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LIST OF ABBREVIATIONS 

HVAC heating, ventilation, and cooling 
ROS reactive oxygen species 
4-DDBSA 4-dodecylbenzene sulphonic acid 
EtOH ethanol 
MeOH methanol 
iPrOH isopropanol 
nPrOH n-propanol 
nBuOH n-butanol 
nAmOH n-pentanol 
nHexOH n-hexanol 
MEOA monoethanolamine 
DEOA diethanolamine 
TEOA triethanolamine 
AcacH acetylacetone 
Acac acetylacetonate ligand 
(nBuO)4Ti tetra (n-butoxy) titanate 
TiO2 titanium dioxide 
CaH2 calcium hydride 
Nb(OEt)5 niobium penta ethoxide 
TMO transition metal oxide 
DMF N,N-dimethylformamide 
PEGDA polyethylene glycol diacrylate 
TCO transparent conducting oxide 
ITO tin doped Indium oxide 

 



 
 

ANNOTATION 
 
Nowadays, global warming is causing a slow, but sure increase in the average annual 

temperature. This causes more countries to experience more and more extremely hot days. To 
be able to ensure comfortable working and living conditions in buildings, HVAC systems need 
to be used. However, these systems are power hungry and can account for around a third of the 
electrical energy consumption of buildings, especially office buildings. To reduce their usage, 
we need to reduce the amount of incoming light and with it – heat. 

A slowly emerging technology are smart windows that can modulate the incoming light by 
dynamically changing their optical transmittance. The main technology behind smart windows 
are electrochromic materials, which change the optical properties when an electric field is 
applied. However, these require the usage of electricity and other constituents to ensure any 
autonomous action. Photochromic materials can act fully autonomously by changing their 
transmittance in response to incoming light. 

The Thesis explores the photochromic properties of titanium dioxide nanoparticles in 
different environments. Furthermore, the modification of the nanoparticles with the 
introduction of a dopant cation and the influence on the photochromic properties is examined. 
Lastly, the electric properties of the nanoparticles were also examined. It was seen that the 
environment in which the nanoparticles are dispersed as well as the modification of the 
nanoparticles has a profound effect on the photochromic properties and can change not only the 
photodarkening kinetics but also the recovery kinetics. Furthermore, the incorporation of the 
nanoparticles into organic gels was achieved while retaining high transparency and the 
photochromic properties of the nanoparticles. Finally, it was shown that the photochromic 
process was accompanied by changes in the electric properties of the nanoparticles which were 
used to determine the amount of photoaccumulated electron carriers in the nanoparticles. 

 
  



7 
 

INTRODUCTION 
 
Chromism is a material’s change in color in response to an external stimulus. Chromic 

materials have become a staple of modern life in different ways – be it color changing 
thermometers, self-tinting glasses, or even smart windows. Out of the different types of 
chromism, photochromism stands out as being one of the most significant because of its passive 
nature and a wide range of applications. Furthermore, its combinations with other chromism 
types make it an important characteristic for any material. 

In most cases the photochromic material used is organic. This means that its lifetime is 
limited. Conversely, although inorganic photochromic materials are also widely known, their 
usage is limited due to their (in most cases) relatively slow chromism. Furthermore, most of the 
inorganic photochromic materials are either classified as toxic, expensive, or scarce. Currently 
titanium dioxide does not have any of these drawbacks. However, its photochromic capabilities 
are not as well pronounced and are overshadowed by other materials, such as tungsten oxide. 
Although a material is usually looked at on its own, in most cases it is but a part of a larger 
system, meaning that its capabilities should be examined with respect to other components. 
Furthermore, it should be possible to offset the drawbacks of titanium dioxide with different 
methods, making it a more viable candidate for wide scale usage in photochromic applications. 
The term “ultra-small” refers to the fact that the size of nanoparticles are smaller than 10 nm. 
Furthermore, since photochromism is a surface process for nanoparticles, the usage of smaller 
nanoparticles leads to higher photodarkening and recovery speeds than for larger nanoparticles. 

Aim of the Thesis 
To synthesize ultra-small TiO2 nanoparticles with high absorption and study their 

photochromic properties and incorporate them into a gel matrix. 
Main tasks 

• To study the influence of the surrounding medium on the photochromic properties 
of TiO2 nanoparticles. 

• To synthesize doped TiO2 nanoparticles with a high amount of acceptor dopants 
(such as Nb5+). 

• To study the photochromic properties of the synthesized doped TiO2 nanoparticles. 
• To incorporate TiO2 nanoparticles into a polymer matrix while retaining high 

transparency to prepare photochromic gels capable of a high degree of light 
modulation. 

Scientific significance 
The influence of the hole scavenger as well as the dopant influence on the photochromic 

properties of TiO2 are shown, indicating the possibility of severely influencing the 
photochromic properties. Furthermore, as of the performing this research, no transparent 
photochromic gels based on TiO2 have been reported in literature. 

Practical significance 
Photochromic materials can be used to form smart windows that are capable of solar light 

modulation. This has the significance of providing a relatively inexpensive alternative to current 
smart window technologies employing mostly tungsten oxide or organic chromic materials. 
The incorporation of the photochromic nanoparticles in polymer gels would provide the 
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possibility of producing photochromic gel films based on stable inorganic photochromic 
materials. 

Defendable theses 
1. The photochromic properties of titanium dioxide are strongly related to its 

surrounding medium, given that photochromism is limited by the hole scavenging 
happening on the surface of the photochromic material. 

2. The effect of photochromism on titanium dioxide is detectable not only by optical 
means but also by changes in the electric properties of the nanoparticles, as 
photochromism is accompanied by the photoaccumulation of electrons, which can 
change the electric properties of the material. 

3. Doping of titanium dioxide with acceptor dopants has a strong positive influence on 
the photochromic properties of the material and increases the photodarkening rate. 

4. It is possible to incorporate titanium dioxide into a transparent gel matrix while 
retaining the transmittance if the nanoparticles are small enough. This allows to 
obtain photochromic gels that are transparent in the un-darkened state. 
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1. LITERATURE OVERVIEW 

In countries that have a weighted average temperature above 15‒20 ℃, HVAC systems are 
consuming around a third of all the electricity used in office buildings. Using blinds to block 
infra-red radiation (heat) increases the usage of artificial lighting, as it also blocks visible light. 
Alternative to blinds is the usage of tinted films of reflective coatings. A downside of reflective 
coatings is that there is no option for modulation of optical properties. In cloudy days it is 
needed to let more daylight into the building. The most advanced option is to use smart windows, 
which would modulate both visible and infrared light transmittance in response to external 
stimulus.1 Currently most of the most widely used smart window technologies are based on 
electrochromic materials. However, the usage of photochromic and thermochromic materials 
can be fully autonomous without the need for external power sources. 

Photochromic materials, being the second largest family of chromic materials (after 
electrochromic materials), have slightly overlapping applications with electrochromic materials. 
The most widely known application for photochromism was and still is self-tinting glasses or 
eyewear. While first, silver halides were used for these materials initially, they were replaced 
by organic photochromic compounds dispersed in polycarbonate.2 Other applications for 
photochromic materials are smart windows, light sensitive varnishes, and dyes for clothing, as 
well as colorimetric UV sensors. Photochromic materials also have been used as optoelectronic 
materials for data storage3 and as colorimetric oxygen sensors.4 For instance, TiO2, which is a 
widely known wide band gap semiconductor, can be used normally to achieve positive 
photochromism. However, when it is combined with methylene blue in an anaerobic matrix, it 
can achieve negative photochromism, bleaching under UV irradiation.4 TiO2 possesses a 
combination of different desirable properties: non-toxicity, biocompatibility, as well as optical 
and electrical properties.5 As it is able to absorb UVA light, it has been researched for usage in 
such fields as photocatalysis6, photovoltaics7, photoelectrochemistry8 as well as 
photochromics.9 The main drawback of anatase TiO2 is its wide band gap of 3.2 eV and the low 
quantum yield primarily determined by the fast recombination of the photogenerated charge 
carriers.10 This means that to photoexcite the TiO2, UVA light is necessary. To narrow the band 
gap, doping can be implemented. Doping is the process of introducing either atoms of different 
elements (both cations as well as anions) with the same (isovalent doping) or different valence 
(aliovalent doping). If the dopant has a higher valence, it is called an acceptor dopant that 
introduces levels near to the conduction band. If, however, the dopant has a lower valence, then 
it is called a donor dopant and it introduces electron donor levels near to the valence band. 
Doping also has the effect of distorting the crystalline lattice, as all dopants will have a different 
size than the host materials ions. 

The photochromic properties of titanium dioxide can be observed in several different ways 
(Fig. 1.1). The easiest is by simply dispersing the nanoparticles in a hole scavenging solvent.11 
If this is not possible or desired, another possibility is to prepare heterostructures, either 
TiO2-semiconductor or TiO2-metal12, as these do not require an additional hole scavenger to be 
present for photochromism to take place. These can be prepared also in thin film form. Ordinary 
TiO2 nanoparticle thin films still need to be immersed in a hole scavenging liquid to undergo 
photochromism. There are also studies showing that anatase nanocrystals with clearly defined 
crystalline facets have the possibility of increased charge carrier separation.13 This is due to the 
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fact that electrons and holes tend to migrate to different crystalline facets. Finally, there is also 
the possibility of preparing gels of TiO2 nanoparticles in which the nanoparticles are dispersed 
in a polymer matrix that is also saturated with a hole scavenger. This allows for these 
composites to act the same way as colloids, but without the drawback of a colloid (evaporation 
and potential leakage), while also avoiding the problems arising from simple TiO2 thin films. 

