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Abstract  1 

This work reports the analysis of the time-resolved photoluminescence behaviour on 2 

the nanosecond and microsecond time scale of fourteen historical and contemporary 3 

titanium white pigments. The pigments were produced with different production 4 

methods and post-production treatments, giving rise to a remarkable variability of 5 

titanium dioxide powders and, in some cases, to the formation of a complex surface of 6 

the crystal agglomerates. The pigments have been further characterized by Raman 7 

spectroscopy, scanning transmission electron microscopy coupled with energy 8 

dispersive X-ray spectroscopy and inductively coupled plasma atomic emission 9 

spectrometry. Our study provides a clear view of the main features of the 10 

photoluminescence (PL) emission of anatase- and rutile-based pigments. For both the 11 

polymorphs of titanium dioxide the room-temperature photoluminescence emission is 12 

complex and involves different relaxation paths, related to shallow levels close to the 13 

conduction bands and mid-gap trap states. The PL behaviour appears to be little affected 14 

by post-production treatments such as organic and inorganic coatings. Instead, the 15 

presence of niobium impurities in the TiO2 crystal lattice, as residues of the sulphate 16 

synthesis process, induce a remarkable quenching of the visible emission of anatase-17 

based pigments. We confirm that rutile-based and anatase-based pigments are 18 

significantly different in terms of photoluminescence behaviour. This clear distinction is 19 

a valuable point for non-invasive pigment identification by in-situ photoluminescence 20 

spectroscopy. In particular, while many organic binding media emit in the visible region, 21 

the near-infrared emission of rutile is specific and can likely be used to identify the 22 

pigment in more complex materials as paints. This research paves the way to future 23 

studies of the photo-physical properties of titanium white pigments, which is imperative 24 
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to understand the risk of degradation induced by the well-known photocatalytic activity 1 

of this widely used 20th century pigment. 2 

 3 

Keywords: Titanium white pigments, time-resolved photoluminescence spectroscopy, 4 

EDX spectroscopy, pigment impurities 5 

 6 
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M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 

 

1.  Introduction  1 

Titanium white is a collective term for over 580 grades (in 1985)[1] of titanium 2 

dioxide-based pigments, respectively made of the anatase and rutile polymorphs of 3 

titanium(IV)oxide (TiO2) [2]. The semiconductor pigment was introduced onto the 4 

market at the beginning of the 20th century and was extensively used by artists, 5 

including Picasso, Pollock, and Mondriaan [1, 3, 4]. It is still the most widely used white 6 

pigment in a broad range of applications (from artist materials to cosmetics), thanks to 7 

its high brightness and hiding power. Titanium dioxide, mainly in its anatase form, is 8 

widely employed in applications such as air/water purification, self-cleaning and 9 

antibacterial action applications [5-7], thanks to its photocatalytic properties activated 10 

by absorption of ultraviolet light. For the same reason, the use of titanium white in 11 

artist’s painting can be of concern as possible cause of degradation problems, such as 12 

paint colour change or chalking [8-10]. Despite this issue, it is important to note that 13 

only a limited number of degraded works of art containing titanium white have been 14 

documented thusfar, possibly as a consequence of the low speed of the degradation 15 

process combined with the relatively short existence of the paintings in question [1, 11, 16 

12]. 17 

This research aims to study the distinct photoluminescence (PL) behaviour of 18 

anatase- and rutile-based polymorfs of TiO2 pigments. Furthermore, it aims to 19 

investigate the possible correlations between the PL properties and pigment features - 20 

such as coatings, the presence of impurities, crystal structure and crystal size, - related 21 

to the pigment ore, the production process and post-process treatments.  22 
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The earliest titanium white pigments, produced at the beginning of the 20th C., 1 

were composite pigments composed of barium sulphate and TiO2 in the anatase form. 2 

Later, pure anatase pigments came onto the market followed by rutile pigments in the 3 

1940s [1, 13]. The production of titanium white pigments can follow two main 4 

processes: the sulphate process, developed in the 1920s, and the chloride process, 5 

stemming from the 1950s and mostly used for the production of rutile [1, 14, 15]. In the 6 

first step of the production, the titanium feedstock is converted to a purified 7 

intermediate: TiOSO4 or TiCl4. Subsequently, TiO2 is formed by heating the obtained 8 

intermediate. The crystal structure and particulate size of the final product are 9 

determined during the latter process and depends mostly on the calcination 10 

temperature [16, 17], with the synthetized product being completely transformed into 11 

the rutile phase at high temperatures [17-19]. The chloride process can reduce all 12 

impurities to below 10-20 ppm. The only compound usually present in the final material 13 

is AlCl3, since it is added as a co-oxidant and cannot be completely removed. In the 14 

sulphate process, the use of acids helps to remove all impurities except niobium, which 15 

incorporates itself in the crystal structure during calcination, and phosphorus, that 16 

remains on the particle surface. The niobium impurity, present as Nb2O5, causes a slight 17 

