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Abstract

Understanding photochromicity is essential for developing new means of modulating the optical

properties and optical response of materials. Here, we report on the synthesis and exciting new
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photochromic behavior of Nb5+ doped TiO2 nanoparticle colloids (NCs). We find that in hole

scavenging media, Nb5+ doping significantly improves the photochromic response time of TiO2

nanoparticles. In the infrared regime, Nb-doped TiO2 NCs exhibit an order of magnitude faster

photoresponse kinetics than the pristine TiO2. Enhanced photochromic response is observed in the

visible light regime as well. The transmittance of Nb-doped TiO2 NCs drops to 10% in less than 2

minutes when irradiated by UV-light in 500 nm range. The photochromic reaction is fully reversible.

The physical origin of the high reaction rate is the high Nb5+ concentration. As a donor dopant, Nb5+

builds up a significant positive charge in the material, which leads to highly efficient electron

accumulation during the UV irradiation and results in a rapid photoresponse. EPR experiments identify a

new defect type from Nb5+ doping, which alters the physical mechanisms available for transmittance

modulation. Our new NCs are economic to synthesize and highly suitable for switchable photochromic

applications, e.g. smart windows for modulating visible light and infrared transmittance in

built-environments.

Keywords: Nb-doped TiO2; Quantum dots; Photochromic; Photodoping; XPS; Raman; EPR;

Nanoclusters

Introduction

Photochromic materials have been proposed for developing new light-based technologies such as

smart windows, displays, optical storage media, optical signal processing, and chemical sensors.1 A

plethora of organic, inorganic and organic-inorganic hybrid photochromic materials are known.2–4

Transition metal oxide (TMO) based inorganic photochromic materials are more extensively studied due

to limited stability of organic photochromic materials,5 as well as due to the high cost of photochromic
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materials based on inorganic metal halides and rare earth metals. TMO photochromic materials include

nickel oxide (NiO),6 tungsten oxide (WO3),7–11 molybdenum oxide (MoO3),12–15 vanadium oxide

(V2O5),16 niobium oxide (Nb2O5),17 and titanium oxide (TiO2).18,19 Even though they are more stable and

cost effective than organic, metal halide and/or rare earth based photochromic materials, most TMO

photochromic materials do not meet the requirements of sustainability and environmental safety. For

example, W and V are scarce elements with a supply risk,20 and Ni is associated with environmental and

health risks potentially making the use of Ni in photochromic devices un-attractive. ZnO nanomaterials,

in turn, have stability issues. They are prone to photocorrosion21 and can recrystallize in presence of

humidity in ambient atmosphere conditions.22

In contrast, Titanium dioxide (TiO2) is an earth-abundant, non-toxic and chemically stable wide band

gap semiconductor. As a proven photo(electro)catalytic material, its properties and applications have

been extensively investigated.23 The light-induced chemical reactions on the TiO2 surface can be

harnessed as a means of photodoping24 the material and, consequently, modulating the transmittance of

TiO2 particle suspensions25 or even thin films.26 For instance, TiO2 nanoparticles have been previously

mixed in PVA matrix to observe a photochromic response.27,28 The hydroxyl -OH groups on PVA were

found to act as photogenerated hole scavengers,29–31 thus allowing photogenerated electrons to populate

the conduction band and, in turn, modulate the optical properties of the material. However, in Degussa

P25 TiO2/PVA systems, the observed reduction in the transmission of light was only about 20%.32

In our recent paper, we reported on the properties of a highly responsive photochromic colloidal

system consisting of ultrafine TiO2 nanoparticle in butanol,24 with the butanol acting as a strong

photogenerated hole scavenger.33 Utilizing ultrafine nanoparticles with an average diameter smaller than

5 nm allowed us to significantly reduce light scattering in the suspension and to maximize the initial

transmittance. We observed that upon UV irradiation the system’s transmittance decreased to 0% within
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60 minutes. More importantly, the optical properties of our colloids were modulated in a near-uniform

manner across a broad wavelength range. Significant absorption was observed from the visible to

near-infrared region, and even to thermal black body radiation regime. We have also shown, that for

un-doped TiO2, changing the surrounding medium (solvent) as well as adding hole-scavenging additives

can increase the photochromic response.34

We now estimate that approximately 50 µm thick layer consisting of our photochromic TiO2

nanoparticles would be sufficient to allow a windowpane to become opaque to both visible and mid-

infrared light. However, the photochromic response time of about 60 min in our previously reported

TiO2/butanol system24 is clearly insufficient for it to be competitive in demanding smart windows

applications. In comparison, WO3 ultrafine nanoparticle suspensions in ethylene glycol exhibit a much

faster response time (10 s) upon exposure to solar light.20

To address the observed slow reaction kinetics, we turn our focus on Nb-doped TiO2. This class of

materials has received scientific and technological interest due to its promising electrical and optical

properties.35 It has been proposed not only as a potential low-cost alternative to such popular transparent

conducting oxides as Sn-doped In2O3
36 and F-doped SnO2

37, but also as a key to improved dye-

sensitized solar cells38 and for applications in photocatalysis.23 The attractive properties of Nb-doped

TiO2 nanoparticle colloids (NCs) stem from their tunable electronic structure. They exhibit a localized

surface plasmon resonance that strongly couples the energy of the incoming photons to the electronic

structure of the colloid particles.39 The plasmon resonance itself can be tailored for different applications

by varying the Nb dopant concentration, thus enhancing the versatility of Nb-doped TiO2 NCs as a

photonic material.