 
Fig. 1.1. Ways how TiO2 (and subsequently other TMO) nanoparticles can be implemented 

for photochromic applications: colloids,14 thin films, faceted nanocrystals15 and gel 
composites.16 

 
When the material is irradiated with light that has an energy higher than the band gap of the 

semiconductor, electrons are excited in the valance band. These land in the conduction band, 
leaving behind a hole (Equation (1)). On the one hand, if this process is happening in an aerobic 
environment and/or in water, oxygen and water will interact with the electrons and holes 
respectively, producing ROS. On the other hand, if photoexcitation is happening in an anaerobic 
environment and in the absence of water, the electrons and the holes are left unaffected and 
eventually recombine. However, if photoexcitation is done in an anaerobic environment and in 
the presence of a hole scavenger, such as alcohols,17 the holes are filled, with the hole 
scavengers donating electrons to the TiO2 valence band (Equation (2)). This process results in 
the oxidation of the hole scavenger18 and leaves behind an excess of electrons trapped in the 
conduction band. A part of these electrons will become trapped by reducing Ti4+ to Ti3+ 
(Equation (3)) in the TiO2 crystalline lattice. This effectively dopes TiO2 with Ti2O3 and can 
result in the formation of oxygen vacancies (Equation (4)) or the formation of titanium 
interstitials (Equation (5)).19,20 Because of this, the process is called photodoping. 
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TiO2 + hv → eCB
− + hVB

+  (1) 
hVB+ + OHCH2R → H+ + RĊHOH (2) 

eCB′ + TiTi4+ → TiTi3+ (3) 

Ti2O3
TiO2�⎯� 2Ti(III)Ti(IV)

′ + 3OO
x + VO

•• (4) 

2Ti2O3
TiO2�⎯� 3Ti(III)Ti(IV)

′ + 6OO
x + Ti(III)i

••• (5) 

The defect introduced into the TiO2 lattice from the photodoping process introduces 
additional electron donor and acceptor levels in the TiO2 lattice. Ti3+ introduces shallow 
electron donor levels in the TiO2 band gap approx. 1.25 eV below the conduction band 
minimum,21 while oxygen vacancies introduce electron acceptor levels in the TiO2 bandgap 
between 0.75 eV and 1.18 eV below the conduction band minimum (Fig. 1.2).20,22 These levels 
allow the absorption of visible light by the TiO2 material, which can be seen as a color change 
of the material from white to blue. Because of apparent color change when the material is 
irradiated with light, this is also called photochromism. 

 
Fig. 1.2. A band structure model for anatase TiO2 with oxygen vacancies.20 
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2. METHODS SECTION 

2.1. Synthesis of TiO2 and doped TiO2 nanoparticles 

TiO2 nanoparticles were synthesized by using a method first described by Scolan and 
Sanchez.23 It was further developed by Joost, et al.14 and was as follows: in a double necked 
flask under N2 flow, 12.4 mL of n-BuOH (previously dried by adding CaH2 to it) was added 
through a syringe and 0.22 µm filter. The necessary amount of AcacH (8.368 mL) was added 
to the butanol. Then the Ti(nBuO)4 (9.05 mL) was added dropwise. This caused a yellowish 
solution to form, indicating the formation of a Ti(nBuO)4-x(acac)x complex.24 After this, the 
solution was brought to reflux and a mixture of 4-DDBSA (1.76 g) and DI water (4.865 g) was 
added dropwise to the solution. This was then left to react overnight (around 17 hours). After 
this, the solution was left to cool to room temperature during which a yellow precipitate formed. 
This was then separated via centrifugation (2000 g, 1 hour) and washed with MeOH. Finally, 
the purified nanoparticle sediment (white to slightly yellowish) was decanted and redispersed 
in either pristine n-BuOH or DMF, or any other solvent, used in this work (EtOH, n-PrOH, 
i-PrOH, n-Pentanol or n-Hexanol). Subsequently, the nanoparticles can also be covered by a 
small amount of MeOH and kept in a slurry form for later use. To produce doped TiO2 
nanoparticles, before the addition of 4-DDBSA/DI, the dopant precursor/AcacH solution in 
n-BuOH was added to the synthesis solution. After the 17 h reflux, the solution was cooled to 
40 ℃ and transferred into a 50 mL Teflon lined stainless steel autoclave and solvothermally 
treated for 24 hours at a temperature of 150 ℃. Cooling of the autoclave was done slowly in 
the oven over the timespan of 6 h. After this, the purification procedure is the same as in the 
case of un-doped TiO2 and the nanoparticles are immediately redispersed in pristine n-BuOH 
or DMF. 

2.2. Determination of photochromic properties using UV-Vis spectroscopy 

The observed kinetic processes had a non-linear nature (Fig. 2.1) and could be classified in 
different stages (I‒IV). During Stage I, any adsorbed water or oxygen is first subjected to 
photocatalysis. At this stage, the resulting photochromic expression is slow. The coloring speed 
increases over time. During Stage II, the transmittance change rate can be considered as 
constant and constitutes the majority of the change in transmittance. In Stage III, the absorption 
has reached such a degree that the non-linear correlation between absorbance and transmittance 
results is an apparent slow-down in transmittance change. This is also partly due to saturation 
of the nanoparticles with photodoping induced defects and photoaccumulated electrons and an 
equilibrium forming between the formation of new defects and the internal hole scavenging of 
the newly formed defects. For recovery air is bubbled through the colloid either at a constant 
speed or a set volume of air was injected and the subsequent change in transmittance was 
recorded. The colloid goes through the oxidation of the Ti3+ and the filling of oxygen vacancies 
(here aggregated into Stage IV). To compare the kinetics of the change in transmittance of 
different samples the during Stages I‒III, the rate was calculated as the 1st order time derivative 
of the relative transmittance change. This then was examined in terms of the maximum and 
average transmittance change rates.  
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Fig. 2.1. The different stages of photochromism for TiO2 nanoparticle colloids at 900 nm. 
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3. RESULTS AND DISCUSSION

3.1. Photochromic properties of titanium dioxide

The synthesized nanoparticles were crystalline according to both TEM and XRD (Fig. 3.1 A, 
B) with a mean size of 3.6±0.5 nm according to TEM. The nanoparticles comprised the anatase 
TiO2 crystalline phase, as indicated by XRD (JCPDS 21-1272) and Raman spectroscopy (Fig. 
3.1 C). No amorphous or secondary crystalline phases were detected. The Raman bands visible 
were located at 148 cm–1 (main Eg band), 198 cm–1 (secondary Eg band), 398 cm–1 (B1g band), 
515 cm–1 (A1g band), and 638 cm–1 (additional Eg band). These values were red-shifted when 
compared to the values found in literature – 144 cm–1, 197 cm–1, 399 cm–1, 513 cm–1, and 
639 cm–1, respectively.25 This is caused by the phonon confinement characteristic of ultrafine 
nanoparticles.26 The XPS spectra of Ti 2p and O 1s (Fig. 3.1 D, E) indicate a fully oxidized 
TiO2 material. The Ti 2p peaks show only Ti4+ signals at 464.6 eV and 458.9 eV, while the O 
1s spectra shows a O2– signal at 529.7 eV and an additional signal at 531.2 eV usually attributed 
surface oxygen and hydroxyl groups.27

Fig. 3.1. A – TEM micrograph of the TiO2 nanoparticles; B – XRD diffractogram of the 
nanoparticles; C – Raman spectra of the nanoparticles; D and E – Ti 2p and O 1s high 

resolution XPS spectra for the nanoparticles.

The photochromic properties of TiO2 nanoparticles were studied in different hole scavenger 
solvents. The main category of hole scavengers studied was different alcohols, as they are 
capable of easily adsorbing onto the surface of the nanoparticles and partake in the electron 
donation, i.e., hole scavenging.28 The alcohols studied were ethanol, n-propanol, i-propanol, 
n-butanol, n-pentanol, n-hexanol as well as mixtures of ethanol with MEOA, DEOA and TEOA. 
The nanoparticle concentration was 100 g/L, while the amount of MEOA, DEOA and TEOA 
was 50 mol% of the amount of TiO2 present in the colloid. Methanol was not studied because 
the nanoparticle suspensions in methanol were opaque due to low nanoparticle stability and 
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agglomeration. All the samples showed photodarkening when the colloids were irradiated with 
UVA (365 nm) light. 

