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ABSTRACT

The present study aims at supplying a more in-depth picture of the Environmentally Persistent Free
Radicals (EPFRs) generation from phenol (PhOH) on ZnO/SiO; systems, by exploring the
properties of ZnO nanoparticles with different intrinsic defectivity grown on highly porous silica
with spherical (ZnO/SiO2_S) and worm-like morphology (ZnO/SiO2_W).

In detail, besides an extensive structural, morphological, and surface investigation, the occurrence
of inequivalent defect centers in the samples was tracked by photoluminescence (PL) experiments,
which unveiled, for ZnO/SiO>_W, intense blue emissions possibly involving radiative
recombination from Zn; excited levels to the valence band or to Vz, levels.

Electron Spin Resonance (ESR) spectra, corroborated these results and revealed a remarkably
different behaviour of the samples in the EPFRs formation model reaction. In fact, upon PhOH
contact, the ESR spectrum of ZnO/SiO2_S showed the exclusive presence of a weak isotropic signal
ascribable to a PhenO® EPFR. Instead, for ZnO/SiO,_W, intense features associated to oxygen
species in proximity of Vo', Vz»~ and (Vzn)2 centers dominate the spectra, while a minor
contribution of PhenO’ radical can be discovered only by signals simulation. These outcomes
definitively envisage a role of the intrinsic defectivity of ZnO NPs on the final yield and stability of
EPFRs generation, with Vo and Vz,~ defects possibly involved in dissociative adsorption or
oxidation processes at the oxide surface.

Although this work focuses on ZnO, it is expected to foster a critical re-examination and integration
of important results on other metal oxide/silica systems already reported in the literature, offering

the chance to better evaluate the dependence EPFRs generation on the oxide defects chemistry.



INTRODUCTION

The thermally activated interaction of aromatic molecules with metal oxides (such as iron, copper,
zinc, and nickel oxides) enclosed in airborne fine and ultrafine particulate matter (PM) have been
shown to generate radical species which are stable enough to persist in the atmospheric environment
for days 1. These environmentally persistent free radicals (EPFRs) are thought to generate DNA
damage and induce pulmonary dysfunction, resulting from the onset of oxidative stress initiated by
the radicals originated after exposure to PM and smoking 7. Further, EPFRs represent
intermediates for the generation of polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs), polycyclic aromatic hydrocarbons (PAHSs) and their derivatives 12,

The general mechanism proposed for EPFRs formation entails the chemisorption of substituted
aromatic molecules such as phenols, chlorophenols, and/or chlorobenzenes on the surface of
transition metal oxides, which, successively, induces an electron transfer from the organic adsorbate
to the metal center 315, This results in a surface-bound organic radical and in the partial reduction
of the metal cationic species, detected by electron spin resonance (ESR) and X-ray photoelectron
spectroscopy (XPS) in CuO/SiO2 87, TiO2/SiO2 5 and Fe203/SiO> 16 model systems, which simulate
the PM particles 17 18, Recently the importance of the morphological features (e.g., the particle size,
the specific surface area, metal clustering and distribution) on the radical generation have been also
highlighted, confirming that the study of the EPFRs formation mechanism is essential in order to
understand their properties and fate in the environment * 20,

In this frame, several recent efforts have been devoted to investigate the pathway of EPFRs
formation on ZnO, which is known to provide phenoxy radicals with extraordinary lifetimes of 73
days 223, This uncommon stability and low reactivity have been associated by Patterson et al. 23 to
a charge transfer from ZnO toward the chemisorbed adsorbate, in evident contradiction to the
previously cited EPFRs formation mechanism, which would involve the formation of Zn(l) species.
In particular, by combining UPS and EELS experimental results, they primarily evidenced that,

upon phenol (PhOH) chemisorption, EPFR generation is more favorable on polar (000-1) Zn-
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terminated surface rather than on apolar (1010) surface, regardless the adopted contact temperature
22 Successively, besides demonstrating by vibrational spectroscopy the formation of nearly
identical phenoxy radicals both at room temperature and at 250 °C, they suggested by DFT
calculations that the generation of EPFRs on (000-1) ZnO surfaces involves a coordination of the
radical species to three Zn adjacent cations, supporting a charge transfer from the oxide to the
adsorbate %,

