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Abstract: The photochemical and the photophysical properties of a defective zinc oxide prepared
by precipitation have been investigated using mainly Electron Paramagnetic Resonance (EPR) and
Photoluminescence (PL) spectroscopy. As already reported in the literature the band gap of the
oxide contains intra band gap states related to the presence of point defects (mainly cation
vacancies) in the structure. The concentration and the energy levels of such a defect are the basis
of mechanisms of double and multiple excitations allowing low energy visible photons (hv < Eg) to
promote electrons from the valence band to the conduction band similarly, though low efficiently,
to what done by UV light with hv > Eg. Since a robust fraction of the visible light generated carriers
reach the surface of the nanocrystals, where they entail the typical redox reactions of photocatalysis
including formation of hydroxyl radicals the wet chemistry prepared zinc oxide can be considered a

Visible Light Active (VLA) system.
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1. Introduction

In recent years the scientific community is paying an increasing attention to the area of
photocatalysis. Photocatalytic processes aim to exploit light energy to promote chemical
transformations. This scope can be pursued in various applications including pollution remediation
(total oxidation of pollutants [1-3]), solar fuel production (e.g. water photosplitting and CO:
reduction [4]) and, more generally, in all types of chemical processes in which the required thermal
energy can be replaced by electromagnetic energy.

A standard photocatalytic process is based on the photoexcitation of a suitable semiconducting
system inducing the promotion of electrons in the conduction band (CB) and the formation of
electron-holes (holes, h*) in the valence band (VB). The reductive and oxidative capacities of these
photo-excited charge carriers (essential to the redox processes at the base of the photocatalytic
action) depend on the chemical potentials of CB and VB, respectively.

The materials that have so far dominated the field of environmental photocatalysis are based on
titanium dioxide or other semiconductors with high band gap, whose excitation requires the use of
UV radiation. Actually many processes in this field are already implemented on a small and medium
scale using ultraviolet artificial radiation. However, it is clear that an upgrade of these processes to
large-scale plants requires a transition to the use of sunlight that means, on the basis of the solar
spectrum at the earth's surface, essentially visible frequencies.

During the first two decades of this century an intense effort has been devoted to the search for
innovative photocatalytic systems capable of working under visible light illumination. The
approaches followed to this aim include the use of: i) small band gap semiconductors such as, for
instance, the recently applied C3N4 systems [5-7] (in this case it is impossible to have simultaneously
favourable both reduction and oxidation potentials); ii) semiconducting systems with band gap
modified by the insertion of impurities (like in the case of the well-known N doped TiO;) [8-10]; iii)
coupled semiconductors reproducing either the so-called Z scheme [4, 11] of natural photosynthesis
or the recently proposed S-scheme [6, 12]. In both cases, distinct photocatalysts carry out reduction
and oxidation, respectively. In this case a molecular redox shuttle is usually employed to connect
the two systems through the liquid phase.
Systems in some way related to this latter model are those based on two different solids put in
contact through a solid-solid interface, called heterojunction, that often exhibit peculiar electronic
properties different from those of the individual components. A case recently tackled in our

laboratory is that of the Ce0,-ZnO system in which particles of cerium dioxide are deposited on the
2



surface of the majority component, the semiconducting zinc oxide. This novel system has revealed
an excellent ability to work as a photocatalyst in the abatement of emerging pollutants using visible
light [13-17]. A detailed investigation of the photocatalyst has put into evidence the presence of
states at the interface between CeO; and ZnO that allow the excitation, promoted by photons of
the visible range, of electrons from the valence band of zinc oxide to 4f states of cerium dioxide.
This excitation represents the initial step of the photocatalytic process driven by visible light [18,
19]. However, during the investigation of Ce0,-ZnO it became evident that the zinc oxide matrix
present in the Ce0,-ZnO mixed system is itself influenced by visible irradiation. This observation
prompted us to deal with a specific study on the photophysics and photochemistry of pristine ZnO
(prepared in a way analogous to that adopted for Ce0,-Zn0) that is reported in the present paper.
The subject is indeed not new, however a scrutiny of the literature in the field indicates that the
majority of studies have been devoted to single crystals of high purity prepared for microelectronic
and optoelectronics applications [20-26] while some others are performed on materials that
underwent deep modifications by high energy irradiation with neutron or high energy electron
beams in order to describe the defects generated in the crystalline structure by the heavy
treatments.

In the present study we have employed various techniques to characterize nanostructured zinc
oxide prepared by wet chemistry methods and calcined after drying, with a particular emphasis on
the results obtained by Electron Paramagnetic Resonance (EPR). This technique is less known to the
research community working on the optoelectronic properties of solid materials, if compared with
other techniques like Photoluminescence (PL). EPR however has high importance both in the
investigation of defects in the solid state and in those related to photocatalysis. In the former case
EPR permits to unravel the features (nature, symmetry, electron spin density distribution) of
paramagnetic point defects. These represent an important fraction of the whole defectivity in ionic
and covalent solids and, due to the high sensitivity of EPR, very small concentrations of defects can
be detected. In the area of photochemistry and photocatalysis the importance of EPR is related to
the phenomena of photo-induced charge separation and, in particular, to the stabilisation or
reaction of the charge carriers so generated. Addition of an electron and/or of a hole to a usually
diamagnetic entity produce in fact paramagnetic centres that are conveniently investigated by EPR
(8, 27-31]