colour change. Hence trivalent aluminium is added during calcination to compensate for 18 

the fifth electron of niobium [1, 16, 17, 20].  19 

A range of post-production treatments, such as organic and inorganic surface 20 

coatings are further available to control the pigment behaviour [1, 14, 21-24]. The most 21 

common inorganic coating materials are silica and alumina [17, 20]. Depending on the 22 

application, a wide variety of organic treatments, including polyhydric alcohols (or 23 

polyols), alkano amines, modified silicone oil or others, can be added at the final 24 

production stage [1, 17, 25]. The surface of TiO2 pigments is thus highly complex [20, 25, 25 
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26]. Even for uncoated pigments, impurities or additives accumulate on the pigment 1 

surface while the pigments crystalize and grow [17]. All these industrial developments 2 

give rise to significant variability of titanium dioxide powders available in the past and 3 

on the current market, in terms of crystal structure, surface treatments, and impurities.   4 

The two main (tetragonal) crystal structures of TiO2, anatase and rutile, are 5 

characterized by a band gap of 3.18 eV (390 nm) and 3.02 eV (410 nm), respectively [27, 6 

28], with an indirect bandgap for anatase and a quasi-direct bandgap character for rutile 7 

[29, 30]. Indeed, extensive research on the photoluminescence properties of TiO2 as 8 

single crystals, thin films and pure or mixed phase nanopowders has been published to 9 

indirectly study TiO2 photocatalytic activity and surface properties[31-38]. The two 10 

stable TiO2 crystalline forms are characterized by well-separated PL bands, with anatase 11 

showing a broad visible PL emission (VIS-PL) and rutile a narrower emission in the 12 

near-infrared (NIR-PL) [33, 36]. However, in the literature, there is no clear consensus 13 

on the nature of the recombination mechanism processes, and, only recently, 14 

researchers have proposed new possible schemes of TiO2 recombination pathways 15 

following above and below bandgap excitation [24]. Conversely, fewer works deal 16 

explicitly with the PL properties of titanium white as a pigment [39-41]. As PL 17 

spectroscopy is a contactless and non-invasive method to investigate the electronic 18 

structure of materials, it is particularly attractive for pictorial material characterization 19 

such as pigments [42]. The technique is applied as a sensitive method to detect the 20 

presence of luminescent materials in artworks and as a research-based tool, to achieve 21 

the photo-physical characterization of a variety of inorganic [43-46] and organic artists 22 

materials [47, 48].  23 
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In this study, by employing time-resolved photoluminescence spectroscopy (TRPL), we 1 

investigate the spectral and lifetime PL properties of fourteen samples of titanium white 2 

pigments from different historical and contemporary manufactures, produce by the two 3 

different processes and with several post-processing treatments. In view of the limited 4 

publications on photoluminescence of TiO2 pigments, this work is explorative and 5 

therefore investigates TiO2 pigments with an array of varying characteristics. TRPL 6 

spectroscopy is supported by an investigation of the material structure and composition 7 

with Raman spectroscopy, Scanning Transmission Electron Microscopy coupled with 8 

Energy Dispersive X-ray spectroscopy (STEM-EDX) and Inductively Coupled Plasma 9 

Atomic Emission Spectrometry (ICP-OES). Raman spectroscopy was used to determine 10 

the pigments polymorph structure. The STEM-EDX analysis was aimed to investigate the 11 

main elemental composition of pigments and possible inorganic coatings, while ICP-OES 12 

was employed to assess impurities present in the bulk samples with a higher level of 13 

sensitivity than possibile with EDX analysis.  14 

  15 
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2. Experimental  1 

2.1. Description of the pigment set 2 

The pigments selected for the present study are described in  3 

Table 1 and are a selection of available modern and historical pigments for several 4 

applications. The pigments were gathered from contemporary manufacturers (Tronox, 5 

Kronos, and Huntsman), archival collections from Winsor&Newton and at the Cultural 6 

Heritage Agency of the Netherlands (RCE), as well as from a paint mill in the 7 

Netherlands (verfmolen de Kat). The powders from archival collections are historical 8 

pigments from several different, sometimes unknown, dates. The anatase reference 9 

powder was purchased from Sigma-Aldrich. The rutile reference originated from the 10 

former Engelhard Corporation (now part of BASF) and was available from a previous 11 

study1.  12 

The pigment powders were analysed as received for TRPL and Raman spectroscopy, 13 

while ICP-OES and STEM-EDX required preliminary sample preparation, described in 14 

the materials characterization section.  15 

 16 

In the following, the pigments will be referred to by their code listed in Table 1.  17 

Table 1: Selection of pigments and their characteristics.  18 

Code Name  Description  

Based on previous studies, 

available information 

from the manufacturer or 

in the archival sources. 

Year/period of 

synthesis 

Employed 

synthesis 

method 

according to 

manufacturer 

A1 Hombitan LW  Uncoated anatase [8, 9, 

24, 49]  

Contemporary n/a 

A2 Huntsman A-

HRF 

Organically treated to 

promote dispersion. 