The photochromic response in pristine TiO2 is well-known to produce oxygen vacancies with

accompanying Ti3+ ions. The excess electrons created are associated with intrinsic donor defects where
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they fill new electronic states that exist ~0.1 eV below the conduction band minimum.40 In contrast, by

doping TiO2 with Nb5+ (as a substitution for Ti4+), the resulting crystal lattice will exhibit Nb5+-Ti3+

defect pairs. There is also a concomitant shift both in the position of the Fermi level and the conduction

band minimum.41 Furthermore, Nb5+ doping has shown to reduce the number of oxygen vacancies42 and

suppress the charge recombination rate at the TiO2 surface.43

In this work, we present an economic two-step high-yield method for colloidal synthesis of Nb-doped

TiO2 NCs. NCs investigated in the present work exhibit a size distribution (diameter) range from 3.6 nm

to 6.7 nm. Maximum Nb doping level (Nb/Ti) of 19.8 % was attained. We find that in the infrared

regime, our Nb doped system exhibits an order of magnitude faster photoresponse kinetics than the

pristine TiO2. In the visible light regime, the transmittance of Nb-doped TiO2 NCs is reduced to 10% in

less than 2 minutes when irradiated by UVA-light (365 nm) in 500 nm range. Steady-state experiments

indicate that the observed photochromic reaction is also reversible. Finally, we discuss the enhanced

performance of the doped TiO2 NCs in terms of Nb-induced changes in the electronic and defect

structure of TiO2.

Material and methods

Particle synthesis and sample preparation

The particles were synthesized using a synthesis route first described by Scolan and Sanchez44 and

modified by us for the preparation of Nb doped TiO2. The procedure was as follows: titanium tetra n-

butoxide (97%, Sigma-Aldrich) was added dropwise to a mixture of acetylacetone (≥99.0%, Merck) and

n-Butanol (≥99.5%, Merck) at room temperature while stirring under nitrogen flow. In parallel, niobium

(V) ethoxide was added dropwise to a mixture of acetylacetone and n-Butanol while stirring under



6

nitrogen flow. After 10 min, the niobium precursor solution was added dropwise to the titanium

precursor solution. After 15 min, a solution of 4-dodecylbenzene sulfonic acid (4-DDBSA, ≥95%,

Sigma-Aldrich) and de-ionized (DI) water was added dropwise to the mixture. The resulting mixture

was then heated up to reflux and kept at reflux for 12 hours. After that, the mixture was transferred to a

Teflon autoclave and kept at 150 °C for 24 h. Subsequently, the mixture is cooled down to room

temperature, during which we observed formation of a yellowish precipitate. The precipitate is then

centrifuged at 2000 g for 1 h, washed twice with methanol and centrifuged at 4000 g for 1 h. The final

paste is initially dissolved in a small amount of n-butanol and then diluted in order to get a concentration

of 100 g/L. The surfactant to particle ratio was 20 % by weight. The synthesis yield is 84.5-85%

depending on the amount of Nb present. These colloids have been found to remain stable (stabilized

manly by the 4-dodecylbenzene sulphonic acid on the particles) at room temperature without

sedimentation even for years.

Sample characterization

The particles were characterized by x-ray diffraction XRD (PANalytical X’Pert), Raman spectroscopy

(Renishaw inVia) and transmission electron microscopy (TEM, Tecnai G20, FEI) imaging at 200 kV.

Sample selected area electron diffraction imaging (SAED) was performed. The samples for TEM

analysis were placed on a perforated carbon film on 400 mesh copper grid (Agar Scientific S147-4).

Rietveld refinement was done in order to evaluate the grain size and unit cell dimensions, using Profex

software.45 The particle size distribution was determined using ImageJ software.46 To evaluate the

photochromic performance of the particle colloids with different Nb content, 3.0 mL of the test solution

with a particle concentration of 100 g/L were transferred into a UV-quartz macro cuvette. The cuvette

was sealed with a LD-PE cap and epoxy resin with an inlet for air and an outlet for pressure
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equalization. The test solution was irradiated using a triple UV-LED setup with a wavelength of 365 nm

and a light intensity of 15 mW/cm2 (experimental setup diagram can be found in ESI Fig. S1). The UV-

Vis spectra were acquired using a TermoScientific Genesys 10S UV-Vis spectrometer.

