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Abstract: The historical knowledge inherited from house paint documents and the experimental
research on synthetic pigments show that production methods have an important role in the
performance of paint. In this regard, this work investigates the links existing between the optical
emission, crystal defects and photocatalytic activity of zinc white pigment from different contemporary
factories, with the aim of elucidating the effects of these characteristics onto the tendency of the pigment
to induce paint failures. The analysed samples display highly similar crystallite structure, domain
size, and specific surface area, whilst white pigments differ from pure ZnO in regards to the presence
of zinc carbonate hydrate that is found as a foreign compound. In contrast, the photoluminescence
measurements categorize the analysed samples into two groups, which display different trap-assisted
emissions ascribed to point crystal defects introduced during the synthesis process, and associated
to Zn or O displacement. The photocatalytic degradation tests infer that the emerged defective
structure and specific surface area of ZnO-based samples influence their tendency to oxidize organic
molecules under light irradiation. In particular, the results indicate that the zinc interstitial defects
may be able to promote the photogenerated electron-hole couples separation with a consequent
increase of the overall ZnO photocatalytic activity, negatively affecting the binding medium stability.
This groundwork paves the way for further studies on the link between the photoluminescence
emission of the zinc white pigment and its tendency to decompose organic components contained in
the binding medium.

Keywords: zinc oxide; crystalline defects; photoluminescence; photocatalytic activity; synthesis process

1. Introduction

Zinc oxide was widely employed as a white pigment in modern oil paintings, and it was
appreciated by the master artists of the 19th century for its intense whiteness and elevated ductility [1].
Since the second half of the 1800, the pigment was produced from zinc metal extracted from mines
all over the World and derived according to three main processes. These are the indirect (or French)
process, the direct (or American) process and the chemical wet process, the latter being developed
in more recent times [2,3]. The different geographical origin of raw materials and the manufacturing
conditions have highly influenced the final pigment characteristics, as particle morphology and
pureness, changing also pigment performances in paint.
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The tendency of zinc white to produce film failures when dispersed in oil paint was known
since the beginning of its production. A precipitous rise in failure rates was further observed when
the paint manufacturing shifted from a direct to an indirect process to meet the increased pigment
demand. Studies conducted around sixty years ago report that pigments produced via the indirect
process were more photochemically active and showed major chalking issues with respect to pigments
obtained via the direct process [4,5]. The author of these studies, C.T. Morley-Smith, suggested that
these differences in the photochemical activity were linked to the different chemical and thermal
conditions employed in the production and to the subsequent treatments of the pigment, which in
turn affect the zinc oxide lattice. In fact, the direct process produced zinc oxide through reduction and
oxidation processes, whereas the indirect process exploited an atmosphere poor of oxygen, causing an
unbalance in the zinc oxide stoichiometry, with an excess of Zn over O [6]. The particle morphology,
including the size and the shape, is another feature influenced by the employed manufacturing process:
It varied significantly in samples synthetized via the direct process, while it was rather homogeneous
in samples synthetized via the indirect process [7]. Of further relevance, Morley-Smith mentioned the
detection of two different fluorescent emissions in samples synthetized via the indirect process under
high magnification microscope: One emission was bright green and the other purple-blue, and this
difference was not directly associated to different particle sizes. Based on this observation and on other
experiments, he deduced that (i) the blue fluorescent emission of zinc oxide depends on the presence of
hydrogen proxide at the pigment surface particles; (ii) pigment particles displaying the blue emission
are less stable than the ones emitting in the green, especially in the presence of water. He concluded
that the rapid chalking observed in samples synthetized via the indirect process was correlated with
the presence of higher proportion of blue emitting particles, which were more reactive in oil paint.

Relating these studies with the knowledge available today, we can infer that the purple-blue
and green emissions cited by Morley-Smith are associated to the typical luminescence signatures of
ZnO semiconductor [8–10]. The blue luminescent emission (peaked at 380 nm at room temperature)
is generated by free-exciton recombination from the near-band-edge (NBE) states, while the green
emission is associated to the radiative recombination from the trap-state (TS) that produces a broad
visible band centred at 500 nm. The latter is the superposition of several trap-assisted radiative
recombinations caused by the presence of intrinsic point defects, more frequently associated to Zn
or O displacement [11,12]. The presence and concentration of these point defects depends on the
synthesis process (precursor, annealing temperature, atmosphere condition, and so on) that induces
imperfections on the crystal lattice [13], and these can be tied to the pigment performances in oil
paint [14–16].