We will show, in the following, that polycrystalline zinc oxide materials prepared by wet chemistry

methods have a rich and complex defect structure that deeply influences the band gap of the solid
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and brings about amazing photophysical properties when irradiated with visible frequencies. Quite
similar results have been obtained investigating samples prepared by precipitation from a solution
with those synthetized by hydrothermal methods. For the sake of simplicity, we will report the
results obtained on the former material only, comparing them with what observed in the case of a
well-known commercial material prepared by ignition of metallic zinc which is highly crystalline and
much less defective than the wet-chemistry prepared oxides. The results of the present
investigation are of interest on the one hand because of the inherent importance of ZnO in
heterogeneous photocatalysis and, on the other hand, to better understand the features and the

behaviour of more complex photocatalysts such as the recently reported CeO,-ZnO mixed system.

2. Materials and Methods

2.1 Samples preparation

For the production of bare ZnO a precipitation synthesis route was employed, starting from zinc
acetate dihydrate, received by Sigma Aldrich and used without any further purification treatment
[32]. This preparation method guaranties low-cost production of ZnO with the advantage of being
environmental-friendly, since it prevents the use of surfactants and organic solvents. ZnO was
synthetized dissolving 2.2 g of Zn(CH3C0O0),:2H,0 into 160 mL of distilled water and 80 mL of ethanol
and left in stirring for 1 h. Subsequently, 160 mL of NaOH 1M was added at room temperature,
leading to form a white precipitate that was separated via filtration ad washed with water and
ethanol. The precipitate was dried at 70°C for 12 h and finally calcined for 30 h at 300°C. We will
indicate this material in the following simply as ZnO. Kadox ZnO was purchased from Sigma-Aldrich.
This material is prepared by direct ignition of metallic zinc and is highly crystalline. It was used in
this work as a reference to compare with the material synthetized by precipitation.

The samples used in in the experiments reported in Section 3.3 and 3.4 were submitted to an
activation treatment in the aim both of cleaning the surface from hydroxyl and carboxyl groups,
obtaining a material as close as possible to the stoichiometric ratio. The treatment involves an
annealing at 573 K in dynamic vacuum (10* mbar) for 30 minutes, followed by the re-oxidation at
673 K in oxygen atmosphere (50 mbar) for 1 h. Finally, the molecular oxygen was removed from the

cell at room temperature before the measurements were carried on.

2.2 Samples Characterization



The structural and morphological features of the synthetized sample were studied employing X-rays
diffraction (XRD), Transmission Electron microscopy (TEM) and N; adsorption for area measure
(BET).

X-rays diffraction patterns were recorded with a PANalytical PW3040/60 X'Pert PRP MPD using a
cupper Ka radiation source of 0.154056nm. The reflections were scanned continuously in the 26
ranges from 20° to 80°. Phase identification was performed using the X’Pert High-Score software.
Scherrer equation was applied to evaluate the crystallite size of the existing phases.

A Micromeritics ASAP 2020 for N, adsorption measurement was employed in order to evaluate the
sample specific surface areas. Prior to the absorption run, all the samples were outgassed at 573K
for 2 hours.

The high resolution TEM images were achieved with a JEOL JEM 3010UHR (300 kV) apparatus;
samples were dry deposited on Cu “holey” carbon grids.

The UV-vis absorption spectra were recorded using a Varian Cary 5 spectrometer, equipped with an
integration sphere for diffuse reflectance (DR) studies, using a Carywin-UV / scan software. A Teflon
sample with 100% reflectance was used as reference.

The optical band gap energies were calculated considering that the energy dependence of the
absorption coefficient (a) for semiconductors in the region near the absorption edge is given by:

o( (hv — Ebg)n

® hv

Where hv is the energy of the incident photon and Eyg is the optical absorption energy. n depends
on the type of optical transition and since ZnO shows a direct-allowed optical transition its value is
1/2. Finally, since the scattering coefficient weakly depends on energy and F(R-), it can be assumed
as proportional to the absorption coefficient within the narrow range of energy containing the
absorption edge feature.

Finy = )

Then, the plot (F(R~)*hv)Y/1 vs hv can be used to determine the absorption edge energy (Tauc plot)
method.

Electron Paramagnetic Resonance spectra were recorded using an X-band CW-EPR Bruker EMX
spectrometer equipped with a cylindrical cavity operating at 100 KHz field modulation. The

measurements were recorded at liquid nitrogen temperature (77K). The photochemistry of the

material was investigated by situ irradiation in the EPR cavity, using a 1000W xenon lamp (Oriel
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Instruments) equipped with an IR water filter, which provides a continuous photon flux from 250 to
750nm. During the experiments, different band-pass filters were employed (Newport-20CGA) at
400nm, 420nm, 455nm and 495nm: these kind of filters provide a good coverage with a range of
+10 nm. The irradiance for the different band-pass filters were considered in order to normalize the
contribution of each filter using an experimental set up reproducing the conditions of the irradiation
into the EPR cavity, similar to that used for illumination in the EPR cavity. The irradiance was
measured at 50 cm from the source with a Delta OHM HD 2302.0 LightMeter. The values reported
in Fig. 4B, 5B and 6B (irradiation experiments) are normalized on the irradiance values measured in
this way. Specific experiments of irradiation under monochromatic light were performed by means
of LED lamps emitting at 46520 nm, 522+20 nm and 634+20 nm (Blue, green and red), respectively.
The relative emission spectra are reported in the Supporting Information (fig S4).