Although the mechanism proposed in such studies takes into account some properties of ZnO, like
crystal structure and exposed surfaces, it delivers an incomplete picture of the complexity of the
system, since the peculiar intrinsic defectivity typically detectable in this material, i.e. lattice
vacancies (Vzn,Vo), Zn or O on interstitial sites (Zni, O), is not considered 2,

These defects are widely studied in the literature 2> 26 and are often associated with emissions in the
visible region (violet ~2.9 eV, blue ~2.6 eV, green ~2.2 eV and yellow ~2.1 eV), whose attribution
is still controversial. Moreover, some of them give rise to ESR active species: zinc vacancies when
a hole is involved as lattice defect (Vzn'); zinc interstitial defects Zn;*, usually thermally or light-
generated; oxygen ions (O~ and O"); oxygen vacancies with one electron (Vo"), i.e. F* centres 272,
All these defective species play a key role in determining the applications of ZnO especially in the
field of heterogeneous catalysis 332 and sensing 3. This envisages their involvement also in other
surface-mediated processes, like those resulting in the EPFRs formation.

In this scenario, the present study reports on the experimental assessment of the EPFRs generation
from phenol on ZnO nanoparticles (NPs) with different intrinsic defectivity supported onto highly
porous silica (ZnO/SiO»). This catalytic system mimics the PM particles.

In detail, ZnO NPs were grown directly on SiO2 NPs with spherical and worm-like morphology (i.e.
Zn0O/SiO,_S and ZnO/SiO>_W), by a modification of a previously developed and consolidated
sol-gel route 3* 35, which allows a homogeneous distribution of ZnO on silica surface. Besides a

careful structural and morphological characterization of the materials, an extensive spectroscopic



investigation carried out by XPS and photoluminescence (PL) revealed the occurrence of various
inequivalent defect centers and allowed to observe their electronic transitions.

Accordingly, ESR investigation corroborated a different intrinsic defectivity in the samples and, in
particular, the occurrence of O™ and Vz, in ZnO/SiO2_W. Interesting correlations have been
outlined between the stability of these defects and their influence on the reactivity of ZnO/SiO;

systems with PhOH in the model reaction exploited to promote the EPFRs generation.

EXPERIMENTAL

Synthesis of ZnO/Si0:. ZnO/SiO:> powders were synthetized by a two-step reaction, developed by
modifying a previously reported procedure ****. The method is fast, almost green (just ethanol and
water as solvents) and generally allows to control the ZnO loading and to get a homogeneous
distribution of the oxide in the final matrix.

First, SiO2 particles with spherical (SiO2_S) and worm-like (SiO2_W) shape, nanometric size and
very large specific surface area, were prepared according to 3* 3" and utilized as suitable matrix to

simulate the particulate matter (step I).
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Scheme 1. Synthesis of ZnO/SiO, NPs 3435,

Successively, ZnO NPs were grown and anchored onto the surface of the two SiO2 supports,
exploiting a method reported in ** 3 (step 11). In detail, Zn(CH3COO)2*2H,0 (0.337 g) and NaOH
(0.28 g) were dissolved in 50 mL of ethanol at 65°C; in the meantime, 1 g of SiO2_S or SiO, W

was dispersed in 20 mL of ethanol by sonication for 10 min (RT, pulses: 1 s; 20 kHz). Then the



SiO> dispersion was added to the former zincate solution and kept under stirring at 65 °C for 20
minutes. ZnO NPs formed by hydrolysis and condensation on the silica surface. After 20 min
ZnO/SiO; particles were filtered, successively washed four times with ethanol and dried in air at
room temperature (Scheme 1). The reactants amounts were chosen in order to obtain a nominally
composition of the catalyst corresponding to 12 wt. % of ZnO on silica. The samples obtained from

SiO2_S and SiO2_W were labelled as ZnO/SiO,_S and ZnO/SiO,_W, respectively.

Structural and morphological characterization.

The actual Zn loading was determined by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES), using a PerkinElmer OPTIMA7000 DV spectrophotometer.