While the reasons for the deterioration of paints containing historical zinc white pigments have
been investigated for years, some cause–effect links are still missing [17]. For example, the relationship
between optical emission, crystal defects and photocatalytic activity, which would negatively affect the
organic medium stability—as already demonstrated for the TiO2 semiconductor pigment [18,19]—is
not proven yet for ZnO. In previous works, we showed how the photoluminescence signal of zinc
white changes when the pigment is dispersed in an oil-based binding medium, and we associated
these variations with the reactivity of the ZnO surface to adsorb carboxylic acids of the drying
oil [20,21]. These outcomes highlighted that the chemical–physical interaction of the pigment with its
micro-environment, as well as the metal ion leaching mechanisms, are determined by the presence
of crystal defects in the oxide [22]. Inspired by these results, the present research concentrates on
the relationships between the crystalline structure and the photocatalytic effect of zinc white from
different contemporary manufacturers. In fact, the photocatalytic processes of zinc oxide-based
pigments can be activated by the absorption of photons with energy equal or higher than its band
gap. This photo-excitation induces the formation of electron–hole pairs, able to promote redox
transformations, which can in turn involve the chemical species adsorbed on the photocatalyst
surface. Specifically, the electrons photopromoted in the semiconductor conduction band (CB) may be
transferred to O2 molecules in aerobic conditions. The photogenerated holes may instead favour the
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direct or indirect (i.e., mediated by •OH radicals produced by their interaction with H2O molecules)
oxidation of organic species. In the case of zinc white pigment dispersed in a drying oil medium, the
carboxylic acids represent the donor organic molecules adsorbed on the ZnO surface [17] and their
decomposition can originate undesired film failures. For this reason, it is important to evaluate the
photocatalytic activity of ZnO-based pigments.

In this work, we first characterise three zinc white pigments and two zinc oxide analytical
grades in terms of crystalline structure and organic or inorganic impurities with the aid of X-ray
diffraction, and elemental and molecular vibrational spectroscopies. The crystalline defects of the
semiconductor are probed with time-resolved photoluminescence (TR-PL) spectroscopy, as this
technique has been demonstrated to be able to differentiate between radiative recombination in
semiconductor pigments [23–25]. Furthermore, the dependency of the photoluminescence emission of
zinc white on fluence and the energy excitation condition is investigated for retrieving information on
the trap-assisted radiative emissions. In the final section, the photocatalytic performance of two ZnO
samples in Rhodamine B degradation, characterised by different luminescent properties, was compared
with the main aim of investigating how the defective structure and specific surface area of ZnO may
differently affect the semiconductor tendency to oxidize organic molecules under light irradiation,
accordingly to prior determined crystal structure and defects.

2. Materials and Methods

2.1. Materials

We selected three zinc white pigment powders sold by three different suppliers, Kremer pigmente
GmbH (product code: 46300) (label ZW1), Zecchi Firenze (product code: C0785) (ZW2) and an
unknown colour company (ZW3). As reference samples, we selected two different analytical grades
from Sigma Aldrich (St. Loius, MO, USA), one sold as purissimum reagent (product codes: 96479,
ZnO1) and the second as nanopowder (<100 nm) (product codes: 544906, ZnO2), in order to take
into account different particle dimensions. For the material characterisation and photoluminescence
measurements, all samples have been analysed as powder.

2.2. Methods

2.2.1. Material Characterisation

X-Ray Fluorescence (XRF) Spectroscopy. The elemental bulk composition of samples was retrieved
with a portable X-ray fluorescence spectrometer (Elio, Bruker, Berlin, Germany). The instrument
employs a large-area silicon drift detector (25 mm2) and the excitation source is based the Rh anode (Lα
emission line at 2.69 keV). The spectrometer detects elements from Na to U with an energy resolution
below 135 eV, whereas lighter elements cannot be detected since the spectral region below 3 keV is
covered by the intense emission of the Rh tube. For all measurements, the following experimental
conditions were used: working distance 1.4 cm, spot diameter on sample = 1.3 mm, tube voltage
= 40 kV, tube anode current = 100 A, and acquisition time = 40 s. XRF spectra are processed to
identify the detected emission lines. For the purpose, we used the PyMCA software, based on a
nonlinear least-squares fitting procedure which optimizes zero, gain, noise and Fano factors for the
entire fitting region and for all XRF peaks simultaneously. The background is estimated with the strip
background model.

X-Ray Powder Diffraction (XRPD) Spectroscopy. The XRPD patterns were recorded on a Philips
PW3020 powder diffractometer (Almelo, The Netherlands), using Cu Kα radiation (λ = 1.54056 A).
Quantitative phase analysis was made by the Rietveld refinement method [26], using the Quanto
software. The 2θ interval was swept between 5 and 80◦, with a step size of 0.05◦ and time per step
of 2 s. The technique provided an evaluation of the crystallite dimension with the Debye–Scherrer
formula [27].
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Specific Surface Area (SSA) determination. Nitrogen adsorption−desorption data were collected
at 77 K using a Micromeritics Tristar II 3020 V1.03 (Norcross, GA, USA) apparatus after outgassing at
300 ◦C for 1 h under an N2 stream. Specific surface area (SSA) values were obtained by applying the
Brunauer−Emmett−Teller (BET) method to the adsorption isotherms.

Fourier Tranform Infrared (FTIR) Spectroscopy. Fourier transform infrared (FTIR) spectra were
recorded with a Nicolet 6700 spectrophotometer (Thermo Scientific, Waltham, MA, USA) coupled to a
Nicolet Continuum FTIR microscope and equipped with an MCT detector and a micro compression
diamond cell accessory. FTIR spectra were acquired in the spectral range between 4000 and 600 cm−1

with a spectral resolution of 4 cm−1. The recorded spectra were baseline corrected using the Omnic
software (8.0, Thermo Scientific, Waltham, MA, USA).