To observe the decoloration of the photodoped NP colloids, two different recovery experiments

were carried out: dynamic and steady state. In the dynamic experiment, air was injected into the

irradiated samples at a rate of 1.0 mL/min. After each dose (1.0 mL) of air, UV-Vis spectra were

acquired for the sample. Air exposure-measurement cycles were conducted until there was no

discernable change in the spectroscopically determined transmittance, or the cumulative dose of air

reached 20.00 mL. In the steady state experiments, 5.0 mL of air was injected into the irradiated samples

and the transmittance was determined every 10 minutes via spectroscopy. The experiment concluded

when no change in transmittance could be observed.

The charge carrier concentration was determined by utilizing the method used previously by

Schimpf et al.47 for ZnO NCs and by us for the charge carrier concentration determination for TiO2

NCs.24 Titration for the purpose of charge carrier determination was carried out by diluting the initial

suspension to 2 g/L and irradiating the sample until no change in the absorbance spectra was noticeable.

This was followed by injecting specific amounts of a n-butanol solution of iron (III) acetylacetonate into

the cuvette, waiting 30 seconds and then measuring the resulting Vis spectra of the solution with a

UV-Vis spectrometer. To compare how the absolute change in transmittance varies between NCs as a

function of synthesis parameters, the transmittance of the diluted (2 g/L) samples was measured for

every NC and ΔT% (absolute change in transmittance) was determined from these spectra.

Electron paramagnetic resonance (EPR) spectra were acquired for unirradiated and irradiated

colloids using an X-band spectrometer (Bruker EMX-plus) with a microwave frequency of 9.86 GHz

and power of 20 mW, magnetic field sweep width of 400 G with a center at 3540.0 G, a receiver
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modulation frequency of 100.0 kHz with an amplitude of 5.00 G, and a receiver gain of 1×104 at room

temperature. The colloids were transferred into 50 µL capillaries with an internal diameter of 1.0 mm

and subsequently irradiated with the triple UV-LED array. The amount of radicals present in a sample

was calculated by comparing the second integral of the sample signal to a standard known to contain

1.15×10-3 % spins.

The X-ray photoelectron spectra (XPS) were acquired using a Scienta SES100 hemispherical

analyzer and a non-monochromatized Mg-Kα radiation source (a Thermo VG Scientific XR-4 dual anode

X-ray gun), with a resulting overall resolution of approximately 0.7 eV. The binding energy scale of the

slightly charging sample was corrected by fixing the C 1s peak of adventitious carbon to 284.8 eV. The

XPS sample was prepared by pressing a ground sample powder into indium foil.

The Nb/Ti relative content was evaluated using CasaXPS software, comparing the XPS spectral areas

(after subtracting Tougaard background) of Ti 2p and Nb 3d peaks and considering the individual

photoionization cross sections, inelastic mean free path, and the spectrometer transmission function.

Diffuse reflectance measurement for Kubelka-Munk plots and band gap calculation was carried out

using a Shimadzu SolidSpec UV-3700 spectrometer with an integral sphere in the wavelength range of

300-1600 nm.

Results and discussion

Particle characterization

According to XRD, Raman as well as SAED, the particles consist of the anatase crystalline phase

(JCPDS 21-1272).48 The doping with Nb5+ didn’t cause any secondary phase segregation. The Raman

peaks in Figure 1 A at 152, 402, 516 and 642 cm-1 can be attributed to the Eg, B1g, A1g+B1g and Eg
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modes, respectively.49 There is a slight increase in the width of the main Eg peak at 152 cm-1 in

increasing Nb5+ content. This has been attributed to the formation of Nb-O-Ti bonds.41 The peak itself is

slightly red shifted comparing to bulk TiO2 due to the sufficiently small size of the particles.50 There is

also an increase in the intensity of the second Eg mode peak at 642 cm-1, further confirming the presence

of Nb-O bonds.51 The slight shift of this peak to lower wavenumbers correlates well with the change in

the crystallite size, which is confirmed also by Rietveld refinement studies and TEM imaging. The shift

of the B1g mode peak at 402 cm-1 with increasing Nb5+ content is another confirmation as successful

Nb5+ incorporation in the TiO2 crystalline lattice, as this mode stems from the Ti-O bond stretching.52