The calculated photodarkening rates for the different solvents are shown in Fig. 3.2. The 
transmittance change rate at different wavelengths was different. This was because different 
defects are responsible for photochromism at different wavelength. At 450 nm, the main 
absorbance stems for the additional intra band gap levels introduced by the oxygen vacancies 
VO. At 600 nm the main absorbance comes from the Ti3+ defects, bringing acceptor levels near 
the CB minimum.14 At higher wavelength (900 nm) the absorbance comes from plasmon 
resonance due to the photoaccumulated electrons.1 From the studied colloids it was seen that 
the highest transmittance change rate was observed at 600 nm with the change rate at 900 nm 
being quite similar. The high change rate at 600 nm when compared to 450 nm was because, as 
per defect Equation (4), the formation of one VO defect is accompanied by two Ti3+ defects. 
The highest transmittance change rate was observed for colloids in ethanol and n-butanol with 
rates of –0.039 min–1, –0.137 min–1 and –0.120 min–1 for colloids in ethanol and –0.028 min–1, 
–0.055 min–1 and –0.070 min–1 for colloids in n-butanol at the wavelengths of 450 nm, 600 nm, 
and 900 nm, respectively. The addition of the ethanolamines to the ethanol colloid caused 
changes in the transmittance change rates. Out of the three ethanolamines studied only TEOA 
increased the transmittance change rate at all wavelengths to values of –0.077 min–1, –
0.198 min–1 and –0.122 min–1 at the wavelengths of 450 nm, 600 nm, and 900 nm, respectively. 
This can be attributed to the higher amount of hydroxyl groups in the TEOA molecule (3 groups 
per molecule of TEOA) as well as the presence of the nitrogen atom that had an additional 
electron pair and could scavenge an additional hole.29  

The hole scavenger is the most important part for the photodarkening of the samples. The 
hole scavenging capability is determined by such factors as the redox potential of the hole 
scavenger29 as well as the adsorption/desorption rates of the hole scavenger and its oxidation 
products. Another important factor is the stability of the radical species generated via hole 
scavenging. The main sites for radical generation are the surface Ti4+ sites with an adjacent 
oxygen that allows for adsorption and dissociation of the hydroxyl group of the hole 
scavenger.28 For fast hole scavenging, the adsorbed scavenger after electron donation should 
desorb as quickly as possible. As such, photodarkening here could be considered desorption 
limited. Such photooxidation products (hole scavenging products) as acetone (in the case of 
i-propanol) would remain on the surface longer than acetaldehyde (photooxidation product of 
ethanol), given that acetone in radical form would be more stable due to its branched structure 
when compared to the liner structure of the other alcohols studied.30 This would explain the 
decreased photodarkening rate for colloids in i-propanol. Another factor determining the 
absorption of alcohol molecules on the surface of TiO2 is the molecular weight of the solvent 
with lower molecular weight alcohols having a better adsorption coverage.31 This, combined 
with a low photooxidation product stability explains the high photodarkening rate of the 
colloids in ethanol. 
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Fig. 3.2. A – maximum transmittance change rate and B – average transmittance change rate 
for TiO2 nanoparticle colloids in different hole scavenging media. 

The colloids were capable of recovering their initial transmittance when air was bubbled 
through them. Since the air bubbling speed was kept constant throughout the recovery 
experiments, the amounts of required air for recovery can easily be converted to recovery rates 
(Fig. 3.3). The recovery is assumed to be dependent mainly on oxygen solubility. This 
assumption correlates nearly with all the observed recovery rates, as the oxygen solubility 
increases in the following sequence – ethanol < i-propanol < n-propanol < n-butanol followed
by a slight decrease of n-pentanol and n-hexanol.32 By comparing the recovery rates at different 
wavelengths, it can be seen that the annihilation rate of Ti3+ defects was higher than compared 
to VO or the delocalized electrons. The VO show the slowest recovery mainly because for each 
of these defects to be annihilated, two Ti3+ defects of delocalized electrons must be quenched. 
This means that the recovery rate at 600 nm (Ti3+ defects) and delocalized electrons (900 nm) 
should be roughly double of the recovery rate at 450 nm (VO defects). This is what is also 
observed with the average recovery rate, for example, for ethanol being 0.004 min–1 at 450 nm 
and 0.016 min–1 and 0.014 min–1 at 600 nm and 900 nm, respectively. Addition of 
ethanolamines increases the rate of recovery several times, with TEOA increasing both the 
maximum and average recovery rates 6 and 7.2 times, respectively. The increase in recovery 
stemming from the addition of ethanolamines can be attributed to the fact that amino groups 
can be oxidized to nitro groups, which can function as electrons scavengers.33
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Fig. 3.3. A – maximum recovery rate and B – average recovery rate for TiO2 nanoparticle 
colloids in different hole scavenging media. 

The photodarkening was accompanied by electron accumulation. This was responsible for 
absorption in the NIR wavelength range. These photoaccumulated electrons can be scavenged 
by Fe(acac)3. This can be used to determine the amount of these electrons via spectrometric 
titration with a Fe(acac)3 solution. These photoaccumulated electron values are similar, 
showing that this property of photodoping is inherent to the nanoparticles themselves, with only 
a slight influence stemming from the hole scavenging medium, with the electron concentration 
increasing from 2.01 × 1020–2.60 × 1020 cm–3 in the row n-propanol < ethanol < n-hexanol < 
n-pentanol < i-propanol < n-butanol (Table 1). These values are similar to values previously 
reported in literature34 and are similar to the values reported for other doped TiO2 samples, such 
as carbon doped TiO2.35 This shows that photodoping can be used to modify the amount of 
charge carriers in the material similarly to conventional doping.

Table 1 
Electron Concentration for Colloids in Different Solvents 

Solvent Electron carrier concentration (cm-3)
Ethanol (2.10 ± 0.168) × 1020

n-propanol (2.01 ± 0.168) × 1020

i-propanol (2.52 ± 0.168) × 1020

n-butanol (2.60 ± 0.168) ×1020

n-pentanol (2.26±0.168) × 1020

n-hexanol (2.18 ± 0.168) × 1020

The type of point defect formed in TiO2 during UV irradiation was determined using EPR 
spectroscopy. The EPR spectra were taken for TiO2 colloid in n-BuOH. Prior to UV irradiation, 
the un-doped TiO2 nanoparticles exhibited three EPR peaks at g-values of 2.0238, 2.0098 and 
2.0036 (Fig. 3.4 A). These are attributable to the signal coming from Ti4+ and O2-.36 During UV 
irradiation these three signals are replaced by a new and much more intense signal at a g-value 



19 

of 1.957 with a line width ∆H = 12.9 G. This signal is attributed to Ti3+.37 This signal increased 
in intensity with irradiation time, reaching a maximum after 60 min of irradiation (Fig. 3.8 B). 
The amount of Ti3+ corresponding to this signal was calculated with the help of an internal 
standard (Bruker ER 4119HS-2100) with a known spin concentration. The maximum Ti3+

concentration was determined to be 3.01 × 10–3 % or 1.812 × 1021 spins/mol after 60 min 
irradiation. This shows that the main defect in the photodoped TiO2 is Ti3+. However, similarly 
to what has been shown before, the vast majority of the photoaccumulated electrons populate 
the conduction band, and only a small amount (0.34 %) of these electrons have taken part in the 
formation of Ti3+. 

Fig. 3.4. A – EPR spectra for the un-doped TiO2 nanoparticle colloid at different UV 
irradiation times; B – Ti3+ defect concentrations as a function of irradiation time.

3.2. The electrical properties of titanium dioxide thin films under UV 
illumination and in the presence of hole scavenger vapors

As the TiO2 nanoparticles were capable of accumulating electrons in the conduction band 
when undergoing photodoping, this would imply that there would be a change in their electrical 
resistance under photodoping conditions. To measure the resistance of the nanoparticles, thin 
films of TiO2 nanoparticles were prepared via spin-coating on ITO electrodes. This sample, 
when irradiated with UV light (365 nm), exhibited a slight decrease in its resistance from the 
original 1.5 × 109 Ω to 1.1 × 109 Ω. This resulted in a change in response of S = 1.36 (Fig. 
3.5 A). This slight decrease in resistance can be attributed to the photoconductivity of the TiO2

upon UV illumination.38 The opposite reaction was observed when the sample was exposed to 
ethanol vapor at a concentration of 1000 ppm in the dark. This resulted in an increase in the 
resistance of the sample from 1.5 × 109 Ω to 1.17 × 1010 Ω with a response of S = 7.8 (Fig. 
3.5 B). This increase can be attributed to the ethanol absorption on the sample film.39 The 
absorption increased the barrier height between the nanoparticles, which in turn decreased the 
change of electron tunneling between the adjacent nanoparticles.40 When the sample was 
exposed to ethanol vapor and under UV irradiation, the response was the complete opposite to
the response in the dark. The samples resistance dropped from the initial 1.1 × 109 Ω all the 
way to 7.8 × 106 Ω, resulting in a response of S = 141 (Fig. 3.5C).
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Fig. 3.5. A – change in resistance when switching UV light on and off without solvent gas at 
a flux density of 46 mW/cm2; B – change in resistance when adding EtOH (1000 ppm) and 

ventilating the chamber without UV light; C – change in resistance when adding EtOH 
(1000 ppm) and ventilating the chamber while irradiating with UV light.

The dramatic decrease in resistance under UV and 1000 ppm EtOH can be attributed to the 
hole scavenging nature of ethanol seen when the nanoparticles were dispersed in the solvent. 
As the electron-hole pairs are generated under UV light, ethanol, which adsorbs on the surface 
of the nanoparticle thin film, scavenges the holes leaving behind the electrons. When the test 
camber was vented and the ethanol vapors were removed from the air in the chamber, the 
oxygen present in the air scavenged the accumulated electrons, allowing the samples electrical 
resistance to return to its original value. The oxygen requirement was confirmed by repeating 
the experiment in a purely N2 atmosphere (Fig. 3.6 A). After the drop in resistance caused by 
the introduction of EtOH vapor, when the chamber was flushed again with N2, the resistance 
no longer returned to its initial value. During the next 100 min the resistivity increased only 
slightly, possibly due to thermal relaxation (in comparison with oxygen the resistance recovered 
within 3 min). This phenomenon has been observed previously and has been termed persistent 
photoconductivity.41 This shows that oxygen can also be used to measure the amount of 
photoaccumulated charge carriers.  