2.2.2. Optical Emission and Crystalline Defects

Time-Resolved Photoluminescence (TR-PL) Spectroscopy. The system is based on a Q-switching
laser source (FTSS 355-50, Crylas GmbH, Berlin, Germany, pulse energy = 70 µJ, pulse duration =

1.0 ns, repetition rate = 100 Hz), emitting light pulses at 355 nm focused onto the sample with a 1 mm
spot-size. The measurements are based on the detection of a sequence of time-gated spectra of the
photoluminescence emission at different delays with respect to laser pulses. Short-lived and long-lived
emission were detected by employing different gate widths, as detailed in the following: (i) short gate
acquisition: gate width w = 5 ns, the first delay of 0 ns and an emission decay kinetic was recorded in
the first 100 ns following excitation; (ii) long gate acquisition: gate width w = 1 µs, the first delay of
0.5 µs and an emission decay kinetic was recorded in the first 100 µs following excitation. All spectra
were corrected for the detector efficiency. For the analysis of the emission decay-kinetics, data at
different delays with respect to the pulsed excitation were integrated over a selected spectral region,
modelled as multi-exponential decay (with a maximum of three components) [28] and fitted using a
non-linear least square fitting procedure. The effective lifetime was evaluated as the weighted value of
each lifetime. In order to take into account information on the emission intensity, PL data was collected
on the same quantity of powder material gently pressed into the sample holder.

Time-gated photoluminescence at variable excitation fluence. The same device employed for
TR-PL spectroscopy was used for detecting luminescent emission under different excitation fluence.
In this case, the optical probe was equipped with a variable neutral density filter that allowed the
variation of the fluence by two orders of magnitude: in the present case, fluence on samples was varied
from 0.1 to 10 µJ/mm2. As before, the PL spectra were reported following correction for the spectral
efficiency of the device.

Time-Gated Photoluminescence Excitation (PL-PLE) Spectroscopy. PL emission versus PL
excitation was performed using a pulsed tunable laser source based on an OPO laser pumped by a
Nd:YAG laser (EKSPLA NT342B SFG-10-WW, Vilnius, Lithuania). The source provided pulses of
light 5 ns long with a spectral width of 5 cm−1. The excitation can be spectrally tuned from 253 to
400 nm (3.1–4.9 eV). The photoluminescence signal was recorded through an Acton Research SP2300
spectrometer, with a focal length of 300 mm and equipped with a 300/mm grating, blazed at 500 nm.
At the exit of the spectrometer, an ICCD camera Princeton Instrument PIMAX IV allowed the collection
of the PL spectrum. In the present work, we recorded time-gated PL spectra in the spectral range 400
to 700 nm (3.0–1.8 eV) with a delay of 0.5 µs after laser excitation, and employing a gate width of 10 µs.

2.2.3. Photocatalytic Tests

All photocatalytic degradation runs were performed under atmospheric conditions in a
magnetically stirred 100 mL reactor, inserted in a home-made housing consisting of a black box
mounted on an optical bench. The irradiation source was an Osram model Powerstar HCI-T, equipped
with 150 W/NDL lamp. The lamp was mounted on a Twin Beam T 150 R reflector, mainly emitting
visible light above 400 nm, with a minor emission in the 350–400 nm range and an average full emission
intensity on the reactor of ca. 50 mW cm−2. The emission intensity was regularly checked with an
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optical power meter (PM200, Thorlabs, Newton, NJ, USA) equipped with a thermal power sensor
(Thorlabs S302C) [29]. Cut-off filters at 420 and 455 nm were employed in some runs. The lamp and
the reactor were separated by a fixed distance of 10 cm. The whole set-up was maintained at ambient
temperature by a continuous stream of air.

All irradiated aqueous suspensions contain 0.1 g L−1 of ZnO and a Rhodamine B initial
concentration equal to ca 1.0 × 10−5 mol. They were preliminarily sonicated in a Eurosonic apparatus
(Model 22, Geneva, Switzerland) for 30 min. The adsorption equilibrium of the substrate on the
photocatalyst surface was attained under magnetic stirring before starting irradiation. Stirring was
continued during the photocatalytic runs. Portions (5 mL) of the suspension were withdrawn from the
photoreactor at different time intervals during the runs, centrifuged employing an EBA-20 Hettich
centrifuge and the surnatant was analysed to evaluate the residual organic substrate content. The RhB
bleaching was monitored by spectrophotometric analysis at 553 nm (maximum RhB absorption,
ε = 9920 mol−1 cm−1) by means of a Jasco V-670 spectrophotometer.

Decay kinetics were performed at pH 12, up to ca. 70% substrate degradation, and repeated at
least twice, to check their reproducibility.

3. Results

3.1. Material Characterisation

In this Section, we characterise the crystalline structure, the presence of organic or inorganic
additives and other elemental impurities of all selected samples. An overview of the main results
obtained from these preliminary material characterisations is provided in Table 1.

Table 1. Summary of results attained with multiple characterisation techniques providing information
on the crystalline structure, specific surface area and elemental impurities or additives in zinc white
pigment and zinc oxide samples.