Contemporary Sulphate 

process 

A3 Huntsman A-PP2 Treated with 2% Al2O3 Contemporary Sulphate 

                                                           
1
 It is noted that the rutile powder purchased at Sigma-Aldrich could not be used as the reference rutile sample since 

it contains detectable amounts of the anatase polymorph, too. 
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and 1% SiO2 + Polyol. process 

A4 Tiofine Pigment from Tiofine2.  Pigment likely post- 

1989 (based on 

results in Table 2).  

n/a 

A5 Winsor&Newton 

3557 

From the 

Winsor&Newton archive. 

Likely used in their 

paints.  

The jar was labelled 

1941. 

Likely sulphate 

process 

(chloride 

process was 

not in use in 

1941) 

A6 RCE9649, 

“Sikkens kist 9” 

Pigment from the 

Sikkens company3.  

Unknown date, likely 

pre-1962. 

n/a 

Aref Sigma-Aldrich 

232033 

Chemical grade: pure 

anatase reference. 

Contemporary n/a 

R1  Tronox CR-826 SiO2[10-20%], Al(OH)3 

[0-10%], ZrO2 [0-2%] [8, 

9, 24, 49]. 

 

Contemporary n/a 

R2 Huntsman HDCD Organically treated to 

promote dispersion  

 

Contemporary Sulphate 

process. 

R3 De kat Purchased at Dutch 

‘verfmolen de kat’ in 

2011.  

Contemporary n/a 

R4 Kronos 2310 Received from 

AkzoNobel in 2011. 

Contemporary n/a 

R5 Kronos CL300 From RCE* reference 

collection. CL could stand 

for chloride process. 

After 1965 (chloride 

process in Europe), 

around 1996 (pigment 

reported in a patent 

[50]).  

n/a Possibly 

chloride 

process due to 

annotation ‘CL’ 

R6 RCE2766 From RCE* reference 

collection. 

n/a n/a 

Rref Engelhard Rutile From a previous study 

conducted by 

M.Zandbergen at RCE* 

and Delft University**. 

Uncoated rutile 

reference4. 

Contemporary n/a 

*RCE=Cultural Heritage Agency of the Netherlands 1 

**Unpublished work 2 

 3 

                                                           
2 The Rotterdam Tiofine factory (now called Tronox) was founded in 1960. In 1989 the factory switched from the 

sulphate process to the chloride process. ‘TiofineA20” is mentioned in Talens recipe 1971. 
3 Sikkens is now an AkzoNobel paint brand, but it used to be a separate paint company (until 1962). At the Sassenheim 

plant of AkzoNobel a Sikkens museum was formed. The pigment collection from this museum was later transferred to 

the RCE, which is where this powder comes from. 
4 Finding a pure, uncoated rutile reference (outside the nano size range) proved challenging. Several powders were 

purchased at Sigma but characterization showed they were not appropriate in terms of purity. While ‘Engelhard’ 

rutile is unclear in terms of manufacturer or provenance, it is a powder of around 100 nm and without inorganic 

coating.  
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2.2. Material Characterization 1 

Raman spectroscopy 2 

Raman measurements were performed with a homemade device, based on a 785 nm CW 3 

laser source and a spectrometer (Acton SpectraPro2150 Princeton Instruments) 4 

coupled to a cooled CCD camera (iDUS DV401A, Andor Technology Ltd.) [51]. The 5 

grating (600 grooves/mm) allowed the detection of Raman peaks in the spectral range 6 

130–3000 cm-1, with a spectral resolution close to 10 cm-1. Following data acquisition, 7 

spectral calibration was performed with the aid of standards samples. Raman spectra of 8 

samples were taken with a micro-probe, based on a 20× objective that allows analysis of 9 

a circular spot of 50 μm in diameter at a working distance of ~3 mm. The acquisition 10 

time is set at 5 s, and the irradiance on the sample is evaluated at 3200 W/cm2.  11 

 12 

Scanning Transmission Electron Microscopy - Energy Dispersive Spectroscopy (STEM-13 

EDX) 14 

The powders were prepared for STEM-EDX by dipping a lacey C coated Cu TEM grid in 15 

the powder. After removing excess of powder, the particles were imaged in a JEOL 16 

2010F FEG-TEM equipped with a STEM unit and ThermoNoran EDX detector for 17 

elemental mapping. Data analysis using phase deconvolution (based on a multivariate 18 

approach locating the areas likely to consist out of the same material) was performed 19 

using the NSS software. The spatial resolution of the STEM-EDX is 2 nm. The elemental 20 

limit of detection, while dependent of overlapping peaks, matrix and absorption effects, 21 

is set at 0.1 at%. Measured values are local and do not relate to the bulk of the material.   22 

Inductively coupled plasma atomic emission spectrometry (ICP-OES) 23 
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The samples were digested in duplicate with concentrated nitric acid and hydrofluoric 1 

acid in a medium pressure microwave digestion system (Anton Paar Go). The elemental 2 

composition of the diluted and undiluted samples was measured by ICP-OES using an 3 