21 

Fig. 3.6. A – resistance change when the samples resistance was measured in a N2 atmosphere 
while irradiating with a UV LED with a light intensity of 46 mW/cm2; B – the resistance 
changes of the sample during irradiation with a 10W commercial visible LED light when 

adding EtOH to the chamber; C – the response S of the sample at different relative humidity 
when irradiating with a UV LED with a light intensity of 33 mW/cm2 and exposed to 

1000 ppm EtOH.

To evaluate whether the TiO2 nanoparticles thin film sample changes its resistance only 
under UV light irradiation, an experiment was conducted by swapping the UV LED array with 
a 10W commercial white LED light with a wavelength range of 410–750 nm. When the sensor 
sample was exposed to the same ethanol vapor concentration as before (1000 ppm), only a 
marginal increase in the resistance of the sample was seen (Fig. 3.6 B), similar to that seen 
when the sensor was exposed to ethanol vapor in the dark. This acts as a confirmation of the 
theory that for electron accumulation, UV light is necessary. When looking at the samples 
charge accumulation abilities in different humidity (Fig. 3.6 C), it can be observed that there 
are limitations to the environments in which this sample can accumulate electrons. At low RH 
of 10–16 %, the change in resistance is the highest, reaching a response of 140–146. This is 
mainly due to the fact that such low RH values consequently cause part of the adsorbed water 
molecules to desorb from the surface for equilibrium with the surrounding air, exposing more 
of the hole scavenging sites, thus increasing the change in transmittance. The response drops to 
101–112 when exposed to RH of 18–40 %. These RH values are a lot more common in the 
ambient environment, especially in countries with a milder climate, showing that 
photoelectrons can accumulate in an ambient environment. However, above RH = 40 %, the 
change in resistance drops to just 1.6 and lower when exposed to the same amount of EtOH and 
UV. This could be attributed to the formation of a mono-layer of liquid water on the surface of 
the sample thin film. As this layer is more conductive than the semiconductor material itself, it 
would then provide a charge screening effect and electric conductivity via Grotthuss proton 
jumping.42

The samples response to ethanol vapor was dependent on the concentration of the vapor and 
could also be varied by modulating the UV light intensity (Fig. 3.7 A). This indicates that 
substantial amounts of ethanol vapor are necessary to saturate the sample with 
photoaccumulated electrons. As the change in resistance is UV light intensity dependent, this 
would mean that the hole scavenging rate could be considered the limiting step of the 
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photoaccumulation process. At a low irradiation intensity (15 mW/cm2) the response, i.e., the 
change in resistance (response) increased from 1.6–75 in a linear manner when the ethanol 
vapor concentration was varied from 100–1000 ppm. When the ethanol vapor concentration 
was decreased to just 50 ppm, no noticeable change in resistance was observed, indicating an 
insufficient amount of photoelectron accumulation. When the UV light intensity was increased 
to 33 mW/cm2, the response also increased from 2.8 to 138 in the ethanol vapor range of 100–
1000 ppm. Furthermore, at this light intensity the sample also exhibited a very low response 
(1.34) to 50 ppm of ethanol vapor. This indicated that at such a light intensity enough 
photoelectrons are excited for hole scavenging to happen and hence photoaccumulation and 
resistance change. A further increase in the UV light intensity to 47 mW/cm2 resulted in further 
increase in response to 37 at an ethanol vapor concentration of 100 ppm to 170 when the ethanol 
concentration increased to 1000 ppm. Also, at this light intensity, the sample showed a response 
of 18.4 to ethanol vapor at 50 ppm ethanol and 18 at an ethanol vapor concentration of just 25 
ppm. It can be observed that at this UV light intensity the response is no longer linear but shows 
that saturation starts to occur. This is due to the fact that the hole scavenging rate with ethanol 
absorption becomes the rate limiting factors. 

The TiO2 thin film sample exhibited a resistance change response to not only ethanol vapor 
but also hole scavengers in general. When exposing the sample to different solvent vapors – 
both polar and non-polar – solvents (Fig. 3.7 B) the photoinduced electron accumulation was 
different. The change in resistance due to photoaccumulated charge carriers was similar as it 
was when the TiO2 nanoparticles were dispersed in the corresponding hole scavenger solvent. 
These results also confirm that to successfully scavenge the photogenerated holes, the analyte 
gas molecules should contain hydroxyl groups, as these can adsorb onto the TiO2 surface.28 The 
low affinity towards acetone can be explained by the fact that aldehydes can also function as 
hole scavengers, but very mild ones. Furthermore, acetone has a tautomeric enol form, which 
has a hydroxyl group and is present in very small quantities in acetone.30 As toluene and 
n-hexane lacks this groups, then this pathway is not available for these solvents. The resistance 
change response to alcohol falls in order n-butanol > n-hexanol > n-propanol > methanol > 
ethanol > i-propanol > n-pentanol > acetone. N-butanol is known for its effective 
photogenerated hole scavenging properties from TiO2.14 It has been shown that the hole 
scavenging process on the surface results is alkoxy radicals.30 The alkoxy radical stability 
increases with an increase in the branching and size in the carbon backbone.30 A secondary 
alcohol, such as i-propanol and heavier alcohols, such as n-pentanol and n-hexanol, produce 
more stable radicals. The photogenerated holes oxidize alcohols to aldehydes and in the case of 
i-propanol and acetone are stable on the TiO2 surface at 300 K.43 The stable adsorbates do not 
desorb and limit adsorption of additional hole scavenging alcohols, resulting in a lower 
photoaccumulated electron concentration. Furthermore, depending on the complexity of the 
alcohol, the reaction rate varies, resulting in a varied resistance response of the material. 
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Fig. 3.7. A – response S while changing the EtOH vapor concentration and while irradiating 
the sensor with different intensity UV light; B – response S when exposing the sample to 

different solvents at a concentration of 1000 ppm and while irradiating the sample with UV 
light at an intensity of 47 mW/cm2. 

3.3. Photoelectron accumulation in titanium dioxide films under UV 
irradiation while submersed in a hole scavenger

Since the TiO2 nanoparticles exhibited electron accumulation in thin film form when 
exposed to hole scavenger vapor, the next possibility would be to see how the thin film exhibits 
photoelectron accumulation when immersed in a hole scavenger. This was realized by using a 
thicker TiO2 thin film with a thickness of 1075 nm (Fig. 3.8 A) that was immersed in n-butanol. 
Current generation was looked at in order to evaluate the amount of photoaccumulated electrons 
between the thin film and a counter electrode at different supplementary resistances. A Pt wire 
was used as a counter electrode. The sample could generate 1.35 μA of continuous current and 
2.6 μA of peak current (Fig. 3.8 B, C). The continuous current was reduced when resistance 
was added to the circuit, while the potential increased inversely proportional to the current
reaching a maximum of 398 mV. This was because adding resistance decreased the number of 
electrons flowing through the external circuit, thus allowing for a larger potential difference to 
build up. The maximum power generated from the sample was 0.023 μW/cm2. This has the 
potential of being used to power different low-power consumption sensors as an alternative to 
solar cells.
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Fig. 3.8. A – SEM micrographs of the used thin film; B – current and potential graphs for 
continuous measurements; C–E – electric properties of the film as a function of irradiation 

(charging) time.

Under open circuit conditions a charge could be built up on the thin film in the form of 
photoexcited electrons, which accumulated in the conduction band of the TiO2, with no 
noticeable change in color. While the peak current that could be reached was independent from 
irradiation time (reaching the maximum after just 1 second), the discharge time and 
subsequently the accumulated charge gradually increased, reaching saturation after 5 minutes 
of irradiation. This showed that with an irradiation time of 5 min it was possible to saturate the 
sample with photoaccumulated electrons. The maximum amount of charge that was scavenged 
this way from the sample was just 10.2 μC that corresponds to approx. 6.4 × 1013 electrons of 
the sample. When converted to charge carrier concentration, this equates to an electron 
concentration of 1.17 × 1017 cm-3, which is several orders of magnitude lower than it was 
obtained from the spectrometric titration results (2.6 × 1020 cm–3). This could be because in thin 
film form the lower layers of the film do not really interact with the hole scavenger, meaning 
that the upper layer of the thin film experiences electron photoaccumulation. Nevertheless, 
these results also show that the photoaccumulated charge carrier concentration can also be 
studied using charging when immersed in a hole scavenger not only when exposed to its vapors.
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3.4. The influence of Nb5+ dopant on photochromic response of titanium 
dioxide 

Niobium Nb5+ was chosen as the dopant because of its small size difference with regards to 
Ti4+ (Nb5+ (78 pm) and Ti4+ (75 pm)) as well as its electron acceptor nature. The other 
candidates such as V5+ or Ta5+ were found to either cause persistent visible light absorption or 
a reduced photochromic effect. The Nb5+ dopant content was varied from 1 to 20 at%. As seen 
from the Raman, XRD and SAED results, all the nanoparticles synthesized  with a nominal 
Nb5+ content from 1 at% to 20 at% were composed solely of anatase (JCPDS 21-1272).44 This 
shows that doping with Nb5+ did not promote the creation of any secondary phases. Doping 
with Nb5+ caused the shift of the 152 cm–1, 402 cm–1 and 642 cm–1 bands from 152 cm–1 to 
150 cm–1, 402 cm–1 to 388 cm–1 and 642 cm–1 to 639 cm–1, respectively (Fig. 3.9). The 152 cm–

1 band also increased in width due to the formation of Nb-O-Ti bonds45 and deformation of the 
Ti sublattice and the stretching of the Ti-O bonds.26 The 642 cm–1 also increased in intensity 
and red-shifted due to the formation of Nb-O bonds. The shift of the B1g mode peak at 402 cm–

1 with increasing Nb5+ content is another confirmation of successful Nb5+ incorporation in the 
TiO2 crystalline lattice, as this mode stems from the Ti-O bond stretching.46

Fig. 3.9. Raman spectroscopy results for un-doped and Nb5+ doped TiO2 nanoparticles.