The migration of the photo-generated charge carriers through the solid was evaluated performing
irradiations in 20 mbar oxygen and hydrogen atmosphere, respectively.

The formation of OH*® radical species upon irradiation was monitored by the EPR spin trapping
technique using a Miniscope 100 spectrometer from Magnetech and using DMPO as spin trapping
agent.

Photoluminescence spectra were recorded on a FLS980 PL spectrometer from Edinburgh
Instruments with a polychromatic 450 W Xe-arc lamp. A front-facing sample holder suitable for
powder samples constituted the measurement assembling and the spectra were registered at room

temperature.

3 Experimental results

3.1 Structural analysis and optical investigations

The ZnO material synthetized by precipitation shows the typical XRD pattern of the ZnO wurtzitic
hexagonal phase (00-036-1451 ICDD pattern) [33]. The reported pattern indicates the absence of
impurity phases in the synthetized sample. In addition, the sharp reflection peaks indicate the good
crystallinity of the material. In order to evaluate the average crystal size, the Scherrer equation was
applied on the first five reflections of the XRD pattern obtaining an average crystalline size of 338+21
nm which becomes about 500 nm in the case of Kadox. The latter sample shows, as expected, an
even higher crystallinity than ZnO. (Fig. S1 in Supporting Information)

TEM images of ZnO, reported in Figure 1, partially confirm the above results. Indeed, it is possible
to observe very large particles with size similar to that predicted from Scherrer analysis, but also
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particles of very much lower sizes, mostly around 30 nm, that decorate the larger ones. Finally, it

emerges that both larger and small particles exhibit platelet shape.

Figure 1. TEM images of ZnO crystals.

The specific surface area, evaluated with the BET method, revealed a value of 21 m?/g for ZnO in
line with the well-known difficulty of obtaining high surface area ZnO materials. The specific surface

area of Kadox ZnO is less than 10 m?/g [34].

DR-UV-Vis spectra of the as prepared material both in absorbance and reflectance units (Figure 2)

show the typical valence band — conduction band transition of ZnO [35].
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Figure 2. Panel A: DR-UV-Vis spectra (Kubelka-Munk transformed) of ZnO (a) and ZnO Kadox (b). Panel B: Normalized Diffused Reflectance spectra.

However, in the case of ZnO, this transition is less sharp than in the case of Kadox and some optical

absorption between 380 nm and 440 nm seems to be present, as confirmed by the zoom in Fig. 2A.
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The energy gap of ZnO , evaluated by means of the Tauc equation [36], gives a value of 3.28 eV, in

line with the value of 3.3 eV reported in literature [37].

3.2 EPR spectroscopy upon irradiation under vacuum
The EPR spectrum of the as prepared ZnO material (Fig. 3a) recorded in dark is not a flat line. It
shows in fact the presence of signals both at g>ge (left hand side of the spectrum) and at g<ge (right
hand side, while g. = 2.0023 is the free electron g value). This indicates that some (paramagnetic)
defects are already present in the as prepared materials. Both the global intensity and the ratio
between the intensities of the two main signals in Fig. 3a (symmetric lines at g= 1.96 and g= 2.014)
and always present in freshly prepared solids have a slightly variable value for different samples.
We will show in the following that the majority of these defects derives from the exposure of the
materials to the ambient light after preparation. The background observed for Kadox ZnO is similar
to that in Fig. 3a but far less intense, confirming the lower defectivity of this highly crystalline
material (Fig. S2).
When a semiconductor oxide is irradiated with photons whose energy is larger than the material
band gap, an electron is promoted from the valence band to the conduction band with the
formation of an electron hole (or simply hole) in the valence band; the phenomenon is described in
the following equation:

MeOx + hv = e’(cs) + h*(vs) (2)
At this stage, the photo-generated charge carriers can recombine (with loss of the photon energy)
or migrate through the solid. If the irradiation is performed in vacuum condition, in the absence of
possible reactive molecules at the interface between the solid and the external fluid phase, the
stabilization of a fraction of the photogenerated charge carriers can be observed by EPR either under
irradiation or after irradiation provided that the temperature is kept low enough to prevent
recombination. In a semiconducting oxide electron holes are stabilized by oxygen ions while excited
electrons are usually associated to some cation sites [40, 41]. Fig. 3b shows the effect of irradiation
with polychromatic UV light only (A < 370 nm, E>3.35 eV) on a sample of ZnO. The frequencies
employed are such to allow the excitation of electrons from the valence band to the conduction
band. The irradiation causes the growth of all the signals already present in the background except
the symmetric line at g = 2.014 that is not affected by UV-irradiation. The relatively complex signal

in the region of g > ge (the g values derived from simulation are listed in Table 1) is analogous to



those observed in the case of various irradiated oxides and is due to the trapping of photo-generated

holes taking place according to equation 3:
h*we) + 0> = O (3)

The g values of this signal are totally compatible with the expected values for a O center [28, 38-40]

that is an electron hole trapped onto an oxygen O? ion.