The broad peak at 920 cm-1 can be attributed to O-O stretching vibration, that can stem from excess

oxygen in the crystalline lattice.53,54

Figure.1. A) Raman spectra of the dried samples with different Nb5+ content with black lines showing a
peak shift with increasing Nb content for peaks at 402.5 and 644 cm-1. B) XRD results of the dried
samples with different Nb content; C) a and c unit cell parameter change with increasing Nb5+ content
with lines indicating an exponential fit for both a and c parameters. D) Unit cell volume dependence on
the Nb content with the red line indicating a linear correlation between cell volume and Nb5+ content. E)
Grain size width-wise (d(001)) and length-wise (d(100)) with exponential fits for both parameters.
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XRD results as seen in Figure 1 B are in good alignment with the results from our previous

investigation. There is a slight shift in the (101) diffraction peak from 25.305 to 25.188. This is

indicative of increased lattice plane spacing50 that stems from the incorporation of slightly larger Nb5+

(0.78 Å) as compared to Ti4+ (0.75 Å).55 The Rietveld refinement results shown in Fig.1C-E further

elaborate these observations. The a and c parameters of the anatase unit cell increase exponentially with

the Nb5+ content (see Figure 1 C). The a parameter grows from 3.791 Å for the un-doped TiO2 NCs to

3.807 Å for the sample with 20% Nb5+ content. A similar growing trend was observed for the c

parameter that showed an increase from 9.506 Å to 9.554 Å. As a result, the unit cell volume increases

from 136.618 Å3 to 138.493 Å3 (see Figure 1 D).

Due to the increase in the unit cell volume, the size of the crystallite grows in the direction of

both a and c axes (see Figure 1 E) as a function of Nb5+ content. However, the observed growth is not

isotropic as the particles transform from an initially spherical shape to slightly more elliptical

crystallites. The increase in crystallite size as well as change in the shape is clearly confirmed in TEM

images (see Figure 2 A-G) that are in a good agreement with the XRD data. Another insight gained from

the SAED diffractograms is that individual crystalline nanoparticles are single crystals. The observed

anatase diffraction fringes are a result of multiple particles contributing to the SAED spectra and they

correspond to reflection from (101), (004), (200), (105), (204), (220) and (215) planes56 (see

Figure 2 H-I). The average particle size d(50), as determined from the TEM images, increased from 3.58

nm to 6.67 nm for un-doped TiO2 NCs and the sample with 20% Nb content (see ESI Figure S2),

respectively. It can also be seen from the TEM images, that the particles are crystalline throughout,

without any hints at a core-shell structure as seen in ESI Figure S3.
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Figure.2. A-G) High resolution TEM images of the synthesized particles with different Nb content. H
and I) Selected Area Electron Diffraction Pattern for pure TiO2 and TiO2 with 20% Nb5+.

The band gap was calculated from the diffuse reflectance spectra (see ESI Figure S4 A and B).

According to our analysis, the optical band gap decreases gradually with increasing Nb content. As

shown in ESI Figure S4 A, the band gap can be tuned from 3.13 eV for the un-doped TiO2 to 2.98 eV

for the sample with 20% Nb5+ (see ESI Figure S4 B). The observed shrinking of the band gap can be
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attributed to lattice point defects and formation of additional absorption states in TiO2 band gap.57 In

accordance with known defect chemistry, Nb5+ doping likely produces several different types of point

defects (eq. 1-5):

NbଶOହ
୘୧୓మሱ⎯ሮ 2Nb୘୧• + 5O୓

୶ + V୘୧ᇱᇱᇱᇱ + V୓•• (1)

2NbଶOହ
୘୧୓మሱ⎯ሮ4Nb୘୧• + 10O୓

୶ + V୘୧ᇱᇱᇱᇱ (2)

NbଶOହ
୘୧୓మሱ⎯ሮNb୘୧• + 4O୓

୶ + O୧
ᇱᇱ (3)

NbଶOହ
୘୧୓మሱ⎯ሮ 2Nb୘୧• + 4O୓

୶ + ଵ
ଶ

Oଶ + 2eି (4)

NbଶOହ
୘୧୓మሱ⎯ሮ 2Nb୘୧• + 4O୓

୶ + 2Tiଷା୘୧రశ
ᇱ + ଵ

ଶ
Oଶ (5)

The oxygen vacancies create new donor levels between 0.75 eV and 1.18 eV below the conduction

band,58 the Ti4+ vacancy introduces an acceptor level 1.15 eV above valence band edge,59 and the Ti3+

creates shallow donor levels slightly below conduction band minimum.58 These point defects can

contribute to the apparent narrowing of the band-gap. The observed shrinking of the band gap is in sharp

contrast with the work published by Trizio et al., where the TiO2 doping by Nb5+ causes the band gap

widening due to Moss-Burstein effect.60 The differences between the present study and the study

reported by Trizio et al. can be related to different compensation mechanism for excess charge

introduced by donor Nb5+ dopant. The Moss-Burstein effect is widely observed when the excess positive

charge is compensated by delocalized electron in conduction band forming degenerated semiconductor.