Powder X-ray diffraction (PXRD) patterns were collected with a Brucker D8 Advance (Cu Ka
radiation) in the range 20-70° 20 (20 step 0.025°, count time of 2 s per step).

Scanning electron microscopy (SEM) measurements were performed by a Vega TS5136 XM
Tescan microscope in a high-vacuum configuration. The electron beam excitation was 30 kV at a
beam current of 25 pA, and the working distance was 12 mm. In this configuration, the beam spot
was 38 nm. Prior to SEM analysis, samples were gold sputtered.

High-resolution transmission electron microscopy (HRTEM) was performed using a Jeol 3010
apparatus operated at 300 kV with a high-resolution pole piece (0.17 nm point-to-point resolution)
and equipped with a Gatan slow-scan 794 CCD camera. Samples were obtained by removing a film
portion from the substrates in order to obtain a fine powder sample, then suspended in 2-propanol.
A 5 pL drop of this suspension was deposited on a holey carbon film supported on a 3 mm copper
grid for TEM investigation.

Nitrogen physisorption experiments were performed by using a Micromeritics ASAP2020
instrument, after evacuation of the samples at 180°C overnight. A liquid N2 bath was used for
measurements at 77 K. Specific surface area values (SSAser) were determined by the Brunauer-

Emmett-Teller (BET) method.



Spectroscopic characterization.

XPS characterization. The surface chemical composition of the ZnO/SiO: powders was investigated
by XPS. The measurements were performed on the as-prepared powders samples, fixing them on
the sample holder using carbon tape. The XPS spectra were acquired in ultrahigh vacuum (base
pressure: ~5 x 1071° mbar) at room temperature in normal emission geometry using a conventional
Mg X-ray source (hv = 1253.6 eV) and a hemispherical electron energy analyzer (total energy
resolution ~0.8 eV, standard deviation £0.2 eV). Due to charging effects, all binding energies (BE)
were calibrated by fixing the C 1s binding energy of atmospheric contamination at 284.8 eV.
Survey scans were obtained in the 0-1100 eV range, while detailed scans were recorded in the BE
regions corresponding to O 1s, C 1s, Si 2p, and Zn 2p levels. The O 1s and Zn 2p3;> XPS spectra
were reproduced by fitting the experimental data using a Shirley background and several Doniach-

Sunjich components, corresponding to different oxidation states and chemical environments.

Photoluminescence. Steady state photoluminescence emission (PL) and photoluminescence
excitation (PLE) spectra were measured by a continuous wave (CW) xenon lamp as excitation
source coupled to a double monochromator (Jobin-Yvon Gemini 180 with 1200 grooves/mm
gratings), and recorded through a nitrogen cooled, back illuminated, UV enhanced, CCD (Charge-
Coupled Device) detector coupled to a monochromator (Jobin-Yvon Micro HR with a 150
grooves/mm grating). Time-resolved PL (TRPL) spectra have been collected in time correlated
single photon counting mode using a FLS 980 spectrofluorometer by Edinburgh Photonics. TRPL
measurements were carried out using a pulsed diode light emitting device (EPLED) emitting at 3.6
eV as excitation source with a pulse width of ~950 ps, and a pulsed diode laser (EPL) emitting at
3.1 eV with pulse width of ~75 ps. The signal was collected with a bandpass of 20 nm at different
emission energies: at 2.1 eV and 2.3 eV for excitation at 3.6 eV and at 2.7 eV for excitation at

3.1eV.



ESR investigation. ESR studies of ZnO/SiO: samples were carried out using a Bruker EMX
spectrometer operating in X-Band, with a frequency modulation of 100 kHz, microwave power of
0.2 — 63 mW, magnetic field modulation of 2-5 Gauss and equipped with an Oxford cryostat
operating in a range of temperatures between 4 and 298 K. Spectra on as-prepared samples were
registered both at room temperature and at 130 K, mostly in static vacuum (p < 10" mbar).
Experiments aimed to detect EPFRs were performed in accordance with the Dellinger procedure °.
In detail, a home-made contact system was utilized for the adsorption of molecular adsorbates onto
the catalyst. The experimental setup consisted in a Schlenk-line connected both to vacuum and to
inert gas (N2) and provided with a pressure gauge. A tailor-made ESR reactor with the ZnO/Si0:
samples, and a reservoir reactor containing the pollutant (PhOH) were connected to the line. Before
any experiment, the system was evacuated down to p < 10" mbar, in order to avoid any possible
contamination.