The trapping of photo-generated electrons is responsible of the symmetric signal centered at g =
1.96 (right hand side of the Figure). In various cases [40, 41] the photogenerated electron is directly
stabilized on a specific cation (e.g. Ti** in TiO2) while in this case the signal at g = 1.96 is more likely
associated to electrons in the conduction band or in a band built up by donor levels just below the

bottom of the conduction band [41, 42]. The mechanism reported in equation 4:
e +7Zn* = Zn* (4)

is therefore purely formal and can be accepted taking into account that the conduction band in ZnO
is based on empty 4s and 4p Zn orbitals. We have thus identified the traces related to the
stabilization of electron and holes when a VB to CB excitation is performed. The state corresponding
to the signal at g = 2.014 must be related to some intra band gap state (see below). With this simple
result in mind we can now analyze the somehow amazing results related to the irradiation of ZnO

using visible frequencies.

Nature of the species g tensor
trapped electrons n* g = 1.96 (isotropic)
trapped holes o} g1 =2.021, g/; = 2.003 (axial)
trapped holes O g1 =2.009, g/; = 2.004 (axial)
Background signal / g = 2.014 (isotropic)

Table 1. Origins and g values of the observed EPR signals in ZnO spectra.

Fig. 3 (c-f) reports the EPR spectra at 77 K obtained irradiating ZnO with polychromatic visible light.
Irradiation was performed using band-pass filters at progressively increasing wavelength. In
particular, all the selected radiations are beyond the UV-vis limit (380 nm) and, in any case, have
energy always lower than the band gap value (3.28 eV) measured for ZnO (Fig. 2). In all cases we

observe the same phenomena described in Fig. 3b i.e. the stabilization of photogenerated electrons



(signal at g = 1.96) and holes (g > 2.0023). This means that visible frequencies are able to induce
phenomena of charge separation in the polycrystalline ZnO material here investigated analogous to
that illustrated in Fig. 3b, observed under UV irradiation. The only qualitative difference concerns
the symmetric signal at g = 2.014 present in the background that totally or partially vanishes in all
cases of visible illumination while it is unaffected under UV.

The phenomenon of charge separation occurs at different extent according to the selected filter as
illustrated Fig. 4 where each pair of histograms corresponds to the integrated intensity (hence to
the amount of paramagnetic centers) of the two main EPR signals (trapped holes and trapped
electrons respectively. The intensity reported in Fig. 4 are apparently conflicting with those
perceived by Fig 3. Actually, it must be taken into account that in each of the reported experiments
the photon flux is different because of the different cut-off performed in each case. Fig. 4 have been
built up normalizing the intensity of the irradiance of the lamp in each experiments and subtracting
the background (Fig. 3a) intensity.

The results for Kadox shows a lower increase of the EPR signals upon irradiation with respect to ZnO
(Fig. S2 and S3), imputable to the higher crystallinity of the material and to the corresponding lower
concentration of lattice defects.

The charge separation ability exerted by visible light evaluated in quantitative terms is not a minor
feature and, though the lower true flux of UV-light, is comparable with that monitored in several

other cases with the same EPR approach [27, 29, 43-46].

T T T T T T T T 1
330 335 340 345 350
B[mT]

Figure 3. (a) EPR spectra at 77K of activated ZnO, (b) after irradiation with UV light, A<370 nm, (c) A>400 nm, (d) A>420nm, (e) A>455nm and (f)
A>495nm.
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Figure 4. Intensity of doubly integrated EPR signals (trapped holes and trapped electrons) as a function of the irradiated wavelength and normalized

on irradiances. The intensity of the starting signals of spectrum 3a of Fig3 (background) has been subtracted from the experimental values.

The quantitative aspect of the experiments in Fig. 3 and 4 (that are, by the way, fully reproducible)
can be resumed as follows: i) the effect of charge separation seems to decline moving the cut-off
from values close to the band gap transition towards higher wavelength (with the only exception of
case 4d) (A>455 nm) ii) in all cases the amount of trapped electron and trapped holes is similar
except, again, the case 4d) with an amount of trapped holes which is about three times that of
trapped electrons.

After each experiment of irradiation, the solids were warmed till room temperature in order to
monitor charge recombination. The EPR spectra recorded after cooling again the solid indicate that
recombination has occurred at a large extent but not completely since the starting situation (Fig.
3b) is never fully recovered.

The peculiar behavior of polycrystalline zinc oxide, upon visible irradiations, is not totally unknown
to the literature but the mechanism behind visible photon absorption is still incompletely explained
[19, 47-52]. The basic, though coarse, information derived from the experiments under visible light
is that the photogeneration and stabilization of electrons and holes can be attained using a photon
energy definitely lower than the band gap value (3.28 eV) with a result analogous to that illustrated
in Fig. 3b, obtained by UV irradiation. This finding can only be explained admitting both the presence
of a rich set of intra band gap defects and the existence of a complex interplay during irradiation
involving the electrons of the valence band and those of the intra-band gap states. The results of
the experiments in Fig. 3-4 cannot allow a detailed description of the energy states present in the

band gap since they have been obtained using multi-frequency light beams. Polychromatic
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irradiation is however important, to the aim of our work, since it is same type of illumination
employed in experiments of photocatalysis and it has allowed to recognize that the solid here
considered is sensitive to visible light.

The described behavior of the system supports the idea of the existence of a complex distribution
of states in the band gap playing a role in the photochemistry of the material upon visible light
absorption. This aspect will be further investigated by Photoluminescence spectroscopy (see
below).