Agilent 510-vdv in radial and axial mode. To determine the aluminium and silicon 4 

concentration the samples were fused in duplicate with lithium metaborate in an 5 

automated fluxer (Claisse TheOx) at 1050°C. The hot flux was poured into 1.6M nitric 6 

acid, and the element concentrations were analysed with ICP-OES in radial mode. The 7 

elemental limit of detection is element specific and reported in table 5 of the 8 

supplementary information. It was calculated based on three times the standard 9 

deviation from ten blank samples with the same matrix as the measured sample 10 

solution. The detection limit values are subsequently rounded up towards and corrected 11 

for dilution and sample preparation.   12 

2.3. Time-resolved photoluminescence spectroscopy 13 

The time-resolved photoluminescence system is based on a pulsed laser and on a fast-14 

gated intensified camera coupled to a spectrometer. The camera is capable of high-speed 15 

gating to capture the decay kinetic of photoluminescence emission spectra. Excitation of 16 

PL from samples is provided by the third harmonic of a Q-switching Nd:YAG laser, 17 

emitting sub-ns pulses at 355 nm (CryLas FTSS 355-50, Crylas GmbH, Berlin, Germany) 18 

at a repetition rate of 100 Hz. The laser light is delivered onto the sample (powder were 19 

pressed into a sample holder of 2 mm diameter). An optical probe allows the excitation 20 

of the PL signal from sample surface in a circular spot of 1 mm in diameter with an 21 

average power of 2 mW. PL emission from samples is collected in a back-scattering 22 

geometry and focused into the entrance slit of an imaging spectrometer. The 23 

spectrometer (Acton Research 2300i, focal length = 300 mm, f/4 aperture) mounts two 24 

gratings with 150 l/mm with different blazing. The first grating is blazed at 300 nm and 25 
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is used for PL acquisition in the spectral range 380–700 nm (UV grating, in the 1 

following). The second grating is blazed 800 nm and is used for PL acquisition in the 2 

spectral range 600-900 nm (NIR grating, in the following). The kinetics of the emission is 3 

detected by a gated intensified camera (C9546-03, Hamamatsu Photonics, Japan), 4 

mounted at the exit port of the spectrometer. The detector features an acquisition gate 5 

adjustable from 3 ns to continuous mode. A custom-built trigger unit and a precision 6 

delay generator complete the system, which has a temporal jitter close to 200 ps.  7 

The measurement procedure is based on the detection of a sequence of PL gated spectra 8 

at different delays with respect to laser pulses. In this work, fast and long emissions 9 

were detected by employing different gate widths.  10 

• Fast recombination emission was detected using a gate width of 10 ns and 11 

recording the emission decay kinetic for the first 100 ns following excitation and 12 

exposition time of 1 s. 13 

• Long-lived emission at the microsecond scale was detected with a gate width of 1 14 

μs and recording the decay kinetic for 50 μs following excitation and exposition 15 

time of 30 s. 16 

 17 

TRPL results are shown in terms of gated emission spectra - displayed following 18 

correction for the instrumental efficiency and normalization at emission maximum - and 19 

emission decay kinetic profiles. Decay kinetic profiles were further fitted to a multi-20 

exponential decay model (with a maximum of three components) using a nonlinear least 21 

square method [44]. The effective lifetime was then calculated as the average of the 22 

lifetimes weighted over the amplitude of each component, as stated by the following 23 
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equation: ���� =
∑ ����
	
�
�

∑ ��
	
�
�

, where Ai and τi refer to the amplitude and the lifetime of each 1 

component of the  multi-exponential decay model.   2 

 3 

  4 
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3. Results  1 

3.1. Pigment characterization 2 

Raman measurements confirm the expected crystalline structure of powders (SI part 1), 3 

with all powders appearing to be made of one specific crystal structure.  4 

 5 

STEM-EDX analysis indicates whether an inorganic coating is present on the pigments 6 

and provides information about pigment impurities (Figure 1, Table 2 and part 2 of SI). 7 

Al or Si based coatings are easily recognized in the images as a ‘fuzzy’ material 8 

surrounding the pigment (lighter in colour). Furthermore, if a thick coating is present, it 9 

is common to find loose coating material as well (R1, R3, R6). The coating tends to 10 

surround the aggregates rather than primary particles due to clustering. Pigment A3 has 11 

a very thin and irregular coating, not always detectable, but loose coating material has 12 

been identified (red circle in the photograph). Next to variability in the coating, some 13 

variability in size and shape are noted, with A3 and A5 having relatively small particle 14 

sizes while A4 has relatively big particle size. Nevertheless, no statistically accurate 15 

statement can be made on the average particle size due to the limited number of TEM 16 

micrographs. Considering that they are all pigments, we expect them to be between 100 17 

nm (Hombitan LW) and 200-250 nm (Tronox CR). In fact, this is the optimal size to 18 

reach the high opacity of titanium white paints [52]. 19 

 20 

The identification of an organic coating is less straight forward than the detection of an 21 

inorganic coating. Phase deconvolution of STEM-EDX mappings of samples A1, A2, A3, 22 

and R2 identifies a second phase (yellow colour, circled in red). Examination of the 23 

spectra (SI part 2) suggests TiO2 for both the yellow and the blue phase. The difference 24 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