For the contact, about 150 mg of ZnO/SiO2 powders were charged in the ESR reactor. The system
was then evacuated at p < 10" mbar and simultaneously heated up to 503 K. ZnO/SiO: samples
were successively contacted for 10 minutes at the same temperature with p = 20 mbar of PhOH.
After exposure, the samples were again evacuated down to p < 10" mbar for 1h at the dosing
temperature to remove any residual physisorbed dosant.

The g values were calculated by standardization with a,a’ - diphenyl - b - picryl hydrazyl (DPPH).
Care was taken to always keep the most sensitive part of the ESR cavity (1 cm length) filled.

Spectra simulations and fits were performed using the SIM 32 program **.

RESULTS AND DISCUSSION
Structural and morphological characterization of ZnO/SiO: samples.

ICP-AES analysis attested that the ZnO loading corresponds to 10.4+0.1 wt. % and 9.8+0.1 wt. %
for ZnO/Si02_S and ZnO/Si02_ W, respectively, i.e. values barely similar to the nominal ones (~ 12

wt. %), with a reaction yield of about 80% in both cases.
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Figure 1. PXRD pattern of ZnO/SiO:_S (black line) and ZnO/SiO2_ W (black bold line).

The structural features of ZnO/SiO. powders were investigated by PXRD diffraction. Figure 1
shows the pattern of the as-synthesized ZnO/SiO:_S and ZnO/SiO2_ W samples. Besides the broad
peak at ~22° connected to amorphous SiO2 NPs, five main diffraction peaks can be identified and
assigned to the hexagonal wurtzite ZnO crystal phase (JCPDS no.36-1451). A small increase in the
relative intensity and sharpening of the (100) and (101) reflections is detectable going from
Zn0/Si0:2_S to ZnO/Si02_ W, suggesting a slightly higher crystallization degree and an increased
average size for ZnO NPs anchored onto anisotropic silica surfaces.

The morphology of ZnO/SiO- particles was preliminarily inspected by SEM microscopy (Fig. 2). In
detail, SEM micrographs showed that ZnO/SiO2_S is constituted by quite uniform silica
nanospheres with average diameter of ~ 80 nm (Fig. 2a), while for ZnO/SiO>_W elongated
nanoparticles with rod-like morphology and average length of ~ 400 nm have been

observed (Fig. 2b).
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Figure 2. SEM micrographs of: a) ZnO/SiO2_S; b) ZnO/SiO2_W particles.

In order to gain deeper insight into the morphological features of ZnO/SiO, samples, TEM
investigation was carried out (Fig. 3). The images of ZnO/SiO>_S revealed that SiO> NPs actually
are even smaller in size, with an average diameter of ~ 30 nm (Fig. 3a, b). In the case of
Zn0/SiO2_W, besides the evident worm-like morphology (Fig. 3d), the occurrence of an ordered
mesoporous channel structure of few nanometers in diameter can be detected (Fig. 3e).

High resolution images (HRTEM) allowed to identify almost spherical or slightly elongated ZnO
nanocrystals (average diameter/length ~ 5 nm), with well detectable crystallographic planes,
homogeneously decorating the silica surface, whose crystallinity seem slightly more relevant in

Zn0O/SiO2_W NPs (Fig. 3c and f), in accordance with PXRD indications.
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Figure 3. TEM and HRTEM images of: a)-c) ZnO/SiO:_S and d)-f) ZnO/SiO2>_W. Insets in ¢) and
f) highlight the crystalline nature of ZnO nanoparticles anchored on the surface of amorphous silica

in ZnO/Si02_ W.