In order to shade some light on the blurred picture derived from polychromatic irradiation we have
also recorded EPR spectra upon quasi-monochromatic irradiation obtained using a set of three LED
lamps emitting with a maximum of 465 nm (blue), 522 nm (green) and 634 nm (orange-red)

respectively (see S.I. for the plot of emission the lamps, Fig. S4).

330 335 340 345 350
B [mT]

Figure 5. EPR spectra of synthetized ZnO irradiated with: a) monochromatic red light (red line), b) monochromatic green light (green line) and c)

monochromatic blue light (blue line). The spectrum before the irradiation is reported for comparison (black line).

In figure 5 the result of each irradiation is compared with the background (spectrum recorded in the
dark). Due to the different irradiance of the two light emitting systems (polychromatic and
monochromatic light) the spectra in Fig. 5 have lower intensity than those in Fig. 3. The red light
(5a) has no effect while illumination with both green (5b) and blue (5c) light causes an effect of
charge separation which is more pronounced in the second case. In both these cases however the
amount of trapped holes (I.h.d of the spectrum) observed exceed that of trapped electrons (r.h.s.,
signal at g = 1.96) thus suggesting, like in the case of Fig. 3-4 e), that a fraction of the excited

electrons is not detectable.
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3.3 EPR spectroscopy upon irradiation under reactive atmosphere and in water.

In order to evaluate the migration of photo-generated charge carriers through the solid, we
performed irradiations both in oxygen and hydrogen atmosphere using full lamp irradiation (UV-
Vis) and, in a second case, a band-pass filter at 400 nm (Vis). These two gases are expected to react
with electrons and holes respectively provided that an appreciable fraction of the photogenerated

charge carrier reach the surface of the solid.

It is well-established that O, can act as an electron scavenger at the surface forming the

paramagnetic Oy superoxide anion, that adsorbs on specific cationic sites
e + Oy(gas) =» Oy (ads)

In Fig. 6b the effect of UV irradiation is reported that leads, as expected, to the formation of the
well-known signal of superoxide ions adsorbed on Zn?* cations with g,,=2.050-2.055, g,y=2.009 and
gx=2.003 [53, 54]. Remarkably, irradiation with visible polychromatic light (Fig. 6¢) also produces,
though at minor extent, the typical profile of the superoxide ion which is detected for the
components at g=2.009 and 2.003 (partially overlapped with the O signal) while the g component
(the weaker one) is in this case undetectable. The spectrum in Fig. 6¢ is however sufficient to
indicate that a few electrons excited by a mix of visible frequencies can reach the surface where
they reduce the oxygen molecule. A quantitative comparison of the results of photoexcitation under
vacuum (Fig. 4) and in oxygen (Fig. 6) indicates however that it is indeed a minor fraction of the
photogenerated electrons that has the ability to reach the surface of the solid becoming potentially
available for reduction reactions. The growth of the signal at g = 1.96 (compare Fig. 6a and 6c)
testifies that the main phenomenon in the case of visible polychromatic irradiation remains the

charge separation described in the previous section.
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Figure 6. EPR spectra of: a) synthetized ZnO before irradiation (black line); b) irradiation with band-pass filter at 12400 nm in the presence of molecular
oxygen.
More effective is the reactivity at the surface of photogenerated holes. This has been monitored
irradiating ZnO in H, atmosphere with UV (Fig. 7 panel A) and visible light (Fig 7 panel B). Hydrogen
acts as a scavenger for the surface holes undergoing homolytic splitting and producing atomic
hydrogen:

O (surf) + H2 (gas) 2 OH (sur) + H* (7)

H* is a powerful reducing agent [27, 55] able to inject electrons in the solid as monitored by the

growth of the EPR signal at g = 1.96 indicating the formal (see before) reduction of Zn?*

Zn2+ + 02_(5urf) + H. 9 OH_(surf) + Zn+ (8)

In both panels of Fig. 7 we find that the spectrum b is uniquely due to trapped electrons (g = 1.96)
and no trace of trapped hole is present. This means that all the holes generated by irradiation (UV
or Vis) have reacted with hydrogen at the surface of the solid according to egs. 7 and 8. Furthermore,
the relatively high intensity of the spectrum in Fig. 7B(b) (visible light) surprisingly suggest that a
significant production of reactive holes is induced, in zinc oxide produced by wet chemistry, by

visible frequencies. This result cast new light on the photochemistry of this material.
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Figure 7. Panel A: ZnO EPR spectra at 77K: (a) background (dark), (b) after irradiation with UV light (A<370nm) in the presence of Hz and (c) after
irradiation with UV light in vacuum. Panel B: ZnO EPR spectra at 77K: () background (dark), (b) after irradiation with visible light, A>400 nm in the
presence of Hz, and (c) irradiation with visible light in vacuum.