16 

 

between the phases is the Ti/O ratio, which possibly indicates a coating. However, the 1 

second phase could also be due to the accumulation of impurities on the surface during 2 

crystal growth [17]. Furthermore, local EDX analysis does not detect the presence of 3 

carbon. This can be either because no organic coating is present or because the coating 4 

is too thin to generate a signal above the detection limit. Even though the manufacturer 5 

of pigments A2, A3 and R2 indicates that an organic coating has been applied, which is 6 

assumed in the following, STEM-EDX is not suitable to detect it conclusively. For 7 

pigment A3, Huntsman reports that the pigment is polyol treated. As this is a very 8 

common organic treatment [17], it is assumed for the other Huntsman pigments as well. 9 

A pigment with an inorganic coating is generally also organically treated, and this is 10 

taken into account when assuming if an organic treatment is present. Similarly, the older 11 

pigments are assumed to be untreated [17]. Determining the organic treatment and 12 

distinguishing it from process additives such as grinding aids can be challenging. 13 

 14 

In order to quantify the elements in the bulk of the material, ICP-OES was used (Table 2 15 

and SI Part 3). All the pigments that proved to have an inorganic coating (A3, A4, R1, R3, 16 

R4, R5 and R6) when analysed by STEM-EDX, also showed Al, Si or Zr (coating materials) 17 

in the weight percentage range (>0.1%). Thus, while not localized, ICP-OES can indicate 18 

the inorganic coating as well. One exception is A5, where silicon is present in the weight 19 

percentage range but is an ore impurity.  Phosphorus and niobium are also commonly 20 

detected in the weight percentage range (P: A1, A2, A3, A4, A5, Aref, R3, R6 Nb: A5, A6, 21 

R2). The presence of niobium can thus provide an indication or the production process 22 

(Table 2) as niobium cannot be removed during the sulphate synthesis route. 23 

Additionally, potassium was also detected in four pigments in this range. A multitude of 24 

elements originating from the ore or the production process were detected in trace 25 
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concentration such as calcium, chromium, iron, vanadium, magnesium, and others (SI 1 

part 3).  2 

 3 

Figure 1: STEM-EDX phase maps and images of the pigments. The phase separation is performed 4 

automatically with the NSS software. EDX spectra of the different phases can be found in the 5 

supplementary information part 2.  6 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

 

Table 2: Results from ICP-OES (data as received by AkzoNobel presented in SI part 3) and 1 

interpretation of the organic, inorganic coating and production process.   2 

Code Elements  

>0.1 wt%  

Elements in 

ppm range 

> 100 

mg/kg 

Organic 

coating (based 

on 

manufacturer). 

Inorganic 

coating based 

on STEM-EDX 

evaluation. 

Suggested 

production 

process based 

on elemental 

composition
5
. 

A1 K, P  Nb, S, Zr Unlikely  None Sulphate 

process 

A2 K, P  Al, Nb, Zr  Likely polyol None Sulphate 

process 

(confirmation) 

A3 Al, P, Si K, Nb, S, Zr  Likely polyol Inhomogeneous 

Al, Si 

Sulphate 

process 

(confirmation) 

A4 Al, P, Si 

 

K, S, Zr Likely Inhomogeneous 

Al, Si  

Chloride 

process
6
 

A5 K, Nb, P, Si Al, Ca, Mg, 

S, Zn, Zr 

Unlikely None Sulphate 

process 

(confirmation) 

A6 Nb Ca, Fe, K, P, 

S, Si 

Unlikely None Sulphate 

process 

Aref K, P  Nb, Si, Zr Unlikely  None Sulphate 

process 

R1 Al, Si K, P, S, Zr Likely polyol Inhomogeneous 

2 layers of 

coating (dense 

Si + Al) 

Chloride 

process 

R2 K, Nb Al, Ca, P, S, 

Si, Zr  

Likely polyol No Sulphate 

process 

(confirmation) 

R3 Al, P, Zr Si Likely Inhomogeneous 

Al, Zr coating 

Chloride 

process 

R4 Al, Si, Zr P, S Likely Inhomogeneous 

Al, Si, Zr coating 

Chloride 

process 

R5 Al P, S, Si Likely Inhomogeneous 

Al, Si coating 

Chloride 

process 

(confirmation) 

R6 Al, P, Si Ca, Nb, S, Zr Likely Thick Al, Si 

coating 

Sulphate 

process 

Rref
7
 -  Al, Si Unlikely Uncoated 

(some CuS 

particles) 