Technique Info ZW1 ZW2 ZW3 ZnO1 ZnO2

XRF Metal impurities Ba, Fe, Co, Ni Ba, Fe, Co, Ni

XRPD
Structure Hexagonal Hexagonal

Crystallite size (nm) 54.5 ± 0.5 52.6 ± 2.9 58.1 ± 2.3 47.8 ± 2.0 42.5 ± 5.0

FTIR Compounds Zinc Carbonate Hydroxide -
Hydroxyl group Hydroxyl group

SSA Specific Surface Area
(m2 g−1) 5.5 ± 0.1 3.9 ± 0.1 2.0 ± 0.1 3.7 ± 0.1 13.1 ± 0.1

X-ray powder diffraction spectroscopy shows that all samples display the hexagonal crystal
structure expected for zinc oxide (Supplementary Materials Figure S1a). The crystallite dimension
varies depending on the samples, and it ranges between 50 and 60 nm for zinc white samples and
between 40 and 50 nm in zinc oxides. The X-ray fluorescence spectroscopy identifies Ba, Fe, Co and Ni
as main extraneous elements in all samples (Figure S1b). These transition metals are often found as
impurities in zinc oxide, as if they are present in the atmosphere during the synthesis process, they can
easily substitute Zn in the crystal structure due to the atomic affinity. Fourier transform infrared
spectroscopy shows that zinc white samples differ from the zinc oxide ones due to the presence of zinc
carbonate hydrate (ZnCO3·H2O) as depicted in Figure 1a,b. The compound can be identified thanks
to its typical pattern in the mid-infrared region where it displays two peaks at 1500 and 1390 cm−1,
which split into other two components, ascribed to the νa asymmetric CO3

2− stretching. Another peak
at 1065 cm−1 is assigned to the ν symmetric CO3

2− stretching mode. Finally, the strong and sharp
peaks at 835 and at 709 cm−1 are assigned to the out-of-plane and asymmetric bending mode of O-C-O,
respectively. The zinc carbonate hydrate contribution is more remarkable in two zinc white samples
(ZW1, ZW2), while a less intense contribution is detected in the third one (ZW3). The presence of zinc
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carbonate hydrate in the former samples is further confirmed by thermogravimetric analysis (TGA),
carried out in a temperature range varying from 30 to 800 ◦C. The TGA profile (reported in Figure S2)
shows mass losses (ca. 2%) which can be unambiguously attributed to the mineralization of residual
zinc carbonate hydroxide, occurring in the 200 to 300 ◦C temperature range [30]. Finally, an additional
and common contribution to the infrared absorption spectrum is the one of the hydroxyl group at
3500 cm−1. These groups are in fact easily adsorbed at the zinc oxide surface, especially in a humid
environment. Below 600 cm−1, the strong signal of the Zn-O infrared absorption band is detected.
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ACROS Organic).

3.2. Photoluminescence of Zinc White Powder at Fixed Fluence and Energy

We investigate the photoluminescence properties of all samples through the aid of a time-resolved
spectrometer in order to characterise both short- and long-lived emission, ascribed respectively to
radiative NBE and TS recombination channels, respectively. Measurements are performed at the fixed
energy density per unit surface (i.e., fluence) of 10 µJ/mm2 and at the excitation energy of 355 nm
(3.5 eV).

At short gate acquisition (delay = 0 ns, gate = 100 ns, see the Methods Section for further details),
the PL of pigment powders does not present a significant difference, in terms of spectral shape and decay
kinetic rate, amongst each other and with respect to the zinc oxide analytical grades. As expected from
literature [20], the NBE emission is found around 384 nm (E = 3.23 eV, FWHM 0.15 eV) for all considered
powders, as shown in Figure S3a,b. The effective lifetime of this radiative recombination is evaluated
with a double exponential decay function and the results are reported in Table S1. The average value is
found at τ = 1.6 ± 0.2 ns (σ = 13%), for zinc white samples and ZnO1. A significantly lower effective
lifetime (τ = 0.9 ns) is found for the ZnO2 sample. The lower intensity of the NBE emission and the
lower effective lifetime detected in this sample is associated to a quenching effect.

The radiative recombination occurring through energetic levels in the prohibited band gap of
the semiconductor gives rise to photoluminescence emissions with lower energy and longer lifetime
(Figure 2). With a long gate acquisition (delay = 0.5 µs, gate = 100 µs), the main emission of zinc
white pigments is centred around 500 nm (E = 2.48 eV, FWHM 0.54 eV), which is the green emission
expected for zinc oxide. In the following, we will refer to this band as green luminescence (GL).
Besides this broad band, some differences are detected amongst the investigated samples. In ZW3
and ZnO2, the green emission is more intense by almost two orders of magnitude than in the other
samples, and it is spectrally symmetric (Figure 2a). In zinc oxide analytical grade ZnO1 and in zinc
white pigment ZW1 in addition to the GL band, we detect the presence of another emission peaking at
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430 nm (E = 2.88 eV, FWHM 0.35 eV), which will be quoted as blue luminescence (BL) in the following.
This latter trap-assisted emission is detected also in ZW2, while the GL band is shifted to higher
wavelengths with a centre at 530 nm (E = 2.34 eV, FWHM 0.90 eV) (Figure 2b). We ascribe this red-shift
to the presence of an additional yellow band.