As the delocalized electrons are occupying the first levels in the conduction band, the higher energy is

needed to excite electrons from lowest occupied level in valence band to unoccupied level in conduction

band. In the present work the excess charge from Nb5+ is most likely compensated by means of other

point defects such as oxygen interstitials or Ti vacancies.
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The incorporation of Nb into TiO2 NCs was investigated by X-ray photoelectron spectroscopy

(XPS). Figure 3 shows XPS scans over the Ti 2p, Nb 3d and O 1s region. The binding energies and

spectral features of the photopeaks are repeatable throughout the series. As expected, only the relative

spectral weight of Nb 3d relative to Ti 2p varies with Nb5+ concentration, and it does so in an excellent

agreement with the nominal synthesis values (Table 1). In general, the level of agreement between the

nominal and the measured values for Nb5+ concentration indicates that, at least in the investigated

concentration range, there are no relevant kinetic barriers to doping, and that our synthesis technique is

very efficient at incorporating Nb into TiO2.

The chemical states of Ti and Nb were resolved from the XPS spectral features (full spectrum

available in ESI Figure S5). The binding energy of the Ti 2p 3/2 peak at 458.5 eV indicates a

homogeneous Ti4+ oxidation state, and the Nb 3d 5/2 peak at just above 207 eV indicates Nb5+. The O 1s

spectrum with its relatively sharp peak at slightly below 530 eV binding energy corresponds to lattice

oxygen in bulk oxide, while the shoulder above 531 eV, usually attributed to (surface) hydroxide species

and/or adjacent oxygen vacancy sites, appears as a very weak signal.
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Figure.3. XPS spectra of Nb-doped TiO2 NCs showing: A) Nb 3d; B) Ti 2p; C) O 1s.

Table 1. Nb content in the particles as determined by XPS versus nominal values in synthesis

Nb content in
synthesis (mol%)

Nb content in particles
according to XPS (mol%)

1 1.1±0.2
2.5 2.6±0.2
5 5.4±0.2
10 10.1±0.2
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15 14.8±0.2
20 19.9±0.2

Photochromic properties

For photochromism tests, the samples were dispersed in butanol with a particle concentration of 100 g/L

and irradiated by UV light. Transmittance change versus time plots were recorded to study the

photochromic response kinetics. Initially the nanoparticle colloids show full transmittance in the visible

and infrared range, whereas in the study reported by Trizio et al.,37 Nb doped TiO2 nanocrystals show

plasmonic absorption peaks starting at about 500 nm. This again confirms, that the compensation

mechanism of the excess charge introduced by donor Nb5+ dopant is different for the materials reported

here, perhaps, due to the different synthesis conditions. It is important to add also that the initial

transmittance for Nb5+ doped TiO2 nanoparticle colloids decreases by 0-18%, depending on the

wavelength as can be seen in ESI Figure S6. This effect can’t be related to slight increase in nanoparticle

size because even larger Nb doped TiO2 nanoparticle colloids reported by De Trizio et al. do not show

any scattering effects. The observed decrease of initial transmittance for Nb doped TiO2 nanoparticle

colloids thus has to be related to aggregation and, consequently, to the formation of scattering centers,

creating a slightly opaque effect. Upon UV irradiation all samples exhibit notable photochromic

response (decrease in transmittance) in the measured wavelength range (400-1100 nm) (ESI Figure S6)

and can be cycled between photodoped and recovered state (ESI Figure S7). The observed changes in

transmittance can be related to combined effects of midbandgap level formation and itinerant electron

accumulation in the conduction band.24 When TiO2 is irradiated with UV light, electron and hole pairs

are formed (6). Holes are scavenged by the butanol (7), but electrons accumulate in the conduction band

or participate in the reduction of Ti4+ to Ti3+ (8), thereby producing oxygen vacancies VO (9). In the

presence of Nb5+ the electrons also facilitate the reduction of Nb5+ to Nb4+ (10):
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TiOଶ + hv → eେ୆ᇱ + h୴ୠ• (6)

h୴ୠ• + OHCHଶR → Hା + RĊHOH (7)

eେ୆ᇱ + Tiସା → Tiଷା (8)

TiଶOଷ
୘୧୓మሱ⎯ሮ 2Ti(III)୘୧(୍୚)

ᇱ + 3O୓
୶ + V୓•• (9)

Nbହା + eେ୆ᇱ → Nbସା (10)

The photoresponse kinetics were observed to accelerate with increasing Nb5+ concentration. NCs from

TiO2 with 20% of Nb5+ showed a transmittance of 10% after only 2 min of irradiation at 500 nm (see

ESI Figure S6 G). In comparison, pristine TiO2 nanoparticle colloidal suspensions attained the same

transmittance after 15 min (see ESI Figure S6 A).