Chloride 

process 

 3 

                                                           
5
 The presence/absence of niobium is used as a marker for the production process since niobium cannot be removed 

in the sulphate process.  
6
 A4 is produced by Tiofine (now Tronox), a production facility that switched to the chloride process in 1989. Thus 

dating the pigment after 1989. 
7
 Rref is chosen as a reference because the Sigma-Aldrich rutile was not suitable (see footnote 1 and 4). Raman 

indicated only the rutile phase. Furthermore, ICP-OES indicated that no impurities are detected in major amounts 

(>0.1 wt%) and STEM-EDX confirms the absence of an inorganic coating thus confirming the powder is a suitable 

reference.  
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3.2.  TRPL 1 

Since anatase and rutile-based pigments have different photoluminescence emissions, 2 

the TRPL results on the analysed pigments will be discussed separately in the following 3 

sections.  4 

TRPL of anatase-based pigments 5 

Figure 2 displays the photoluminescence emission of all the anatase pigments as gated 6 

spectra in three different temporal ranges following pulsed excitation. In the first 10 ns 7 

after excitation, PL spectra for all samples are characterized by an identical broad 8 

emission centred in the green at 500 nm (2.48 eV) (G-PL) with a full width at half-9 

maximum (FWHM) of about 150 nm (0.68 eV). The shape is asymmetric due to the 10 

presence of a shoulder in the red, in the following quoted R-PL. At longer delays (time 11 

space between 50 and 100 ns after excitation), the R-PL emission appears as the main 12 

emitting band in samples A5 and A6, giving rise to a red-shifted emission centered 13 

around 630 nm (1.97 eV). In all the other samples it still appears as a slight shoulder of 14 

the main G-PL emission. Finally, at microsecond delays (0.2-10.2 µs) in at least two 15 

samples (A3 and Aref), it is possible to infer the presence of a faint, but detectable near-16 

infrared emission (NIR-PL) centered in the spectral range 800-850 nm. 17 
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 1 

Figure 2: Gated spectrum of anatase pigments in the temporal intervals 0-10 ns(A), 50-100 ns (B) 2 

and (C) 0.2-10.2µs after pulsed excitation. 3 

Analysis of the decay kinetics of the bright G-PL emission, Figure 3, indicates that the 4 

emission occurs at the nanosecond timescale. The effective lifetime is in the range 3.6- 5 

5.2 ns (µ= 4.3 ns, 1σ= 0.6 ns) for all anatase pigments except for samples A5 and A6, 6 

which have a more rapid decay and an effective lifetime around 1.8 ns (Table 3). 7 
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 1 

Figure 3:  Emission decay kinetic of the G-PL emission (480-520 nm) of anatase pigments. 2 

Table 3:  Results of decay kinetics analysis of the G-PL emission of anatase samples (full results 3 

presented in SI Part 4, table 6).  4 

Sample 
τ (ns) VIS-PL 

(450-550 nm) 

-> A 

A1 4.3 

A2 4.7 

A3 3.8 

A4 5.2 

A5 1.6 

A6 2.1 

ARef 3.6 

 5 

TRPL rutile-based pigments 6 

All rutile-based samples show a well-detectable emission at both the nanosecond and 7 

microsecond timescales.  8 

In Figure 4A, we report the spectral shape of the signal detected for all samples 9 

considering photons emitted in the first 10 ns after pulsed excitation. The gated 10 

spectrum appears as the left part of an emission centered at wavelengths minor than 11 

420 nm (or equivalently at energies higher than 2.95 eV), in the following quoted as B-12 

PL. Considering the spectral shape of the emission, it is possible to suggest the presence 13 

of two main bands; one peaked at 430 nm (2.88 eV) and the other at 470 nm (2.64 eV). 14 
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The emission shape in rutile samples is differentiated by the relative intensity between 1 

these two components: the more intense is the second component, the broader is the PL 2 

band. Here, we report that samples R1 and Rref are the ones characterized by the 3 

narrower PL spectral shape. Analysis of the emission decay kinetic of the B-PL band 4 

(Figure 4B) reveals that five pigments are characterized by an effective lifetime in the 5 

range 1.8 – 2.8 ns (µ = 2.3 ns, 1σ = 0.4 ns). On the other hand, in samples R2, R6 and Rref 6 

the decay kinetic is dominated by a single subnanosecond component with a lifetime 7 

close to 0.5 ns (Table 4). 8 

 9 

Figure 4: (A) 0-10 ns gated spectrum (normalize) and (B) nanosecond emission decay kinetic in the 10 

spectral band (400-550 nm) of rutile pigments 11 

Figure 5A displays the gated spectra detected in the temporal interval between 0.2 and 12 

10.2 μs. In this timespace, all samples have a pretty similar emission shape consisting of 13 

a well-defined emission centred around 850 nm (1.45 eV), in the following quoted as 14 

NIR-PL. The emission occurs on the microsecond timescale. Following the analysis of the 15 

decay kinetic in the spectral band 800-850 nm, Figure 5B, we observe that all rutile-16 

based samples are characterized by an effective lifetime in the range 1.0 -2.4 µs (µ= 1.4 17 