The XRD results (Fig. 3.10) showed diffraction peak shifts with increasing Nb5+ dopant. 
The main anatase peak of (101) showed a shift of 2θ values from 25.305 to 25.188, which is 
indicative of increased lattice spacing.26 This is an indication that Ti4+ cations with a size of 75 
pm were substituted with slightly larger Nb5+ cations with a size of 78 pm.47 Another 
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observation is the shift of some higher index plane peaks, such as (211) and (220). This stems 
from the increase in lattice spacing that corresponds to the index planes in question. The 
Rietveld refinement results showed that doping with the larger Nb5+ cations caused an increase 
in both crystalline lattice parameters from 3.791±0.001 Å to 3.807±0.001 Å for parameter a
and from 9.506±0.002 Å to 9.554±0.001 Å for parameter c, respectively, when comparing the 
un-doped TiO2 NCs and the sample with a 20 % Nb5+ content. Subsequently, the unit cell 
volume increased from 136.618 Å3 to 138.493 Å3. 

Fig. 3.10. XRD of the samples with different Nb5+ content 

The TEM micrographs (Fig. 3.11 A–G) showed that the nanoparticles were monocrystalline 
and without any signs of either being amorphous or having a core-shell structure. The 
nanoparticles were uniformly sized, with no large agglomerates present. Another conformation
of the crystalline nature of the nanoparticles stems from the SAED diffractograms (see Fig. 
3.11 H–I). The coaxial ring patterns are indicative of polycrystalline samples. This is because 
the electron beam hits a multitude of nanoparticles, showing polycrystalline diffraction rings 
instead of discrete monocrystalline diffraction patterns. The rings themselves corresponded to 
the same diffraction peaks from XRD diffractograms and corresponded to the (101), (004), 
(200), (105), (204), (220) and (215) planes.48 From the TEM micrographs, 100 measurements
of the nanoparticle sizes were taken using ImageJ software. These measurements were then 
used to calculate the mean d(50) size of the nanoparticles as a function of Nb5+ content. The 
nanoparticle size increases logarithmically from 3.6±0.5 nm for the un-doped samples to 
6.7±1.0 nm for the samples with a Nb5+ content of 20 at%.  
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Fig. 3.11. A–G – high resolution TEM images of the synthesized nanoparticles with different 
Nb content; H and I – selected area electron diffraction pattern for pure TiO2 and TiO2 with 

20 % Nb.

The overview of XPS spectra of all the doped TiO2 samples (Fig. 3.12 A) showed the 
presence of O, Ti and Nb with no additional stray elements present. The 3d and C 1s signals
stem from the sample holder and organic contamination, respectively. The binding energy of 
the Ti 2p 3/2 peak at 458.5 eV and 2p 1/2 peak at 464.2 eV indicates fully oxidized TiO2, with 
a homogeneous Ti4+ oxidation state (Figure 3.12 D), while the Nb 3d peaks at slightly above 
207 eV and 209.9 eV indicate fully oxidized Nb5+ with no indication of other Nb oxidation 
states (Fig. 3.12 C). The O 1s peak consists of two overlapping peaks at 530 eV and 531 eV 
(Fig. 3.12 B). The main peak at 530 eV corresponds to lattice oxygen in the bulk oxide. The 
broad and weak peak at 531 eV is usually attributed to surface hydroxide groups. According to 
this data it was determined that the samples in their un-irradiated state do not contain any Ti3+

or VO. This is contrary to other authors.49 The difference can be attributed to the different 
synthesis methods used. As the doped nanoparticles are synthesized using a solvothermal 
treatment, the increased pressure could retard VO formation. Using the ratio of Ti 2p and Nb 3d 
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peaks, the Nb5+ content was calculated as a function of nominal dopant content (Fig. 3.12 E). 
These calculated values were in good agreement with the theoretical Nb5+ content, resulting in 
a very high doping efficiency (99–100 %). This can be attributed to the minor size difference 
between both cations of Ti and Nb. 

Fig. 3.6. A – overview of XPS spectra of the Nb5+ doped TiO2 samples; B, C,
D – high-resolution XPS spectra of O 1s, Nb 3d and Ti 2p binding energy regions, 

respectively; E – calculated dopant content vs theoretical dopant content. 

The colloids show a more rapid change in transmittance, which was shown previously in 
Subchapter 3.1. This is because there the UVA light source had a higher power output of 
47 mW/cm2 compared to the 25 mW/cm2 used in the previous photochromic experiments. 
Doping with Nb5+ caused a dramatic decrease in the ramp up time with transmittance already 
starting to decrease after the 1st minute (Fig. 3.13.). This could be explained by lower 
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recombination rate of photogenerated charge carriers, which led to the intensified ox-red 
processes on surface.

Fig. 3.13. Photographs of undoped TiO2 and Nb-doped TiO2 (20 at%) colloids in n-butanol, 
irradiated 0, 30 and 120 seconds showing the strong increase in the photodarkening rate 

caused by Nb-doping. 

To determine the influence of Nb5+doping on total transmittance change of the TiO2

nanoparticles in the infrared and visible range, the colloids were diluted to a smaller 
nanoparticle concentration (2 g/L). Before irradiation, the Nb5+ doped TiO2 nanoparticle 
colloids did not exhibit decreases in transmittance when compared to the un-doped TiO2 colloid. 
The photodarkened state of these colloids with a nanoparticle Nb5+ dopant content of 1–5 at% 
had a slight decrease in the absorption between 400–550 nm, while in the NIR range (700–
1100 nm) the colloids showed higher absorption (Fig. 3.14). Higher Nb5+ doping resulted in a 
decrease also in the transmittance at shorter wavelengths of 400–550 nm. The added absorption 
intensity due to Nb5+ doping led to total blocking (<2 % transmittance) in the NIR range for 
samples of 700–1100 nm when the Nb5+ content was high (10–20 at%). This showed that even 
at this dilution the nanoparticle colloids were capable of total light blocking in the NIR 
wavelength range. This also was evident when looking at the absolute transmittance change 
(Fig. 3.14.) the un-doped TiO2 colloids had an absolute transmittance change ranging from only 
30 % at 400 nm to 76 % at 800–1100 nm. Samples with a low Nb5+ dopant content (1–5 at%) 
had an absolute transmittance change that was slightly lower than the un-doped TiO2 colloid in 
the visible wavelength range while having a higher transmittance change in the NIR wavelength 
range with values between 24 % at 400 nm to 98 % at 1000 nm. The samples with higher Nb5+

dopant content (10–20 at%) had a higher absolute transmittance change in both visible and NIR 
ranging from 38 % at 400 nm to 99 % at 1000 nm and reached full saturation at this dilution. 
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Fig. 3.7. Absolute transmittance change for samples with different Nb-content. 

Doping with Nb5+ resulted in an increase in the absorption within the NIR range because 
of the increase in the amount of photoaccumulated electrons. This was evident also when 
determining the accumulated charge carrier concentration. The calculated values ranged from 
1.74 × 1020 cm–3 to 4.03 × 1020 cm–3 with the Nb5+ content increasing from 0 at% to 20 at% 
(Table 2). Charge carrier concentrations of this magnitude have previously been reported for 
nanoparticles when they have been doped electrochemically.50

Table 2 
Photoaccumulated Electron Concentration of the Samples with Different Nb5+ Content 

Nb5+ content (at%) Photoaccumulated electron concentration (cm–3)
0 (1.74 ± 0.168) × 1020

1 (1.94 ± 0.168) × 1020

2.5 (2.11 ± 0.168) × 1020

5 (2.53 ± 0.168) × 1020

10 (3.32 ± 0.168) × 1020

15 (3.80 ± 0.168) × 1020

20 (4.03 ± 0.168) × 1020

Nb5+ doping has a profound influence on the photodarkening properties of TiO2

nanoparticles not only in terms of photodarkening speed but also the absorption intensity. The 
reason for this is that Nb5+ introduces excess positive charge that increases electron 
accumulation as well as the secondary defects introduced into the anatase TiO2 crystalline 
lattice to compensate the electrical charge imbalance caused by substituting Ti4+ with Nb5+, 
such as e′, VTi′′′′ or Oi

′′. During photodarkening of un-doped TiO2, all the electrons, which are 
localized, reduce Ti4+ to Ti3+ and in this way generate VO••. When Nb5+ is present in the TiO2

lattice, it is favored by the excited electrons and reduces Nb5+ to Nb4+. This also causes the 
secondary defects to change to preserve charge neutrality. The photodarkening rate (Fig. 
3.15 C, F) increased with the increase in Nb5+ content, reaching a value of –1 min–1 for the 
sample with a Nb5+ content of 20 at% at 1000 nm. 