Minerals 2020, 10, x FOR PEER REVIEW 7 of 15 

We evaluate the effective lifetime of BL and GL by modelling the emission decay kinetics with a 

double or triple exponential decay function. Results are reported in Table S2. Despite differences in 

the relative intensity amongst samples, the BL emission decay kinetic, when present, shows a good 

accordance amongst the samples, with an average value of τ = 5.4 ± 0.5 μs (σ = 9%). Instead, the GL 

emission displays a more heterogeneous behaviour among the samples. The average effective lifetime 

is found at τ = 6.5 ± 1.0 μs (σ = 15%), with the shorter and longer effective lifetime equal to 5.3 and 7.8 

μs, respectively. 

  
(a) (b) 

Figure 2. (a) Trap-assisted emission of zinc white and zinc oxide samples, acquired with a gate 

window of 10 μs and a delay of 0.5 μs. (b) Spectra are shown normalized at the emission maximum, 

for better appreciating the relative peak position and the shape of the emissions. 

3.3. Photoluminescence of Zinc White Powder Under Various Fluence and Energy Conditions  

In order to provide a deeper characterisation of the trap-assisted emissions and comprehend 

their origin, we perform PL experiments at variable fluence and variable excitation wavelengths (or 

excitation energies) on sample ZW1 that displays both BL and GL emissions. In logarithmic scale, the 

photoluminescence intensity I has a linear dependence on the fluence Φ, where k is a proportional 

factor [28,31], as follows: 𝐼 =  𝐼0𝜙𝑘. The k parameter has been demonstrated to have a different value 

depending on the optical origin. The free-exciton recombination is expected to increase linearly or 

super-linearly (k~1) with increasing fluence, whereas the radiative recombination, which occurs via 

the bond donor or acceptor states, tends to saturate (k < 1) with increasing fluence because of the 

limited concentration of defect states.  

Varying the fluence, the NBE emission is subject to a slight redshift of the peak position (of 

around 3 nm) (Figure S4a) and to a linear increase of the intensity with increasing fluence (Figure 

S4b). Although we have referred to a single type of radiative recombination, this red-shift indicates 

the contribution of at least two different energetic states to this NBE emission. The one at a longer 

wavelength tends to increase stronger in intensity with fluence than the one at a shorter wavelength. 

The average dependence of the NBE emission to the excitation fluence is found to be linear, with k~1, 

indicating an exciton-like transition. These results are in accordance with a recently published paper 

on the study the photoluminescence emission from crystalline pigments in paints [32]. 

In contrast, the trap-assisted emissions do not show any variation of the peak position and tend 

to saturate with increasing fluence. In particular, the dependence of BL and GL on the fluence is 

different: the k value found is equal to 0.45 for the former band and equal to 0.34 for the latter band 

(Figure 3a). This kind of behaviour is expected for free-to-bound or donor-acceptor pair transitions 

with a sub-linear dependence on the fluence intensity. Additionally, the different k values indicate a 

different saturation tendency of the two trap-state levels, made more evident by their normalized 

relative ratio showed in Figure 3b. At higher fluence, the intensity ratio reaches a constant value, 

indicating that in this regime the two radiative transitions have the same dependence on the fluence. 

At low fluence (below 5 µJ/mm2), the intensity ratio is steep: this finding together with the higher kBL 

value indicate that the BL trap state levels are less favourably populated when weakly excited. 

Figure 2. (a) Trap-assisted emission of zinc white and zinc oxide samples, acquired with a gate window
of 10 µs and a delay of 0.5 µs. (b) Spectra are shown normalized at the emission maximum, for better
appreciating the relative peak position and the shape of the emissions.

We evaluate the effective lifetime of BL and GL by modelling the emission decay kinetics with a
double or triple exponential decay function. Results are reported in Table S2. Despite differences in
the relative intensity amongst samples, the BL emission decay kinetic, when present, shows a good
accordance amongst the samples, with an average value of τ = 5.4 ± 0.5 µs (σ = 9%). Instead, the GL
emission displays a more heterogeneous behaviour among the samples. The average effective lifetime
is found at τ = 6.5 ± 1.0 µs (σ = 15%), with the shorter and longer effective lifetime equal to 5.3 and
7.8 µs, respectively.

3.3. Photoluminescence of Zinc White Powder Under Various Fluence and Energy Conditions

In order to provide a deeper characterisation of the trap-assisted emissions and comprehend
their origin, we perform PL experiments at variable fluence and variable excitation wavelengths
(or excitation energies) on sample ZW1 that displays both BL and GL emissions. In logarithmic scale,
the photoluminescence intensity I has a linear dependence on the fluence Φ, where k is a proportional
factor [28,31], as follows: I = I0Φk. The k parameter has been demonstrated to have a different value
depending on the optical origin. The free-exciton recombination is expected to increase linearly or
super-linearly (k~1) with increasing fluence, whereas the radiative recombination, which occurs via the
bond donor or acceptor states, tends to saturate (k < 1) with increasing fluence because of the limited
concentration of defect states.