µs, 1σ= 0.6 µs).  18 
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 1 

Figure 5: (A) 0.2-10.2 µs gated spectrum (normalize) and (B) microsecond emission decay kinetic 2 

in the spectral band (800-850 nm) of rutile pigments.  3 

 4 

Table 4:  Results of decay kinetics analysis of the two main emissions detected in rutile samples (full 5 

results presented in SI Part 4, Table 7 and 8).  6 

Sample 
τ (ns) 

VIS-PL (420-440 nm) 

τ (μs) 

NIR-PL (800-820 nm) 

R1 2.2 1.9 

R2 0.5 1.0 

R3 2.8 2.4 

R4 2.3 1.7 

R5 1.8 1.0 

R6 0.5 0.9 

Rref 0.5 1.0 
 7 

  8 
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4. Discussion  1 

Material characterization of the available titanium white pigments, made through STEM-2 

EDX, ICP-OES, and Raman, provided a clear distinction regarding crystal structure, 3 

inorganic coating and impurities. The organic coating identification instead was less 4 

precise and, to better understand it, additional methods should be employed, such as Py-5 

GC-MS. Our selection of pigments is well balanced for an explorative study, with 6 

pigments of both crystal types, both production processes and with different types of 7 

coatings.  8 

Firstly, TRPL results indicate significant differences between rutile and anatase 9 

pigments. This clear distinction is a valuable point for non-invasive pigment 10 

identification. In particular, while many organic binding media emit in the visible region 11 

[47], the emission for rutile is quite specific and can thus likely be used to identify the 12 

pigment in more complex materials such as paints.  13 

Secondly, despite the high variety of available anatase samples, characterized by 14 

different inorganic and organic coatings and levels of impurities, the main features of the 15 

PL emission vary little among samples. Anatase-based pigments are all characterized by 16 

a broad visible photoluminescence emission, centred in the green region (Figure 2). This 17 

is in very good agreement with literature data [36, 38, 53, 54], where a PL emission 18 

centred between 2.3-2.5 eV (495-540 nm) with a FWHM of 0.9 eV (about 140 nm) is 19 

reported. The mechanism behind this radiative recombination is attributed to different 20 

kinds of species, without general consensus, such as self-trapped excitons, oxygen 21 

vacancies, and defect sites, impurities or reduced metal ions [33]. It is also reported that 22 

two distinct components contribute to this visible emission: one centred in the green (G-23 
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PL) and the other in the red (R-PL) [36], as we have detected in all our samples. The 1 

most recent research suggests that these two emissions are caused by different 2 

recombination mechanisms and are differently influenced by the interaction with 3 

molecular oxygen. The G-PL is proposed as the result of radiative recombination of 4 

excited electrons in the conduction band with trapped holes. In an O2 environment, 5 

these hot excited carriers are scavenged by chemisorbed O2, giving rise to the formation 6 

of superoxide species and a net decrease of the G-PL emission. On the other hand, the R-7 

PL emission, less sensitive to electrons scavenging, is suggested to be correlated with the 8 

recombination of trapped electrons with valence band holes [36, 53]. In our study, we 9 

have observed that in the two oldest pigments (A5 and A6), produced by the sulphate 10 

process and with no inorganic coating, the relative intensity of the R-PL emission with 11 

respect to the G-PL emission, is more relevant than in the other anatase pigments. The 12 

shorter emission lifetime of the G-PL band detected in these two samples suggests that 13 

light quenching is the main mechanism ruling this intensity variation. Both uncoated, 14 

historical samples contain high levels of niobium, and we speculate that these impurities 15 

could be responsible for the observed G-PL quenching, but other impurities, like Fe, 16 

could be involved as well (see SI, Tables 1, 2 and 5). Indeed, it is recognised that 17 

impurities may affect the PL emission behaviour of titanium dioxide [55]. Moreover, 18 

considering that samples A5 and A6 are historical, we may expect that the surface of 19 

these early synthetized titanium dioxide pigments have not been treated, whereas the 20 

opposite is expected for contemporary pigments even when manufacturers do not 21 

report it. The non-treated surface of these uncoated pigments could render them more 22 

interactive with environmental molecular oxygen, hence promoting the quenching of G-23 

PL emission [36].   24 
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Further, in at least two of the analysed samples produced with modern synthesis 1 

processes, we detect a NIR-PL emission with spectral and lifetime features that closely 2 

resembles the typical PL emission of rutile, as will be further detailed in the next 3 

paragraphs. This occurrence suggests that trace amount of the rutile phase can be 4 

present in anatase pigments as a consequence of non-perfectly controlled synthesis 5 

processes. Here, the use of photoluminescence spectroscopy appears to be ideally suited 6 

to detect trace rutile present in concentrations below the detection limit of Raman 7 

spectroscopy.  8 

All the rutile pigments analysed in this study are characterized by two distinct 9 

emissions. The first is a broad emission in the blue region (B-PL), rarely reported in the 10 

literature [56, 57]. The second is a NIR-PL band with a maximum at 850 nm commonly 11 

reported for rutile titanium dioxide [1, 36]. The energy position of the NIR-PL emission 12 