To understand how the photoresponse for different nanoparticle colloids (Figure 4 A) is

changing at different wavelength ranges, the rate of change in transmittance during the UVA irradiation

was calculated from T/T0 plots (ESI Figure S8). The transmittance change kinetics at short wavelengths

(420-450 nm) are relatively independent of the Nb content of the colloid. At wavelength range 500-700

nm, the T/T0 kinetics exhibit more sensitivity to the nanoparticle composition than in short wavelengths.

Finally, in the NIR range (700-1100 nm), there is nearly a tenfold increase in the reaction rate constant k

as the Nb content is increased from 0% to 20%. Of course, nanoparticle size can also influence the

response, as the hole scavenging and as such, the photodoping, is surface size dependent. However, an

increase in particle size (reduction in surface area by about 50% when comparing un-doped TiO2 to 20%

Nb-doped TiO2) would hamper the photochromic response rate.

In NIR range, the modulation of transmittance has been previously attributed to plasmonic

oscillations of photogenerated electrons in conduction band,39 while the absorption in visible regime is

due to formation of additional absorption levels in the TiO2 band gap. The origin of such energy levels
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can be plausibly assigned to lattice defects (such as oxygen vacancies) and Ti3+  sites the both of which

are capable of compensating (localizing) the photogenerated excess electrons.24

To understand the role of Nb doping, it is useful to compare the wavelength dependence of the

photoresponse kinetics for pristine TiO2 and the Nb-doped TiO2. For the former, the reaction rate shows

only weak differences in the various wavelength ranges – the rate constant is 0.123 min-1 at 450 nm and

0.247 min-1 at 1000 nm. In contrast, the rate constant for Nb5+ doped TiO2 NCs grows by an order of

magnitude in the investigated wavelength range. For the sample with 20% of Nb5+ the rate constant is

0.155 min-1 at 450 nm and 3.195 min-1 at 1000 nm. This significantly faster reaction rate facilitating

absorption for Nb-TiO2 in the infrared region (while irradiating with UV-light) strongly indicates that

Nb5+ reduces the recombination rate and facilitates more efficient accumulation of itinerant electrons in

the conduction band. This can be attributed to the excess positive charge from Nb5+ donor dopant in

TiO2 that impart the extra accumulation capacity of electrons in conduction band.37,39

In order for our NC to be a suitable candidate material for photochromic infrared switchable

smart window devices, the photochromic reaction must also be reversible. In the dynamic recovery

experiment (spectra in ESI Figure S9 A and T/T0 plots in ESI Figure S10 A), the un-doped TiO2 sample

required only 4.0 mL of air to revert almost back to its initial transmittance. However, the recovery is

not complete. We see a noticeable drop in transmittance in the 400-600 nm range. It is reasonable to

attribute this residual dip to sub-surface Ti3+ defects and VO the both of which are more persistent than

the delocalized electrons responsible for the absorption in NIR.

Doping TiO2 NCs with Nb strongly influences the recovery process. The sample with 1% Nb

required an air exposure between 5 and 6 mL in order to revert close to its initial transmittance value

(ESI Figure S10 B). With increasing Nb content, the reverse reaction becomes slower and slower. The
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sample with 20% Nb did not show significant reaction to air. This is reflected also in the transmittance

change rate constants in Figure 4B.

Figure 4. Time constant k for A) the photochromic response to UV irradiation of undoped and
Nb-doped TiO2 NPs suspensions at different wavelengths and with different Nb content; B) dynamic
recovery experiment with continuous air injection of undoped and Nb-doped TiO2 NPs suspensions at
different wavelengths and with different Nb5+ content; C) steady state recovery with only 5 mL of air
injected for undoped and Nb-doped TiO2 NPs suspensions at different wavelengths and with different
Nb5+ content; D) UV photoresponse and steady state recovery transmission curves for samples with
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different Nb content at 550 nm; E) UV photoresponse and steady state recovery transmission curves for
samples with different Nb content at 1000 nm;

In steady state recovery experiments, the change in transmittance was recorded after injecting 5

ml of air (Figure 4 D and E for values at 550 nm and 1000 nm respectively, see ESI Fig. S11 for other

wavelengths). The recorded time to recovery varied from 20 min for the pristine TiO2 to 45 hours for the

sample with 20% Nb. This is also evident from the time constants depicted in Figure 4C. The slow

recovery of Nb doped TiO2 indicates that the delocalized electrons are strongly stabilized by the extra

positive charge gained from Nb5+. All samples show slower recovery in visible range than in infrared

range, because delocalized electrons have less affinity towards participating in oxidation reactions than

electrons localized by Ti3+ or Nb4+-VO-Ti4+.61 Hence, the low transmittance state of Nb-TiO2 NCs is

exceptionally stable.