It was seen that during recovery there was a gradual decrease in the achieved recovery with 
increasing Nb5+ content. Samples that had a Nb5+ content of 5 at% and higher required more 
than 20.0 mL of air, which was 6.7 times the volume of the colloid. The samples with 20 at% 
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Nb5+ recovered to only 17 % at 500 nm and recovered 0–3 % in the whole NIR range, indicating 
that they still possessed many accumulated electrons. The transmittance change rate of the 
dynamic recovery (Fig. 3.15 D, G) was the highest recovery rate for the un-doped TiO2 colloid, 
reaching a maximum change rate up to 0.502 mL–1 and average up to 9.46 × 10–2 mL–1 at the 
NIR wavelength range with the recovery rate highly dependent on the wavelength in the visible 
range. These values dropped gradually with increasing Nb5+ doping content and dropped by 
more than an order of magnitude in the NIR range for both maximum and average recovery 
rate, to 1.38 × 10–3 mL–1 and 2.65 × 10–4 mL–1 at 1000 nm, respectively when the nanoparticle 
Nb5+ dopant content reached 20 at%. 
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Fig. 3.15. T/T0 plots of the transmittance change during UV irradiation and subsequent steady 
state recovery at A – 550 nm; B – 1000 nm; C, D, E – maximum relative transmittance 

change rate for photodarkening (C); dynamic recovery (D) and steady-state recovery (E); F,
G, H – average relative transmittance change rate of photodarkening (F); dynamic recovery 

(G); steady-state recovery (H).

A similar picture is seen when looking at the steady state recovery rates (Fig. 3.15 A, B). 
Here the un-doped TiO2 sample after 5 mL of air recovered relatively rapidly, in only 25 min. 
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This is largely due to the fact that 5 mL is very close to the amount of air necessary to achieve 
recovery in the dynamic experiment. In both the visible (550 nm) and NIR (1000 nm) ranges, 
the un-doped TiO2 nanoparticle colloid showed a similar recovery, owing to the easily 
quenchable nature of the Ti3+ and VO•• defects. All the Nb5+ samples, on the other hand, required 
at least 3 times the amount of time to recover (1 at% Nb5+ sample required 76 min to recover 
in the NIR range). This time was exponentially longer for the 15 at% and 20 at% sample colloids 
(around 35 hours) to recover in the visible range and even longer (40–48 hours) to recover in 
the NIR range. This can be attributed to multiple effects. First, the slow initial recovery can be 
attributed to the correlation of transmittance and absorbance at low transmission values. In this 
regime, large changes in absorbance result in only marginal changes transmittance. The second 
effect is due to the more stable Nb4+-VO-Ti4+ complex defect. The relative transmittance change 
was derived by time, resulting the relative transmittance change rate for not only the 
photodarkening (Fig. 3.15  C, F) but also the dynamic (Fig. 3.15  D, G) and steady-state 
recovery rates (Fig. 3.15  E, H). The steady-state recovery rates had a much wider spread 
depending on the Nb5+ content. The difference between the un-doped and 20 at% Nb5+ doped 
TiO2 colloids was more than 2 orders of magnitude (359 times) at 700 nm for the maximum 
recovery rate and similar difference also for the average recovery rate. As a higher stability of 
the defects leads to an increased formation rate and a decreased annihilation rate, this theory 
correlates neatly with the observed results. To make the Nb5+ doped TiO2 nanoparticle colloids 
more suitable for practical applications, the recovery rate needs to be increased. Taking 
inspiration from the previous research on TiO2 colloids in different solvents, one possibility for 
the increase in the recovery can be the usage of an ethanolamine additive. For that purpose, the 
colloids of 20 at% Nb5+ doped TiO2 nanoparticles were modified with varying amounts of 
TEOA (25, 50 and 100 mol% with respect to the amount of TiO2 present, Fig. 3.16). The 
steady-state recovery rate for colloids containing 25 mol% TEOA in both wavelength ranges 
recovered 7.42 times faster – in 330 min. It is worth noting, that the recovery in case of TEOA 
addition was observed with no air injection. If air was additionally injected, this would further 
increase the recovery rate, similarly as was observed for the un-doped TiO2 colloids.  
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Fig. 3.16. T/T0 plots during UV irradiation and airless recovery for the colloid of 20% Nb-
doped TiO2 with the addition of triethanolamine (different mol% relative to the amount of 
TiO2 for A – 550 nm; B – 1000 nm; C – maximum photodarkening rate and D – average 

photodarkening rate for Nb+5-doped TiO2 colloid without and with 25, 50 and 100 mol% TEA 
additive; E – maximum recovery rate of the colloids without air injection at 550 and 1000 nm; 

F – average recovery rate of the colloids without air injection at 550 and 1000 nm.

As mentioned previously, the dramatic increase in the photodarkening rate of the 
Nb5+-doped TiO2 colloids when compared to pristine TiO2 stems from the formation of the 
complex point defect Nb4+-VO-Ti4+. The evidence for this can be gathered from EPR 
experiments. EPR spectroscopy was done for the Nb5+ doped TiO2 colloid sample with the 
highest Nb content of 20 at% (Fig. 3.17). Before UV irradiation, we observe the same three 
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signals as for the un-doped TiO2 colloid. However, there is no evidence of a Ti3+ signal either 
during or after UV irradiation. Instead, a new spectral feature with a g-value of 1.977 and 
∆H = 4 G was detected, and its intensity was seen to increase with irradiation time. This signal 
can be attributed to Nb4+, to be precise, the defect model of Nb4+-VO-Ti4+.51 Although the Nb4+

signal cannot be seen in EPR at temperatures above 77K, because of the complex defect 
configuration, detection of the signal was permitted above 77K at room temperature. The results 
indicate that the Nb doped TiO2 contain different point defects responsible for photochromism 
when compared to un-doped TiO2. When calculating the number of defects, it was observed 
that the number of defects reached saturation already after 30 min, instead of the 60 min for 
un-doped TiO2. This observation agrees with our UV-Vis spectroscopy results that show a 
higher photodarkening rate for samples doped with Nb5+. 

Fig. 3.17. A – EPR spectra for the 20 at% Nb5+ doped TiO2 nanoparticle colloid before and 
after UV irradiation; B – the relevant defect concentrations as a function of irradiation time. 

3.5. Photochromic TiO2 polymer gels

The TiO2 nanoparticles suspended in a hole scavenging media is a potent material for 
photochromic applications. However, for most real-life applications, colloids are not usable, as 
they are prone to leakage from most closed systems and can evaporate, causing a pressure 
increase, which can potentially ruin the closed system. Thin films, however, have a much lower 
absorptivity, cause to achieve the equivalent absorption to the colloids, a film with a thickness 
of at least 8 μm is necessary. Films that thick are difficult to produce. Furthermore, when films 
are this thick, the hole scavenger can only interact with the upper layer of the films. Thus, 
photodoping happens only on the top layer and basically makes thin film usage impossible. The 
middle ground for combining the potential of colloids with the stability of thin films would be 
gels, as these would allow to produce closed systems, which are much less prone to evaporation 
and leakage while allowing hole scavenging to happen through the hole gel volume. The gels 
presented here are transparent in the undarkened state while absorbing almost all the light in 
the photodarkened state. These gels also have a performance, comparable to the colloid samples 
discussed earlier. The gels form the PEGDA polymer by photocrosslinking with the help of the 
TiO2 nanoparticles (Fig. 3.18 A). TiO2 acts as a photoinitiator for the crosslinking process, 
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resulting in the polymerization of PEGDA via the vinyl terminal groups. To keep the gels stable 
and transparent, DMF was necessary. A large variety of gel compositions were made under this 
study, and an approximation of a compositional diagram can be made (Fig. 3.18 B). We can see 
that if the PEGDA content is below 5 vol%, gel formation is not expected. This, however, is 
not quite the case as if the TiO2 content is above 17 vol%, the samples were gels, even without 
PEGDA. Sadly, these gels have hardly any photochromic activity, as DMF is not known to be 
a hole scavenger, and as such the photodoping effect is severely diminished. Additionally, the 
influence of ethanol on the photochromic performance of these gels was examined. 

 

 
Fig. 3.18. A – photograph of a TiO2 / PEGDA gel composition (3 vol% TiO2 and 20 vol% 
EtOH) before and after UV irradiation; B – ternary diagram displaying the compositional range 
where the transparent and opaque gels are obtained (white region indicates no gel formation). 
Green circle indicates the region of compositions studied further. 

 
The transmittance changes between the initial and photodarkened states was dependent on 

the TiO2 content as well as on the amount of EtOH present in the gels. The highest amount of 
variation in the transmittance change was for the samples without EtOH. Here, the 
transmittance change varied from 11.2 % for the sample with 1 vol% of TiO2 at 400 nm to 
89.8 % for the sample with 5 vol% TiO2 at 700 nm (Fig. 3.19 A). The transmittance change 
dependence on the TiO2 content was linear for low to medium TiO2 contents (1–3 vol%), while 
for higher TiO2 contents (4–5 vol%) the transmittance change was decreased. This can be 
explained by several reasons. First, the diminishing returns can be explained by the correlations 
between absorbance and transmittance. This correlation is logarithmic, meaning that when the 
absorbance is low, small changes in absorbance lead to large changes in transmittance. 
Subsequently, when the absorbance is high, even large changes in absorbance can lead to 
relatively small changes in transmittance. Another possibility is that this is mainly due to 
saturation. This is also the reason why Lamberts law can be applied only for low concentrations. 
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When EtOH was added to the samples, an increase in the transmittance change was observed 
with a maximum transmittance change seen at 700 nm (Fig. 3.19 B–D). The increase in the 
absolute transmittance change is due to the nature of ethanol being a very potent hole scavenger, 
as was seen previously. This, in turn, allowed for a greater number of electrons to accumulate 
in the nanoparticles, both as delocalized electrons in the conduction band as well as in the form 
of Ti3+ defects. The presence of EtOH gradually increased the transmittance change, with 
samples with a lower TiO2 content (1–3 vol%) benefiting more than samples with a higher TiO2

content (4–5 vol%). This is again due to saturation. However, the presence of EtOH (30 vol%) 
allowed the low TiO2 content (1–2 vol%) samples to achieve a transmittance change of over 
80 %.