(about 1.45 eV) with respect to rutile bandgap (3.02 eV) suggest that a deep mid-gap 13 

state of unknown chemical origin is necessarily involved. Nowadays, the most 14 

reasonable theory for explaining the mechanisms for the NIR emission, as well as its 15 

intensity enhancement in an O2 environment involves the recombination between a 16 

mid-gap trapped electron and a free (valence band) hole [38]. Interestingly, Allen et al. 17 

reported the detection of two NIR emissions for rutile pigments, one at 830 nm and one 18 

at 1015 nm, which, according to the author, should be characteristic for chloride or 19 

sulphate processed pigments [39]. As our detector is not sensitive at wavelengths higher 20 

than 900 nm, this could not be evaluated in the present research. 21 

Concerning the detected B-PL emission of rutile, whereas the comprehension of the 22 

mechanisms behind its de-excitation process is still far to be understood, it is interesting 23 

to note that its nanosecond decay kinetic is severely shortened in three of the seven 24 
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rutile-based samples giving rise to a sub-nanosecond mono-exponential temporal 1 

profile. Two of these samples (R2 and R6) are the only pigments being produced with 2 

the sulphate process, and hence containing detectable amounts of niobium, which could 3 

act as quenchers of the B-PL emission in rutile samples, too. Instead, no clear 4 

explanation can be retrieved for the sub-nanosecond lifetime detected in the Rref 5 

sample. Interestingly, the presence of niobium does not affect the spectral shape or the 6 

emission lifetime of rutile NIR-PL emission, which is instead affected by other features of 7 

the analysed pigment particles with no clear trends on the basis of the present 8 

experiments. 9 

 10 

In general, it is clear that, whereas the spectral PL features of anatase- and rutile- based 11 

pigments are little affected by the complexity and high variety of the selected pigments 12 

(mainly with reference to the presence of impurities and coatings), the use of a time-13 

resolved approach allows to probe the sensitivity of the emission lifetime to the micro-14 

environment of excited carriers. This sensitivity gives rise to the detection of different 15 

emission decay profiles, which are influenced by many competing factors. On the basis 16 

of this research, it is not possible to derive a clear correlation between the emission 17 

lifetime and specific properties of titanium white pigment particles – a part for the 18 

reported emission quenching induced by niobium impurities.  19 

Similarly, while it is tempting to try to find a correlation between PL properties and the 20 

pigment photocatalytic activity, this relation is ambiguous and from our findings, there 21 

is no apparent correlation between the luminescence behaviour of the pigments and the 22 

presence of inorganic pigment coatings, which are known to strongly influences 23 

photocatalytic activity [24]. While others have attempted to correlate chemical 24 

properties such as photocatalytic activity with PL intensity [34-36], it is recognised that 25 
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the intensity of the emission may be a poor parameter in the analysis of these white 1 

pigments, as intensity may depend on many factors including particle size, coating, 2 

milling, and heating.  3 

 4 

  5 
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5. Conclusion  1 

The present study highlights the PL properties of several TiO2 pigments ranging from 2 

historical to contemporary and used in different end applications. The most important 3 

findings are first that the PL spectral and decay kinetic properties can be influenced by 4 

the presence of specific impurities, niobium in particular which is a trace impurity of 5 

sulphate processed pigments. Secondly, rutile pigments present a blue emission that has 6 

rarely been reported in the literature and that, at present, is not clearly attributed. 7 

Furthermore, the study indicates that, due to the well-known and distinct 8 

photoluminescence behaviour of rutile and anatase, trace amounts of rutile can be 9 

detected in mixtures, while raman spectroscopy fails to detect them.   10 

Our results mostly agree with the previous studies regarding general emission shape, 11 

but the increased complexity for pigments compared to nanoparticles and single crystals 12 

is evident, which makes the study of luminescence intensity particularly challenging. 13 

Further in-depth investigations are worthwhile on well-controlled materials stemming 14 

from an identical parent powder. Cryogenic temperatures could allow potentially allow 15 

the assessment of luminescence and the influence of processing on luminescence 16 

lifetimes at different wavelengths, including those in the IR. In addition to being an 17 

explorative step for in depth photoluminescence studies on complex titanium-based 18 

pigments, the study also marks the starting point for photoluminescence studies 19 

towards titanium white containing paints.  20 

  21 
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Highlights 

• Rutile and anatase pigments have clearly distinguishable photoluminescence emissions.  

• The photoluminescence  of TiO2 pigments appears little affected by surface treatments. 

• The complexity of the pigment surface complicates photoluminescence interpretation.  

• An uncharacteristic blue emission was noted in rutile pigments.  

• The presence of niobium, a common impurity, strongly influences photoluminescence.  


