laddningsdiffusion och rekombinat-
ion i färdiga solceller (papper IV); ett nytt förslag för mekanismen för rege-
nerering av färgämnet (papper V); egenskaperna för håltransporttidens obe-
roende på ljusintensitet (Papers IV och V). Här sammanfattas de viktigaste 
resultaten av denna avhandling. 

Systematiska undersökningar av laddningsseparationen i NiO-PB6-TiO2-
konfigurationen gjordes och ultrasnabb och effektiv fotoinducerad ladd-
ningsseparation kunde bekräftas. Spektrala särdrag karakteristiska för Stark-
effekten observerades efter laddningsseparation, vilket indikerar att färgäm-
nets elektroniska övergångar påverkas av ett elektriskt fält. Vi fokuserade 
inte så mycket på p-n-övergången i NiO-PB6-TiO2-systemet i början. Men 
den speciella p-n-övergången mellan NiO och TiO2 kan vara mycket intres-
sant. Stark-effekten kan härstamma från det elektriska fältet som finns i p-n-
övergången. Det långvariga laddningsseparerade tillståndet i NiO-PB6-TiO2 
kan också vara orsakad av p-n-övergången då den hämmar laddningstrans-
port i andra riktningen. 

Ett isolerande Al2O3-skikt kunde införas mellan NiO-PB6-skiktet och 
TiO2-skiktet genom ALD-konformbeläggning (deposition på Ångström-
nivå). På så sätt kan en NiO-PB6-Al2O3-TiO2-konfiguration sammansättas. 
Detta borde teoretiskt vara en avancerad strategi för att balansera laddnings-
separation och rekombination. Med en sådan konfiguration kunde vi illu-
strera att NiO-PB6-TiO2-konfigurationen kan användas i fotokatoder i p-
ssDSCs (0,18% solenergiomvandlingseffektivitet har hittills uppnåtts [30]), 
och för att utföra vätgasutveckling (stabil fotokatalytisk ström i timmar (100 
μA·cm-2); med en Faradayeffektivitet nära 100%). Mer måste fortfarande 
göras för att förbättra NiO-PB6-TiO2-konfigurationen. Särskilt teknikpro-
blemet som utgörs av framställningen av en oavbrytet elektroniskt ansluten 
elektronledare i mesoporösa NiO filmer måste lösas. 

I det sista arbetet gick vi tillbaka till själva NiO-fotokatoden. En anled-
ning är att vi satsar mycket på att förbättra prestationen av NiO-baserade p-
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DSCs, men det verkar vara mycket utmanande att få välpresterande enhet. 
Plågad med den otillfredsställande prestationen hos vätskebaserade p-DSCs  
(solenergiomvandlingseffektiviteter > 1% rapporterade endast i två papper 
[37,106]), frågade vi oss en ofta återkommande fråga inom p-DSC-
forskningsområdet: Härstammar de viktigaste begränsningarna av dessa 
enheter från själva de mesoporösa NiO-filmernas egna egenskaper? 

Vi undersökte funktionen av yttillstånden på NiO. Vi fann att kondukti-
viteten, färgämnesregenerationen (i I-/I3

- systemet) och håltransportbeteendet 
i NiO-baserade p-DSC är direkt beroende på ytillstånden i de mesoporösa 
NiO filmerna. De reducerade färgämnesmolekylerna kan injicera elektroner 
till en ytbunden förening, bildad mellan ytan och I3

- för att uppnå ultrasnabb 
färgämnesregenerering (inom 5 ps). Yttillstånden i bandgapet av NiO agerar 
som katalysatorer för att underlätta reduktionen av I3

-. En ny färgämnesrege-
nereringsmekanism föreslås för p-DSCs med I-/I3

- som redoxparet (schema 
14 och 15). Mer arbete måste fortfarande göras för att fullständigt förstå 
laddningsöverföringscykeln. 

En egenskap hos p-DSCs är att laddningstransport i p-DSCs inte är bero-
ende av ljusintensitet. I papper V föreslås en mer fullständig laddningstrans-
portmekanism som tar hänsyn till ett sådant oberoende beteende. Oberoendet 
på ljusintensitet tillskrivs en perkolationseffekt i hålhoppningen mellan yt-
tillstånden på NiO. Laddningstransportmekanismen kan påverkas av yttill-
ståndens densitet och transformeras fullständigt efter att deras densitet har 
väsentligt förändrats. I NiO-A-baserade p-DSCs visar laddningstransportti-
den ett exponentiellt beroende på ljusintensitet, vilket kan förklaras med en 
multitrapping / detrappingmodell som används i TiO2-baserade n-DSCs. 

Sammanfattningsvis kan yttillstånd av NiO påverka många elektroniska 
egenskaper hos mesoporösa NiO-filmer. Exempelvis kan en hög täthet av 
intra-bandgapstillstånd reducera håltransporttiden och förbättra färgämnes-
regenerering och ge en hög Jsc, men den kan också orsaka snabbare ladd-
ningsrekombination och ge en lägre Voc. Att balansera alla parametrar samti-
digt verkar svårt eller till och med omöjligt i p-DSCs. Detta kan vara anled-
ningen till att det är så utmanande att förbättra prestanda för p-DSCs. Utan 
tvekan måste fler studier nödvändigtvis göras, till exempel på hur dessa yt-
tillstånd påverkar prestandan hos p-ssDSCs. För mig är detta också ett roligt 
ämne att studera. 
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