This finding is supported by the results of spin trapping in solution. The photoactivity at the solid-
liguid interface has been assessed irradiating an aqueous suspension of the solid in presence of
DMPO (5,5-dymethil-1-pyrroline-N-oxide), that acts as a spin trap of hydroxyl radicals (OH®) in
solution forming a stable radical adduct (DMPO/ OH*) easily monitored by EPR spectroscopy [56].
The production of OH*® radicals under illumination, of crucial importance in photo-degradation
processes, is ascribable to the reaction of water molecules or surface hydroxyl groups with
photogenerated holes

h+(VB) + Hzo 9 OH* + H* (6)

Fig. 8, panel A, reports the typical four line EPR spectrum of the DMPO-OH adduct formed upon UV
and visible irradiation of ZnO as observed at a time corresponding to the maximum OH*® production
in the two irradiation conditions. Board B reports the spin adduct concentration as a function of
time. It shows that the maximum concentration is reached after 5 min in the case of UV light and
after 30 min for visible irradiation. The maximum amount of photo-formed OH*® radicals is more
than three times higher in the case of UV irradiation. However, the non-negligible photo-formation
of OH*® under visible light is particularly significant since it is obtained with photons having energy

smaller than the band gap value.
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Figure 8. Panel A: EPR spectra of the DMPO/OH* adduct produced by irradiation of an aqueous suspensions of ZnO with UV (a) and visible (A>400 nm)
light (b) at the maximum of OH* production (5 minutes in the case of UV irradiation and 30 minutes in case of visible irradiation, respectively). Panel

B: double integration intensity of the EPR signals in function of the irradiation time.

3.4 Photoluminescence (PL) characterization

The unforeseeable visible light photoactivity of synthetized ZnO leads us to perform a preliminary
PL screening of the sample emission properties in order to confirm the existence of a higher number
of recombination pathways in the prepared material with respect to the commercial one (Kadox).
As the above described results concerning in situ-irradiation have shown that, in spite of a band gap
of almost 3.3 eV (375 nm), phenomena of charge carriers separation occur in precipitated ZnO upon
visible light illumination in various conditions, we performed PL measurements at various excitation
wavelengths in order to obtain additional information in principle complementary to those from
EPR. In Fig. 9 panel A, the PL emission spectra, performed with an excitation wavelength at 270 nm,

for ZnO- and Kadox are compared.

16



1.0+ 1.0
— Aemiss= 665nm for ZnO-P

- — - Aemiss= 530nm
] =]
5, S,
2] 0
5 z
3 5
o 0.5 S 0.5
> =
g 3
E kS
| —
o o

0.0 1 0.0

i T i T i T i T i T i T i T i T i T i T i T i 1 : T T T T T T T T T T T T T T T T T T T T T T T T T T
320 360 400 440 480 520 560 600 640 680 720 760 800 270 300 330 360 390 420 450 480 510 540 570 600 630
A [nm] A nm]

Figure 9. Panel A: normalized PL emission spectra recorded with excitation wavelength fixed at 270 nm for ZnO (black line),) and Kadox (blue line).

Panel B: normalized PL excitation spectra recorded at fixed emission maximum (665 nm for ZnO and 530 nm for Kadox)

The two samples show a dramatically different emission spectrum. ZnO exhibits a broad emission
band in the visible with a maximum at 665 nm (orange-red, 1.86eV) and a much weaker near band
edge (NBE) recombination peak at about 375 nm (direct recombination of electrons in CB with holes
in VB) [57-59]. At variance, Kadox photoluminescence is dominated by the intense NBE peak at 375
nm that is accompanied by the well-known green photoluminescence [34] with maximum at about
530 nm (2.34 eV)

The excitation spectra taken for each sample at the maximum of the emission in the visible region
are reported in Fig.9, panel B. Also in this case a net difference between the two materials shows
up clearly. While in the case of Kadox-ZnO the green emission peak with maximum at 530 nm can
only be produced by photons with energy higher or equal to the material band gap, the orange-red
photoluminescence of ZnO (665 nm) can also be generated by photons with energy lower than the
band gap, roughly in the range 390-470 nm. The PL results in Fig. 9 are in accordance with what
evidenced by EPR pointing to the presence of a rich defective structure in the precipitated ZnO
corresponding to a variety of energy states in the band gap. The band gap population is thus much
more complex in this case than in the case of the highly crystalline Kadox material.

Since the excitation spectrum in Fig. 9B has revealed that the broad orange-red emission (665 nm)
typical of precipitated ZnO can be originated also by visible photons we have monitored (Fig. 10)
the emission of this material using various excitation wavelengths comparing the results with that

related to the excitation with light at 270 nm already shown in Fig. 9A.
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Figure 10. Normalized ZnO-P PL emission spectra with excitation fixed at 270nm (a, black line), 380nm (b, violet line), 400nm (c, red line), 420nm (d,
blue line).

From Fig. 10 it clearly appears that all kind of excitation between A=270nm and A=420 nm (in two
cases — 400 nm and 420 nm- with photons having energy definitely lower than the ZnO band gap
value) give rise to the same orange-red emission band with maximum at 665 nm. This outcome
confirms that while visible light is efficient in activating the photochemistry of the wet-synthetized
Zn0; the same does not apply to Kadox-ZnO.

To summarize, in this Section we have evidenced the dominant role of the orange-red emission
occurring in precipitated ZnO upon excitation by UV photons (270-380 nm) or by photons in the
boundary region between UV and visible (400 nm-420 nm). This behavior is markedly different from
that of Kadox in which the direct CB-VB recombination and the higher energy green emission are
dominant upon excitation by UV light at 270nm and no emission can be caused by excitation
frequencies in the visible range. The body of results (EPR and PL) here reported thus indicate that
wet chemistry prepared ZnO has an original electronic structure responsible of a series of visible-
light photoinduced transitions. Additionally, same of these transitions are effective in promoting the
formation of reactive carriers (mainly holes) capable of charge transfer at the interface (Fig. 6 and
7). As it will be discussed in the next Section the reason of such a behavior must be searched in the

nature and concentration of defects present in the solid.