Faster recovery of the optical properties for 20% Nb-doped TiO2 colloid can be achieved by adding 25

mol% of triethanolamine (TEA, calculated relative to the amount of Nb-doped TiO2). The addition of

TEA increased the recovery rate from 0.0008 min-1 to 0.036 min-1 (at 1000 nm) without the air injection

(for T/T0 plots and transmittance change rate graphs, see ESI Figure S12). The initial transmittance for

20% Nb-doped TiO2 nanoparticle colloid containing TEA additive is restoring in 360 minutes, while by

5 ml air injecting (without the TEA) recovery took 1080 minutes. The recovery of the initial

transmittance in the presence of TEA can be related to the electron scavenging by TEA oxidation

products produced by photogenerated holes.62 A detailed study of the impact of TEA on photochromic

response and recovery properties will be reported elsewhere in near future.

The absolute change in transmittance was compared for colloids diluted to a concentration of 2

g/L and UV irradiated for 24 h. The transmittance at 550 nm before and after irradiation is shown in

Figure 5A and the corresponding transmittance spectra for various sample colloids are demonstrated in
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ESI Figure S14. The absolute change in transmittance at 550 nm correlates well with the amount of Nb5+

in the particles ranging from 40% for un-doped TiO2 colloid to 8% for the colloid with 20% Nb5+.
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Figure.5. A) Transmittance at 550 nm before and after 24 h irradiation for samples with a colloid
concentration of 2 g/L; B) Charge carrier concentration, determined via redox titration.

Titration experiments were then conducted on the same suspensions in order to estimate the charge

carrier concentration in nanocrystals. According to our titration results, the NCs - when photodoped to

saturation - had a charge carrier concentration of 1.74×1020 cm-3 for the un-doped TiO2. The charge

carrier concentration increased to as high as 4.03×1020 cm-3 when the Nb5+ content in NC was increased

to 20% (see Fig. 5B). Charge carrier concentrations of this magnitude have been previously reported for

both NCs when they have been doped electrochemically.39 This shows, that doping with Nb5+ imparts

extra accumulation capacity, allowing a higher number of charge carriers.

To gain deeper insights into the photochromic behavior of undoped and Nb5+ doped TiO2, we

investigated the band gap size during UV irradiation by optical absorbance measurements using

integrated sphere (see Experimental section for details). We found that UV irradiation changed the

optical band gap size for both un-doped and Nb5+ doped TiO2. However, Nb-doping had an interesting

effect on the sign of the change. First, we observed that the band gap for the un-doped TiO2 NC colloid

increased from 2.86 eV to 2.94 eV during UV irradiation. This is in line with the results obtained in our

previous investigation24 and can be attributed to Moss-Burstein effect.60 In contrast, the band gap for
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TiO2 containing 20% of Nb5+ decreased from 2.84 eV to 2.56 eV. This opposite sign of the change

indicates that the photodoping produces different type of defects in Nb-TiO2 than in un-doped TiO2.

To gain further insights into the defects and to resolve the behavior of the Ti and Nb cations

during UV irradiation and recovery, we conducted a set of EPR measurements. Prior to UV irradiation,

the un-doped TiO2 NC exhibited three EPR peaks at a g-value of 2.0238, 2.0098 and 2.0036. They are

attributable to Ti4+ and O2- just like in our previous experiments.24 During UV irradiation these three

signals are replaced by a new and much more intense signal at a g-value of 1.957 with a line width

∆H=12.9 G, which can be attributed to Ti3+.63 This signal increased in intensity with irradiation time,

reaching a maximum after 60 min of irradiation (see Figure 6 A). The amount of Ti3+ corresponding to

this signal was calculated by with the help of a standard (Bruker ER 4119HS-2100) with 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.

Figure.6. EPR spectra for the un-doped TiO2 NP colloid (A) and with 20% Nb (B) before irradiation
and after 15min of UV irradiation. C) defect concentration (Nb4+-VO-Ti4+. and Ti3+) as calculated from
the EPR spectra (A and B).

Identical EPR experiments were carried out also for an Nb-TiO2 NC with 20% Nb content (see

Figure 6 B). Before UV irradiation, we observe the same three signals as on TiO2. However, there is no

evidence of a Ti3+ signal either during and after UV irradiation. Instead, a new spectral feature with a
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g-value of 1.977 and ∆H=4G 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+.61 They describe,

that, such a defect configuration can make the signal detectable at temperatures above 77K. The result

indicates that for Nb5+ doped TiO2, the main charge compensation mechanism leads to the formation of

Nb4+, but also that the compensation mechanism is available only during UV irradiation. Prior to UV

irradiation, the initial compensation is due to other point defects. The calculated amount of defects was

less than on the un-doped TiO2 NC, and it reached saturation after 30 min of irradiation instead of 60

min. This observation is in agreement with our UV-Vis spectroscopy results that show a higher

transmittance change rate for samples doped with Nb5+ (see Figure 6 C).