Varying the fluence, the NBE emission is subject to a slight redshift of the peak position (of around
3 nm) (Figure S4a) and to a linear increase of the intensity with increasing fluence (Figure S4b).
Although we have referred to a single type of radiative recombination, this red-shift indicates the
contribution of at least two different energetic states to this NBE emission. The one at a longer
wavelength tends to increase stronger in intensity with fluence than the one at a shorter wavelength.
The average dependence of the NBE emission to the excitation fluence is found to be linear, with k~1,
indicating an exciton-like transition. These results are in accordance with a recently published paper
on the study the photoluminescence emission from crystalline pigments in paints [32].

In contrast, the trap-assisted emissions do not show any variation of the peak position and tend
to saturate with increasing fluence. In particular, the dependence of BL and GL on the fluence is
different: the k value found is equal to 0.45 for the former band and equal to 0.34 for the latter band



Minerals 2020, 10, 1129 8 of 15

(Figure 3a). This kind of behaviour is expected for free-to-bound or donor-acceptor pair transitions
with a sub-linear dependence on the fluence intensity. Additionally, the different k values indicate
a different saturation tendency of the two trap-state levels, made more evident by their normalized
relative ratio showed in Figure 3b. At higher fluence, the intensity ratio reaches a constant value,
indicating that in this regime the two radiative transitions have the same dependence on the fluence.
At low fluence (below 5 µJ/mm2), the intensity ratio is steep: this finding together with the higher kBL

value indicate that the BL trap state levels are less favourably populated when weakly excited.Minerals 2020, 10, x FOR PEER REVIEW 8 of 15 
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Finally, we characterise the behaviour of BL and GL bands under different excitation energies.
For this purpose, we select excitation energies in the spectral range 335 to 413 nm (3.0–3.7 eV),
thus above and below the band gap energy of zinc oxide (Eg = 3.37 eV). Results for sample ZW1
are shown in Figure 4. When employing excitation energies higher than Eg, both the GL and BL
emissions are easily promoted and their spectral shape does not vary as a function of excitation
energy. As expected, the highest PL intensity is reached with excitation energy close to Eg, as this
situation represents a resonant condition. Instead, with excitation energies is lower than Eg, the GL
intensity drops in intensity, while the BL band is still detectable. The different behaviour of the two
trap-assisted emissions allows for understanding the population mechanisms of the excited levels
involved in the optical transitions. For stimulating the GL emission, zinc oxide needs to be excited
with energy greater or equal to Eg. This suggests an intra-band recombination path, which involves
the recombination of electrons from the conduction band to an intra-band acceptor level. In contrast,
the BL emission can be excited even with photon energies below Eg, which in turn infers that the BL
radiative recombination arises from shallow levels below the conduction band to shallow acceptor
levels or holes in the valence band.

3.4. Photocatalytic Activity Study

In order to investigate how the defective structure and the specific surface area of ZnO may
affect the semiconductor tendency to oxidize organic molecules contained in the pigment binding
medium under light irradiation, preliminary photocatalytic degradation tests are performed in the
presence of zinc oxide analytical grade samples characterised by different PL properties, i.e., ZnO1 and
ZnO2 materials. This choice is made in order to avoid the additional contribution of zinc carbonate
hydroxide present in zinc white samples. Finally, the cationic dye Rhodamine B (RhB), showing an
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aromatic structure derived from anthracene with two amino and one benzoic acid-based substituents
(see Scheme S1), is chosen as the model organic pollutant to be photodegraded.
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Figure 4. Time-gated spectra (delay after laser excitation = 0.5 µs; gate width = 10 µs) of the trap-assisted
PL emission of sample ZW1 at different excitation energies between 335–413 nm (3.0–3.7 eV).

RhB, as most organic molecules, undergoes photodegradation through an oxidation path,
initiated either by direct electron transfer to positive valence band holes (h+

VB), photogenerated
upon the semiconductor bang gap excitation, or by the attack of hydroxyl radicals, formed upon
h+

VB-induced oxidation of water molecules or adsorbed –OH groups [33–36]. At the same time,
these dye species are able to absorb a considerable portion of visible light under the adopted irradiation
conditions. Therefore, a dye-sensitized photocatalytic reaction path might be at work, in parallel to
that initiated by semiconductor band gap absorption. In fact, the electronically excited state of the dye,
produced by visible light absorption, is able to transfer electrons into the conduction band (or electron
acceptor states) of ZnO, thus producing a dye radical cation, which easily undergoes oxidation by
further interaction with adsorbed O2 molecules [36,37].