4. Discussion
4.1 EPR of point defects in ZnO and effect of irradiation.

Although the investigation of point defects (and of paramagnetic ones in particular) in ZnO started

more than fifty years ago, controversial assignments are still present in the literature. Furthermore,
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an analysis of the existing literature must take into account that a number of experimental
investigation is performed on materials submitted to high energy irradiations (electrons or
neutrons) in order to investigate the effects of ionizing radiation on solids. The picture emerging
from such investigations in terms of nature and abundance of defects in the bulk of ZnO, however,
must not be confused with that of interest in the present work that considers the effects of the
relatively low energy irradiation (UV, Vis) employed in photocatalysis. A thorough analysis of the
defectivity in ZnO is beyond the scopes of this paper for which it is sufficient to discuss the role of
the main paramagnetic defects present in the solid in the absorption of UV and, in particular, visible
frequencies. For a more detailed discussion on this topic the reader is referred to the thorough
review paper by Janotti and Van der Walle [60] and related works [61-64].

The EPR spectrum of ZnO obtained by precipitation, recorded after normal exposure of the material
to ambient light, shows two weak signals at the opposite sides of the free electron value (Fig. 3a).
The former, a symmetric line at about g= 1.96, has been the object of various assignments in the
past (including the one associating this signal to oxygen vacancies). The most convincing recent
interpretation is that this signal is due to electrons present in CB (or in a donor band just below the
latter) deriving from the ionization of unintentional dopants of the solid such as hydrogen [50, 65]
or from ionization of interstitial Zn; defects acting as shallow donors [63]. By the way this
interpretation (whatever the origin of these delocalized electrons) fits with the results of this and
other investigations that reports the growth of the g= 1.96 signal upon electron excitation from the
VB.

At the other side of the spectrum there are weak signals in the region (2.00-2.02) assigned to zinc
vacancies. Such kind of vacancies are expected to be present in a n-type semiconductor (having a
relatively low formation energy) and their electronic structure is based on three nearly degenerates
levels not far from the VB edge containing four electrons (the neutral Vz, defect) which act as deep
acceptor levels being able to accept two additional electrons giving rise to Vzn (S=1/2 paramagnetic)
and Vz,» (diamagnetic) respectively. These two latter defects are found at progressively higher
energies into the band gap. A third feature in the background signal is a symmetric line at about g =
2.014 that has been attributed in the literature to Pb3* impurities [66, 67] but that, most likely, is a
particular defect of the complex family of zinc vacancies [49, 68-72]. To explain this complexity it is
useful to remind, just as an example, that, as shown by careful single crystal studies [70], in the
wurtzitic structure of ZnO a given zinc vacancy can host two distinct types of holes respectively on

axial and non-axial oxygen with distinct g values and that another defect based on an oxygen
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stabilized hole shared by two Zn vacancies has also been hypothesized [47]. This explains the
complexity of the hole signal observed in various experiments (Fig. 3, 5 and 7).
Whatever the exact nature of any point defect in ZnO the experiments reported in the previous
section suggest few basic point characterizing the behavior of ZnO prepared by precipitation that
are listed in the following:
a) this system is richer in defects in comparison with the highly crystalline Kadox-ZnO as indicated
by the optical absorption that reveals a tail of the VB> CB principal transition in the first region of
visible absorption.
b) the effects typical of UV-induced charge separation described by Eqg.2, and reported in Fig. 3b
occurs also if the irradiation is limited to the range of visible wavelengths. In particular, an abundant
stabilization of electrons and holes is observed (Fig. 4 b-e) if light in the range 400-495 nm is used.
The effects of this irradiation involves the stabilisation of excited electrons that is observed in terms
of the increase of the EPR signal at high field (g= 1.96). The described features firmly suggest that
electrons are excited mainly from the VB to populate the shallow donor band at the border with the
conduction band. The existence of this region below the lower limit of the CB explains why light at
400-420nm (3.10-2.95 eV) produces an effect similar to UV light in a solid having band gap E;=3.28.
In parallel, the increase of the signal at higher g (g. = 2.021, g/, = 2.003 typical values for holes
stabilized in oxides [28, 39, 40, 73-75]) witness the stabilisation of photogenerated holes, Eq. 4. The
g values of this signal are very close to those accurately measured in a single crystal study and
assigned to the S=1/2 Vz centre, a hole stabilized nearby a Zn vacancy. This is manifestly due to
the following process involving the photogenerated holes in the band gap

h*we) + Vzn® > Vzn~ (5)
c) The previous equation thus indicates that more than one state at different energy are present
over the limit of the VB. Accurate computational work firmly indicates that the defect highest in
energy is the neutral diamagnetic Vzn?* [60, 63] while the observed paramagnetic (S=1/2) Vzn- defect
is expected at lower energy. Even closer to the VB edge it should be found the neutral Vz, that in
principle should be either a triplet state [47-49] with S=1 (not observed in the present work) or a
S=0 diamagnetic state. The negative and neutral Zn vacancies are most likely involved in the
recombination observed via photoluminescence that in fact show two components (Fig. 8) when
the excitation light is at wavelength shorter than 420nm. The behaviour of ZnO under irradiation by

UV or low wavelength visible light (400-420 nm) is resumed in Fig. 11.
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Figure 11. Schematic representation of the excitation-emission mechanism derived from PL experiments with excitation by UV or low wavelength

(400-420 nm) visible light.