Fig. 3.19. Absolute transmittance change of the samples with different TiO2 contents and at 
different wavelengths for samples with a EtOH content of A – 0 vol%; B – 10 vol%; C – 20 

vol%; D – 30 vol%. 

The increase in absolute transmittance change also is indicative of a metastable system, as 
recovery takes place all the time, just very slowly. Without ethanol, the photodarkening and 
recovery reach an equilibrium at a lower absorption. Ethanol, acting as a catalyst, shifts this 
equilibrium towards a higher absorption. Evidence for this can also be seen in the transmittance 
change rate. Without ethanol (Fig. 3.20 A) the samples photodarkened very slowly, requiring 
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120 min to reach saturation. This resulted in change rates of as low as –1.6 × 10–2 min–1 for 
1 vol% TiO2 sample at 400 nm to as high as –0.93 min–1 for 5 vol% TiO2 samples at 400 nm. 
Here, the large apparent photodarkening rate of the sample with 5 vol% of TiO2 was the result 
of multiple simultaneous processes. First, the photodarkening was taking place similarly to the 
rest of the samples. However, another process that took place was the agglomeration of the 
nanoparticles. This led to scattering that further decreased the transmittance of the gel samples. 
Evidence of this was the fact that the high photodarkening rate was mainly seen for shorter 
wavelengths (400–550 nm) that are susceptible to scattering from smaller agglomerates than 
for longer wavelengths as per Mie scattering theory. For all other samples the photodarkening 
rate was the highest at 700 nm. 

When ethanol was added to the composition, the result was a general increase in the 
photodarkening rate, that was also evident from the fact that the samples needed to be irradiated 
only for 30 min instead of 120 min for saturation. Further irradiation did not result in any 
noticeable increase in absorption. The photodarkening rate increased the most when the ethanol 
content was increased from 0–10 vol% (Fig. 3.20 B). Samples with a low TiO2 content of 1–
2 vol% exhibited a slightly higher increase (362 % on average) when compared to samples with 
a higher TiO2 content of 3–4 vol% (248 % on average). The sample with a TiO2 content of 
5 vol% exhibited a very slight increase in the photodarkening rate of just 29 % on average, 
mainly due to the already high photodarkening rate. This comparatively negligible 
photodarkening rate increase, when compared to the rest of the samples, shows that scattering 
effects, taking place due to agglomeration, are the main causes for the high photodarkening 
rate. When the ethanol content was increased further, the results were a lot less pronounced. An 
increase in the photodarkening rate of just 6 % on average was observed when the ethanol 
content was increased from 10 vol% to 20 vol% (Fig. 3.20 C), with a further 10 % on average 
observed when the ethanol content was increased by an addition 10 vol% to 30 vol% in total 
(Fig. 3.20 D). Here again, the highest 29 % increase was for the samples with a low TiO2 
content of 1–2 vol%, while the photodarkening rate increased just by 2 % on average for higher 
TiO2 content samples. With the maximum amount of ethanol this resulted in photodarkening 
rates ranging from –7.9 × 10–2 min–1 to –5.2 × 10–1 min–1, which was a total increase of 465 % 
on average for the samples with a low TiO2 content of 1–2 vol%. The diminishing returns for 
subsequent increases in ethanol show, that with even 10 vol%, have almost all of the possible 
adsorption sites covered, i.e., the nanoparticle surface is almost saturated with ethanol and 
during photodarkening, the TiO2 nanoparticles give out holes (the ethanol scavenges the holes) 
at almost the maximum rate, which is limited by the processes of ethanol adsorption, electron 
migration and subsequent aldehyde desorption. 
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Fig. 3.20. Photodarkening kinetics of the samples with different TiO2 contents and at different 
wavelengths for samples with a EtOH content of A – 0 vol%; B – 10 vol%; C – 20 vol%; D – 

30 vol%. 

The samples recovered when the UV light was turned off. The recovery was much slower, 
with an average recovery rate in the order of magnitude of from 2.4 × 10–5 min–1 to 2.2 × 10–

3 min–1, with the highest recovery rate for the 3 vol% TiO2 sample at the NIR range (Fig. 
3.21 A). The slowest recovery was for the sample with the highest TiO2 of 5 vol%. This is due 
to the fact that the more photodoped TiO2 is present in the sample, the more recovery needs to 
take place. In this case the recovery is done through the photoreduction of the oxidized species 
present in the gel. The photoreduction takes place because the nanoparticles have a large 
accumulation of electrons. These electrons are then capable of reducing organic species in the 
gel, which have previously been oxidized. 

When 10 vol% of ethanol is added to the samples, the recovery rate increases by 90 % on 
average (Fig. 3.21 B). Here, the highest increase in recovery rate is seen again for samples with 
a low TiO2 of 1–2 vol%, with an increase of 139 %. The sample with the lowest TiO2 content 
studied of just 1 vol% exhibited an increase in the recovery rate of 204 % on average, increasing 
the recovery rate from 1.2 × 10–3 min–1 to 3.8 × 10–3 min–1 at 550 nm and from 
1.4 × 10–3 min–1 to 4.2 × 10–3 min–1 at 1000 nm. All the rest of the samples showed a much 
lower increase in the recovery rate of just 62 % on average. A further increase in the ethanol 
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content of 10 vol% (20 vol% in total Fig. 3.21 C) resulted in a further 43 % increase in the 
recovery rate, with a lot more even increase across the studied samples. The highest recovery 
rate was observed for the samples with a low TiO2 content (1–2 vol%) with values of 4.2 × 10–

3 min–1 at 550 nm and 4.9 × 10–3 min–1 at 1000 nm for the sample with a TiO2 content of 1 vol% 
and 3.4 × 10–3 min–1 at 550 nm and 3.3 × 10–3 min–1 at 1000 nm for the sample with a TiO2 
content of 2 vol%. Further increasing the ethanol content to 30 vol% (Fig. 3.21 D) led to an 
average increase of 33 % across all the samples with the highest increase observed for the 
samples with a high TiO2 content. The highest overall increase was observed for the samples 
with a TiO2 content of 2 and 3 vol%, with the 3 vol% sample reaching a recovery rate of 
5.6 × 10–3 min–1 at 550 nm and 4.4 × 10–3 min–1 at 1000 nm.  

The gradual increase in the recovery rate with ethanol addition was due to the nature of the 
oxidation products. When ethanol is present in the gels, during hole scavenging, the by products 
are acetaldehyde or even acetic acid. With the photodoped TiO2 nanoparticles, acetaldehyde 
can be photoreduced back to ethanol with the interaction with the accumulated electrons. This 
is done easier than the photoreduction of the other potential photooxidation products possible, 
such as oxidation products of acetylacetonate, PEGDA or DMF. This is also of note, because 
the photooxidation of these molecules can be accompanied by the cleavage of bonds, resulting 
in an irreversible oxidation reaction. Acetylacetonate can be oxidized to acetic acid and formic 
acid via Baeyer-Villiger oxidation.52 PEGDA has multiple fragments in its molecule, which are 
prone to possible oxidation reactions such as the carboxy fragments at the ends as well as 
ethylene glycol fragments in the middle of the molecule.53 DMF is susceptible to oxidation, 
with the help of hydroxyl groups that could easily be introduced into the system from the TiO2 
surface.54 This oxidation is also accompanied by the cleavage of a C-N bond, resulting in 
demethylation of the DMF molecule. On the other hand, acetaldehyde could be photoreduced 
back to ethanol, as it has been shown that aldehydes can be reduced with the help of TiO2 under 
UV irradiation, acting as electron scavengers.55–57  
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Fig. 3.21. Recovery kinetics of the samples with different TiO2 contents and at different 
wavelengths for samples with a EtOH content of A – 0 vol%; B – 10 vol%; C – 20 vol%; D – 

30 vol%. 

For samples without ethanol (Fig. 3.22 A) with a TiO2 content above 1 vol%, the recovery 
is incomplete, especially in the shorter wavelength range. The sample with 2 vol% TiO2 showed 
a recovery effectiveness of 86.6 % at 400 nm, which gradually increased with increasing 
wavelength and at 600 nm reached full recovery of 99.2 %. The sample with 3 vol% TiO2

recovered only 24.2 % at 400 nm with a gradual increase in recovery up to 97 % at 1000 nm. 
The samples with a higher TiO2 (4–5 vol%) did not recover, with the 4 vol% sample recovering 
to just 92.5 % at 1000 nm and the 5 vol% sample recovering to just 81.5 % at 1000 nm. The 
reason for this limited recovery is that without a dedicated hole scavenger the gels themselves 
start do degrade during the photodarkening process and scattering starts to occur. This is 
indicated by the recovery efficiency being higher at longer wavelengths when comparing to 
shorter ones. 