In this scenario, aiming at excluding the combined excitation of both the semiconductor and the
organic substrate molecule, three types of time-dependent runs have been performed, respectively at
full lamp irradiation and in the presence of 420 and 455 nm cut-off filters. In fact, when using lamp
irradiation above 420 and 455 nm, ZnO is expected to be minimally or not photo-excited. Hence,
in these two irradiation regimes, the resulting RhB degradation, if present, should be inferred to the
direct excitation of the organic dye. RhB is stable in aqueous solution under the here adopted full
lamp irradiation conditions, whereas its concentration decreases, according to a first order rate law,
during the photocatalytic runs in aqueous suspensions containing the investigated ZnO photocatalysts.
Examples of residual RhB concentration vs. irradiation time curves with a 420 nm cut-off filter are
shown in Figure 5, while RhB absorption spectra recorded during photocatalytic degradation runs can
be found in Figure S5.
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Figure 5. (a) RhB concentration profiles during photocatalytic runs in the presence of 0.1 g L−1 of ZnO1
(triangles) and ZnO2 (circles) under irradiation with a 420 nm cut-off filter; (b) corresponding kinetic
data elaboration according to a first—order rate law.

These results attest to the dependence of the photocatalytic performance on the physico-chemical
properties of the ZnO particles. Considering that in heterogeneous photocatalysis, the semiconductor
exposed specific surface area (SSA) plays a key role on the overall photocatalytic performance,
we compare the surface-normalized first order rate constants of RhB photocatalytic degradation in the
presence of the investigated ZnO1 and ZnO2 photocatalysts. Figure 6 sums up the results, attained
under different irradiation regimes. We observe that the irradiation of both samples with photons
lower in energy than the ZnO band gap (λ > 420 and 455 nm) induces a dramatic decrease of the overall
photocatalytic performances. Therefore, it is reasonable to suppose that an electron transfer path
initiated by the sensitized mechanism, though not being completely excluded, does not represent the
prevailing mechanism of RhB photodegradation on the considered ZnO samples under the investigated
irradiation conditions. RbB molecules may instead undergo photocatalytic bleaching through an
oxidative, mainly •OH radicals-mediated path, initiated by the direct semiconductor excitation.
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Figure 6. Surface-normalized first order rate constants of RhB photocatalytic degradation in the
presence of 0.1 g L−1 of ZnO photocatalysts under different irradiation conditions. Specific surface area
values of ZnO1 and ZnO2 are reported in Table 1.

4. Discussion

The results of this study highlight tiny difference between zinc white pigments and pure zinc
oxides in terms of chemical composition and crystalline structure: all samples are characterised by
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hexagonal structure with similar crystallite size, while the specific surface area is found around a few
m2g−1, except for ZnO2 with a value higher than 10 m2g−1. The two classes of samples principally
differ because of zinc carbonate hydroxide (ZnCO3·H2O), or hydrozincite, found in samples sold as
pigment. The presence of this compound has been associated with the conversion of the metal oxide to
ZnCO3·H2O, because of the exposition of crystallites to CO2 and H2O present in the air [38]. The zinc
carbonate hydroxide is thus retained as a product formed by the prolonged exposure of the pigment to
the atmosphere. A study conducted with the aid of scanning transmission X-ray microscopy on zinc
white further evidenced the presence of hydrozincite in correspondence of one of the two classes of
ZnO crystallite, supposing a diverse tendency of the ZnO structures to interact with CO2 and water [39],
although the nature of such structures has not yet been determined. Results of our work show that
zinc carbonate hydroxide does not affect the PL properties of the pigment, as the luminescent emission
of zinc white samples matches the one found in zinc oxide analytical grade samples, related to the
near-band-edge and trap-assisted radiative recombination.

The optical recombination from the near-band-edge levels of zinc oxide is found at 384 nm
(3.23 eV), with a good accordance in the effective lifetime amongst the samples. The NBE emission can
be considered a reliable fingerprint for the ZnO presence in modern pigments, as demonstrated in
other published literature [21]. As confirmed by the fluence dependence measurements, this emission
is associated to the exciton recombination from near-band-edge and thus is extremely characteristic
of the crystalline structure and hardly modifiable by the synthesis process or by the presence of low
contents of impurities.

One of the greatest benefits of the time-resolved approach is the isolation of the luminescent
contribution from defect states, thanks to their peculiar emissions at the microsecond time-scale.
The results categorise the zinc oxide and zinc white samples into two groups depending on the
emission from intra-band levels. The first group (ZnO2 and ZW3) displays a symmetrical and bright
green emission, whereas the second group (ZW1, ZW2, ZnO1) has an additional blue and less intense
trap-assisted emission. Further investigation on the behaviour of these trap-assisted emissions as a
function of the excitation energy and fluence shows that the BL and GL bands arise from different
excitation mechanisms. The BL emission can also be induced by exciting zinc oxide below the band
gap energy. This radiative recombination is thus expected to occur between shallow donors and the
valence band, and its optical activation can be mediated by near-band edge levels. On the other hand,
the excited energy levels associated to the GL emission are more easily populated with respect to the
one of BL, but GL intensity drops upon light excitation with energy lower than the band gap.