Conclusions

The synthesis technique reported here yields good quality Nb5+ doped anatase TiO2 NCs. The

experimentally obtained dopant concentrations conform well to the nominal values in the synthesis. The

observed nanoparticle size shows clear dependence on the Nb concentration and varies from 3.58-6.67

nm. This is due to incorporation of Nb into the lattice structure and the resulting anisotropic unit cell

growth cell along the two unit cell axes. Consequently, the shape of NCs change from elliptical to

spherical shape as the doping level increases. The optical performance of TiO2 NCs is strongly enhanced

by Nb5+ doping. Contrary to pristine TiO2, Nb5+ doped NCs show much more sensitivity to light in the

infrared range than in the visible range. We attribute this discovery to a new transmittance modulation

mechanism facilitated by the Nb5+ dopants. As donors, Nb5+ provides excess positive charge in the

lattice thus enabling delocalized electron accumulation. During photodoping, Nb5+ efficiently localizes

photoelectrons by becoming (as indicated by our EPR studies) reduced to form a new defect structure

Nb4+-VO-Ti4+. Together, these two reaction pathways efficiently modulate the Nb-TiO2 NC’s
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transmittance and facilitate the observed reversible photochromic response. In summary, our Nb5+ doped

TiO2 photochromic materials show great promise for being highly versatile photochromic infrared

switchable materials. Upon further optimization of the oxidization mechanism for the reverse reaction

(e.g. by introducing chemical additives or electric potential), we believe that our NCs will make

excellent materials for e.g. infrared modulating smart window devices and, in general, energy

management in built-environments.
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Figure S1. Experimental setup for the determination of photochromic performance. Distance
between UV-LEDs and the cuvette – 2.5 cm. LED output power – 15 mW/cm2.
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Figure.S2. Particle size d50 (nm) plotted against Nb5+ content. The red line indicates a exponential
fit for reference.



Figure S3. HR-TEM picture of a single Nb-doped TiO2 nanoparticle.



Figure S4. A) Bang gap change during UV irradiation for un-doped TiO2 NC colloids and 20% Nb
TiO2 NC colloid; B) Kubelka-Munk plots as well as band gap plots for powdered TiO2 samples with

different Nb content.



Figure S5. Overview XPS spectra of the Nb-doped TiO2 NPs



Figure.S6. Transmittance spectra for colloids with a particle content of 100 g/L during UV
irradiation. A) un-doped TiO2; B) 1% Nb; C) 2.5% Nb; D) 5% Nb; E) 10% Nb; F) 15% Nb;

G) 20% Nb.
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Figure.S7. Repeatability testing done when cycling between UV irradiation and recovery with air
injection for the sample with 1% Nb (100 g/L) at a wavelength of 550 nm.



Figure.S8. T/T0 plots during UV irradiation for samples with different amounts of Nb at A) 420 nm;
B) 450 nm; C) 500 nm; D) 600 nm; E) 700 nm; F) 800 nm; G) 900 nm; H) 1000 nm.



Figure.S9. Transmittance spectra for colloids with a particle content of 100 g/L during dynamic
recovery with air injection. A) un-doped TiO2; B) 1% Nb; C) 2.5% Nb; D) 5% Nb; E) 10% Nb; F)

15% Nb; G) 20% Nb.



Figure.S10. T/T0 plots during dynamic recovery for samples with different amounts of Nb at A) 420
nm; B) 450 nm; C) 500 nm; D) 600 nm; E) 700 nm; F) 800 nm; G) 900 nm; H) 1000 nm.



Figure.S11. T/T0 plots during static recovery at different wavelengths for samples with different Nb
content: A) 0% Nb; B) 1% Nb; C) 2.5% Nb; D) 5% Nb; E) 15% Nb; F) 20% Nb.



Figure.S12. T/T0 recovery plots for the colloid of 20% Nb-doped TiO2 with the addition of 25 mol%
of triethanolamine in the absence of air (red curve) and for the colloid without TEA by injecting 5 ml

of air (black curve) at 550 nm (A) 1000 nm (B).

Figure.S13. Transmittance recovery rate constants for the colloid of 20% Nb-doped TiO2 with the
addition of 25 mol% of triethanolamine in the absence of air and for the colloid without TEA by

injecting 5 ml of air at 550 nm and 1000 nm.



Figure.S14. Transmittance plots for diluted colloids (2 g/L) before and after 24 h UV irradiation for
samples with different Nb content: A) 0% Nb; B) 1% Nb; C) 2.5% Nb; D) 5% Nb; E) 15% Nb; F)

20% Nb.



1

Rapid, strong and reversible photochromic effect is demonstrated in Nb-doped TiO2 nanoparticle suspensions
in hole scavenging medium. The rapid onset and efficiency of light absorption in IR-VIS-UV regime is attributed to
collective electronic excitations on the nanoparticles and Nb-induced defects in the TiO2 matrix.
