When 10 vol% of ethanol is introduced into the samples (Fig. 3.22 B), the recovery shows 
a noticeable increase across all the samples. The 2 vol% TiO2 sample now recovers fully even 
at 400 nm with a recovery effectiveness between 97.8 % and 100 %. The samples with a higher 
TiO2 content exhibit and increase in recovery effectiveness of 9 % on average in the NIR 
wavelength range of 700–1100 nm and 20 % on average in the visible range (400–600 nm) 
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when compared to the samples without ethanol. The highest increase in the recovery 
effectiveness was observed for the sample with 4 vol% TiO2 with an increase in recovery 
effectiveness of 30 % at 550 nm. This drastic increase in the recovery effectiveness of the 
samples with the introduction of ethanol even at 10 vol% shows that when a dedicated hole 
scavenger is present in the system, the rest of the constituents are spared from the 
photooxidation happening when photodarkening occurs. This allows for the stability to be kept 
and scattering caused by agglomeration – avoided. An increase in the ethanol content to 20 
vol% (Fig. 3.22 C) resulted in a very slight (~1 %) increase in the recovery effectiveness overall 
when compared to samples with 10 vol% ethanol, with a more noticeable increase in the 
recovery of the 3 vol% TiO2 sample at 400 nm (from 31.8 % to 40.6 %). When the ethanol 
content was increased to 30 vol% (Fig. 3.22 D), there was a more noticeable increase in the 
recovery effectiveness, with the mayor increase being for the sample with 3 vol% TiO2. This 
sample exhibited an increase in recovery effectiveness of 49.3 % at 400 nm and 7.7 % at 
550 nm, bringing its total recovery effectiveness up to 89.9 % at 400 nm and full recovery (98 + 
%) at the wavelength range of 600–1100 nm. The samples with a high TiO2 content of 4–5 vol% 
exhibited an overall increase in the recovery effectiveness of 30.4 % and 18.6 % in the visible 
range (400–600 nm) and 9.3 % and 14.4 % in the NIR range for the samples with 4 vol% and 
5 vol% TiO2, respectively. 
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Fig. 3.22. Recovery effectiveness (%) of the samples with different TiO2 contents and at 
different wavelengths for samples with EtOH content of A – 0 vol%; B – 10 vol%;  

C – 20 vol%; D – 30 vol%. 

The fact that even with 30 vol% of ethanol the samples with a high TiO2 content (>3 vol%) 
did not recover fully would suggest that there is need to continue the increase of the amount of 
ethanol. After all, only at 30 vol% ethanol content did the sample with 3 vol% TiO2 started to 
exhibit a full recovery. The amount of ethanol usable in the composition is limited. When 
experimenting with higher ethanol contents for samples with a TiO2 content of 2 vol% (Fig. 
3.23 A) the upper limit for the ethanol content is between 40–50 vol%. Already at 40 vol% the 
sample exhibited a slight decrease in the recovery of between 0–2 % in the visible wavelength 
range. At 50 vol% the sample exhibited a more pronounced decrease in the recovery 
effectiveness of the gel, with a decrease in recovery of between 2.8–6.8 % in the visible range. 
In both cases the recovery in the NIR wavelength range was unchanged. However, when the 
ethanol content was increased above 50 vol% (to 60 vol%), the samples recovery drastically 
decreased to just 5.9 % on average, with an average recovery of just 1.4 % in the visible range. 
This, in essence, meant that the gel system is no longer stable. The reason for this is the fact 
that ethanol replaces DMF in the composition. With an increase in the ethanol content the DMF 
content is reduced proportionally. As DMF is the stabilizer in the system, at least a minimum 
amount is needed to keep the gel/nanoparticle network stable. From these observations it can 
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be concluded that a minimum nanoparticle to DMF volume ratio of 1 : 10 should be used, to 
keep the gel transparent.

Fig. 3.23. A – recovery effectiveness of samples with a TiO2 content of 2 vol% and different 
amounts of ethanol at different wavelengths; B – transmittance recovery during subsequent 

UV irradiation/recovery cycles at 550 nm for samples with and without EtOH; 
C – transmittance recovery during subsequent UV irradiation/recovery cycles at 1000 nm for 

samples with and without EtOH.

Lastly, we investigated the cycling stability of the photochromic gels. The stability was 
tested for 12 photodarkening-recovery cycles by repeatedly irradiating samples with a TiO2

content of 2 vol% (samples without EtOH 120 min, samples with 20 vol% EtOH 30 min) and 
allowing them to recover. The recovery in visible and NIR ranges was different with gels being 
stable for longer in the NIR range when compared to the visible. In the visible range (Fig. 
3.23 B) the transmittance recovery in response to UV gradually decreases cycle over cycle, with 
the sample with 20 vol% EtOH decreasing from 99 % in the 1st cycle to 92 % after the 10th

cycle and the sample without EtOH decreasing from 98 % in the 1st cycle to just 69 % in the 
10th cycle. This resulted in a recovery effectiveness decrease of 7 % and 29 % for the samples 
with and without EtOH, respectively. In the NIR region (Fig. 3.23 C) the samples showed a 
much better recovery from cycle to cycle, especially with the 20 vol% EtOH addition with the 
transmittance recovery decreasing from an initial 100 % in the 1st cycle to 93 % in the 10th 

cycle. The sample without EtOH showed a recovery efficiency decrease of 18 % over 10 cycles, 
from 100 % in the 1st cycle to 82 % in the 10th. The difference between the visible and NIR 
ranges stems from the fact that shorter wavelengths are more susceptible to the scattering caused 
by agglomeration and scatter on smaller size agglomerates as per Mie theory 58, 59. This can also 
be explained by the fact that the Ti3+ and oxygen vacancy defects created under the TiO2 QD 
surface are stable and recover slowly because point defects migrate slower than electrons. Also, 
it is worth pointing out that for both vis and NIR spectral range the recovered transmittance for 
the sample with 20 vol% EtOH after each cycle was fairly constant and only started no 
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noticeably drop after 8 cycles (at 550 nm 91% in the 1st and 88 % in the 8th cycle, at 1000 nm 
90 % in the 1st, and 89 % after the 8th cycle) as opposed to the sample without ethanol, which 
had a drop in the recovered transmittance after just 3 cycles (at 550 nm from 91 % in the 1st 
cycle, 90 % in the 3rd, and 70 % after the 8th cycle and at 1000 nm 90 % in the 1st and 3rd cycle 
and 79 % after the 8th cycle). This shows that the addition of EtOH had a positive impact not 
only on the photodarkening intensity and rate as well as the recovery effectiveness and rate, but 
also on the stability of the system. This also is due to the fact that EtOH, acting as the hole 
scavenger, allows the rest of the constituents (DMF and crosslinked PEGDA) to remain 
untouched, thus making the gel more stable. Also, it means that photooxidation products can 
be photoreduced on photodoped TiO2 QDs to facilitate better recovery. 
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Conclusions 

1. Titanium dioxide has been found to exhibit photochromism in a variety of different hole 
scavenging solvents, such as primary and secondary alcohols. The highest photochromic 
response has been found to be for primary alcohols, with colloids in ethanol having the 
highest photochromic response. This is due to the unstable nature of the ethanol oxidation 
products allowing for rapid adsorption/hole scavenging/desorption to happen on the 
nanoparticle surface. 

2. The addition of ethanolamines increased the recovery, allowing the colloids to recover their 
transmittance in a fraction of the time, when compared to colloids without ethanolamines. 
However, this also had a negative effect on the photodarkening of titanium dioxide. This is 
because ethanolamines can oxidize to nitrocompounds, which can in turn scavenge the 
photoaccumulated electrons during photodarkening. 

3. The change in charge carrier concentration can be measured as a change in electrical 
resistivity for nanoparticle thin films that are too thin to measure their change in 
transmittance spectroscopically. This resistivity change was observed when the thin films 
were exposed to hole scavenger vapors similarly to particles suspended in hole scavengers. 
This has the potential of being used for alcohol vapor gas sensing. 

4. The electron photoaccumulation can be used for electricity generation and its photostorage 
by using a photoelectric device. Thin films can be charged in 5 min allowing to obtain a 
power output of 0.0203 µW/cm2. This shows that the photochromic effect can be also used 
further, not only for light modulation but also to supply power to low-powered sensors in 
remote locations. 

5. Successful doping of titanium dioxide with niobium was prepared by subsequent 
solvothermal treatment, which resulted in high doping efficiency of 99–100 % up to a 
dopant amount of 20 at%. No secondary phase formation was seen with distortions of the 
anatase crystalline lattice being observed by the introduction of the slightly larger Nb5+ 
cations. This resulted in a decrease in the optical band gap, which can be attributed to the 
formation of acceptor defect near the conduction band minimum. 

6. The Nb5+ doped titanium dioxide exhibited a strong increase in the photochromic kinetics. 
The Nb5+ defects allowed for rapid photochromism, with 20 at% of niobium resulting in an 
order of magnitude increase in the photochromism speed photodarkening in just 1 minute, 
comparing to 20 minutes required for the un-doped nanoparticles in the same conditions. 
Due to the nature of the Nb5+ traps, this also resulted in an increased recovery time, requiring 
almost 2 days to recover, comparing to just 30 minutes for the un-doped nanoparticle 
colloids. The main type of defects in these nanoparticles were Nb4+-VO-Ti4+, while without 
Nb5+, the main defects were Ti3+. 

7. The un-doped titanium dioxide was successfully incorporated into transparent polymeric 
gels comprised of polyethylene glycol diacrylate and N,N-dimethylformamide. The 
transparency was retained because of the stabilizing properties of N,N-dimethylformamide. 
The amount of titanium dioxide had to be kept between 1–4 vol% to retain transparency, 
and at least 10 vol% of polyethylene glycol diacrylate was needed to produce a gel. 

8. The partial substitution of N,N-dimethylformamide with ethanol allowed for a dramatic 
increase in both the photodarkening and recovery speed. This also resulted in an increase 
of the stability of the prepared gel due to ethanol taking over the role as the main hole 
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scavenger, thus protecting the remaining constituents from oxidation. This allowed the gel 
to remain transparent in its undarkened state for longer, withstanding 8 
photodarkening/recovery cycles, without noticeable degradation. 
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