In view of the presented outcomes, the most plausible explanation for the effect of irradiations
with A 2455 nm and A 2 495 nm (Fig. 3 and 5) seems to be the possibility to have a two-step photon
absorption, already proposed in the literature for ZnO [24, 76, 77] in the past, that requires the
presence of suitable intra band gap states. These intermediate states can actually be those
described before, related to the presence of Zn vacancies. A Vz, could, in principle, host an electron
promoted from the VB by a low energy photon (becoming a doubly negative Vz,2 centre) and, in
turn, the same electron could be excited to the donor band by another photon in the visible range.
A similar scheme involving a bridging energy state has also been used to explain the photoactivity
in the visible of doped semiconducting systems such as N-TiO; and Ce-ZrO;[8, 10, 29, 46]. To observe
the double transition here discussed the polychromatic light with a wide range of frequencies (as
done in the experiments reported in Fig. 3) is more efficient than the use of a single frequency in
the same range. This consideration explains why using LED illumination in the red (Fig. 5) this effect

of double transition is not observed.

There is however a second possibility to be considered, beside the one just described, and it is that
of a contribution of an intra-band gap state different from those contemplated up to now (singly
negative and doubly negative zinc vacancies). In this case the candidate for a role in the double
excitation process is the defect corresponding to the symmetric signal at g = 2.014. This signal shows

erratic intensity in the various samples and has not yet been discussed in this paper. The origin of
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this defect can be better understood considering the results of an ad-hoc experiment we performed
that is illustrated in Fig. 12. A sample of precipitated ZnO was prepared avoiding any contact with
ambient light (ZnO-Dark). The background EPR spectrum of such material (black trace in Fig. 12) is
nearly a flat line, at variance with those of the same materials submitted to a normal manipulation

in ambient light which are always more intense.

g=2.014

g=1.96

ZnO_Dark
ZnO \
g=2.003

ZnO_Dark
—— RED LED lamp on irradiation

330 335 340 345 350 330 335 340 345 350
B [mT] B [mT]

Figure 12. Panel A: EPR spectra at 77K of activated ZnO_Dark before (black line) and after (red line) exposure to ambient light. Panel B: EPR spectra at
77K of activated ZnO_Dark before (black line) and after (red line) exposure to red light irradiation (LED, 5min).

Fig. 12 compares the effects observed upon exposing the ZnO_dark sample to the normal ambient
light (Panel A) or the monochromatic red light (LED, 634 nm). The difference between the two
spectra is clear cut since in the former case all the signals corresponding to the previously described
defects (centers having g> 2.00 (hole centers), g= 2.014 and g= 1.96) shows up while in the second
case the only symmetric signal at g=2.014 appears. This signal is thus selectively generated by
photons around 1.95 eV (634 nm) that are not able, as discussed before, to move electrons from
the valence band to the conduction band. Its intensity is unaffected by UV-irradiation (Fig. 3b) but
it drops under particular irradiations in the visible (see Fig. 4) showing its sensitivity to visible light.
Both the above results point to the nature of intra-bandgap state for the defect having g=2.014.
Whatever the true nature of this defect its presence in a region mid-way between VB and CB
(together with that of the other Vz, centers described before) contributes to explain the complex
behavior of precipitated ZnO and its amazing sensitivity to visible light. Visible light irradiations are

capable not only to entail a complex photochemistry reached to transitions involving intra-band gap
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states, but also to generate surface active carriers (holes in particular, Fig 7) and OH® radicals in
solution (Fig. 8).

Although our description of the complex features of defective ZnO prepared by wet chemistry
methods is quite schematic and partially qualitative the fact remains however that, when ZnO enters
in the composition of a more complex visible light active photocatalyst like in the case of the recently
reported Ce-ZnO, its peculiar interaction with visible light hereby described, must be seriously
considered for the influence that the main component (ZnO) can have on the activity of the whole

photocatalyst.

5. Conclusion

Polycrystalline zinc oxide prepared by precipitation and used (coupled with other compounds) in
real photocatalyst displays a rich photochemistry in comparison with highly crystalline material
prepared by direct ignition of the metal (ZnO-Kadox). This behavior is due to the presence of a rich
set of intra-band gap states mainly associated to cation vacancies that origin photoluminescence
properties (i.e. recombination pathway after excitation) dramatically different in the two cases.
The particular structure of the band-gap is the reason of a second peculiar property in that visible
light, with photons energy lower than the band-gap value (both polychromatic - Fig. 3 and
monochromatic — Fig. 5) is able to cause electron-hole separation and stabilization similar to that
observed under UV illumination (Fig. 3a). This is due to a complex mechanism (not fully achieved)
that excites electrons from the valence band to the conduction band by a mechanism of double or
multiple excitations. The present results not only provide a useful information for a recently
investigated photocatalyst based on Ce0,-ZnO heterojunction [19], but have an intrinsic interest
shading more light on the photochemical property of zinc oxide. This material, prepared in a highly
defective form, can be seen as a visible light active (VLA) system. Moreover, as shown by
experiments under reactive atmosphere in aqueous suspension, a fraction of photo-formed
electrons (Fig. 6) and the totality of photo-induced holes (Fig. 7) localize near the surface of the

nanocrystals where they are able to react with specific scavengers or to produce free OH radicals.
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