The identification of the origin of the trap-assisted optical emissions has been controversial
for several years. The photoluminescent results of this work are in great accordance with the ones
reported by many authors [40–43] and here we schematically illustrate the electronic structure of zinc
oxide, generating the optical emission (Figure 7). Based on the available literature, the BL emission is
associated with a transition between electrons photo-promoted into Zn interstitial defective sites and
valence band holes (or shallow acceptors), giving rise to emission around 430 nm (2.9 eV). The Zn
interstitial (Zni) defects cause the presence of an energetic level within the band gap, located at ca.
0.22 eV below the conduction band edge. Concerning the GL emission band, at present many agree
on the simultaneous contribution from defects of zinc and oxygen vacancies. Zinc vacancies (VZn)
act as acceptors at 0.87 eV above the valence band, while oxygen vacancies (VO) act as deep donors,
at 1 eV below the conductor band. The transition between the conduction band (or shallow donors)
to the VZn gives rise to an optical recombination at 500 nm (2.5 eV) [44,45], whereas the transition
from the relatively deep donors (VO) to valence band holes generates a contribution to a lower energy
(around 540 nm, 2.3 eV). The greater concentration of one type of defects compared to the other shifts
the peak of the trap-state band to higher energy or to lower energy [8]. This further explains the
impossibility to generate a GL band with energy lower than the band gap energy, as detected in this
work and reported also by [46].
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Figure 7. Schematic representation of the electronic structure of zinc oxide. The energetic levels of the
main point defects in zinc oxide are assigned, as well as the main radiative recombination recognized
in the literature. The scheme of the band gap absorption-initiated path of simultaneous photocatalytic
electron acceptor molecules (e.g., O2) reduction and electron donor species (e.g., OH- groups or dye
molecules) oxidation.

As structural point defects in the zinc oxide are strongly dependent on the synthesis processes,
their presence/absence is evidence of specific synthesis methods and we hypothesise two possible
synthesis processes for the two classes of zinc oxides. (1) The first group could correspond to zinc oxide
synthesized under reducing conditions and at high temperatures, for which the oxygen vacancies are
predominant [46]. Zinc white pigment characterised by a single GL band belongs to this first group.
(2) The second group could be associated to zinc oxide produced under Zn vapour-rich environments
or in non-equilibrium processes (elevated pressure and temperature), for which Zn interstitials are
the predominant defects. Zinc white pigment characterised by both GL and BL bands belong to this
second group. Furthermore, the different ionization energies and migration barriers of these defects
explain the differences detected from trap-assisted emission in zinc oxide samples [47,48].

The high or low concentration of these point defects in the zinc oxide crystalline structure can
be related to the semiconductor tendency to photodegrade the adsorbed organic molecules, such as
carboxylic acids. In the photocatalytic degradation tests, ZnO1 is found to be the best performing
photocatalyst under all the investigated irradiation conditions (see Figure 6). Based on these preliminary
data, we can thus assume that the existence of Zn interstitial defects may have a beneficial effect on the
overall ZnO photoefficiency. In fact, if the photogenerated electrons are efficiently trapped at (shallow)
defective sites, i.e., located at few eV below the ZnO conduction band, their probability to interact with
adsorbed O2 molecules increases, with a parallel decrease of undesired electron–hole recombination.
As a consequence, the photogenerated positive valence band holes (h+

VB) may thus efficiently promote
the direct or indirect (i.e., •OH radicals-mediated) photocatalytic oxidation of dye molecules [49] –or
carboxylic acids that act as electron donor molecules onto the ZnO surface when the metal oxide is
dispersed in drying oil (Figure 7). The relative RhB rate increase attained in the presence of ZnO1 may
thus correlate with the intrinsic capability of its peculiar defective structure (type and concentration of
trap states) of boosting •OH radicals-mediated oxidation paths, possibly due to an improved charge
carrier separation.

5. Conclusions

The photoluminescence study—under both fixed and varied excitation conditions—evidence the
presence of optically-active point defects in the crystalline structure of zinc white. On the basis of the
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results obtained, we categorise the samples into two groups depending on their trap-assisted radiative
recombination, which we correlate to different crystalline defects and synthesis conditions.

In detail, the first group shows emission associated with the presence of zinc and oxygen vacancies,
which act as electron acceptor and donor states, respectively. Radiative recombination assisted by
these point defects generates a broad emission band centred at 500 nm, corresponding to a green
emission. We hypothesize that samples belonging to this group were synthetized under reducing
conditions and at high temperatures, as in this condition the oxygen vacancies are predominant.
In addition to these point defects, the second group has zinc interstitial defects, which act as donor
states, and originate a blue peak at 430 nm. We identify this group with zinc oxide produced under Zn
vapour-rich environments or from a non-equilibrium process (elevated pressure and temperature),
for which Zn interstitials are the predominant defects.

This groundwork demonstrates a higher photocatalytic reaction rate per unit area in samples with
both BL and GL emission. In particular, the presence of zinc interstitial defects may allow the use of a
larger extent of photons with energy able to promote the electron transfer from the valence band to
shallow defective sites located below the conduction band, with a consequent increase of the overall
ZnO photocatalytic activity. Just as with TiO2, the semiconductor synthesis procedure plays a key role
in painting degradation and the resulting ZnO defective structure influences both the material light
emission features and its efficiency in oxidizing organic molecules under irradiation.

These results pave the way to future studies on the relation between different zinc white synthesis
processes, and therefore crystalline defects, and the photocatalytical activity of the semiconductor
pigment. For this purpose it will be valuable to investigate the link between the photoluminescence
behaviour of zinc white from different historical recipes and its tendency to decompose organic
components contained in the binding medium.
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