Nitrogen physisorption experiments revealed a slightly different behavior of the samples (Fig. 4 and
Table 1). ZnO/SiO2_S shows a type II- IV combination of Brunauer isotherm (Fig. 4a) with a very
narrow hysteresis loop. ZnO/SiO>_W displays instead a type | - type 1V combination of isotherms,
typical of micro-mesoporous material, i.e. presenting both well-developed microporosity and some
mesopores.

The modelling of the isotherm by nonlocal density functional theory methods (NLDFT) 3% %0 in
order to obtain the pore size distribution (Fig. S1, Supporting Information), revealed that the

mesopore size corresponds the silica intrinsic mesoporosity.
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Figure 4. Adsorption/desorption isotherm at liquid nitrogen temperature for a) ZnO/SiO2_S and b)

Zn0O/SiOz_W sample.

Table 1 — SSAser and Desorption Cumulative Pore Volume (DCPV) values determined for

ZnO/SiO;_S and ZnO/SiOz_W particles.

Sample SSAser (m?/g) DCPV (cm’/g)
Zn0O/SiO,_S 110.1£0.4 0.486
Zn0O/Si0; W 216.8+1.3 0.238

These results indicate a relevant porosity for both the systems, even if the decoration with ZnO
nanocrystals probably leads to the occlusion of the silica mesopores, thus reducing the whole pore
volume and the total surface area in comparison to the pristine materials (see SSAger and DCPV
values for SiO2_S and SiO>_W reported in Table S1, Supporting Information)

In summary, the morphological investigation unveiled the achievement of a homogeneous ZnO
distribution onto the surface of amorphous silica NPs, without excessive clustering of the metal

oxide in large aggregates.

12



Spectroscopic characterization of ZnQ/SiO2

XPS characterization. XPS analysis was carried out to further study the composition of the prepared
ZnO/Si0O; systems (Fig. 5 and 6). Fig 5 shows the typical XPS wide survey spectra of ZnO/SiO>
samples and of the corresponding SiO2 nanoparticles utilized as support. Zn, O and C peaks were
detected. The presence of C in SiO2 powders is related to the carbon adsorbed on the surface during
the exposure of the sample to the ambient atmosphere while, in ZnO/SiO,, it may be ascribed also
to residual acetate species derived from the Zn precursor utilized for the materials synthesis. All
binding energies were corrected for the charge shift using the C 1s peak of graphitic carbon (BE =
284.8 eV) as a reference.

Zn 2pz2 XPS spectra of ZnO/SiO2_S and ZnO/SiO2_W are presented in Figure 6a. For both the
samples, the Zn 2ps» spectra are found at ~1023.2 + 0.2 eV, typical of Zn—O ionic binding .
However, in pure ZnO this level is usually detected at lower binding energies (BE ~ 1021 eV) 4,
The shift to higher BE suggests a change in the binding state of Zn ions, which can be induced by
the formation of Zn—O-Si bonds at the interface between the ZnO and SiO2 NPs in ZnO/SiO;
samples. In detail, the higher Si electronegativity (1.9 eV) compared to that of Zn (1.65 eV), may
activate a charge transfer from zinc to oxygen in ZnO/SiO particles, which induces a decrease of
the shielding effect of the valence electrons in Zn ions and, consequently, an increase of the BE of
the core electrons of ZnO *. Moreover, as concerns on the position of Zn 2p3/2 peak, we cannot
exclude the presence of different Zn-OH species at the surface 3.

O 1s XPS spectra of SiO,_S, SiO2 W, and ZnO/SiO; samples (Fig. 6b) display remarkable
differences. The O 1s level in ZnO/SiO> is significantly broader than that observed for the pure
silica nanoparticles, suggesting the occurrence of oxygen species in a different chemical
environment. Indeed, spectral deconvolution resulted in two bands centered at 533.4 £ 0.2 eV and
531.8 £ 0.2 eV (Fig. 6b), which were assigned to oxygen atoms in silica and in the wurtzite ZnO
crystalline network, respectively 4143, The presence of this low energy component, which appears

more evident in ZnO/SiO2_W, supports the crystalline nature of ZnO NPs and suggests a more
13



significant modification of the ZnO surface in this sample, due to the anchoring on anisotropic

silica.
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Figure 5. XPS wide survey spectra of SiO2_S, SiO2_ W, ZnO/SiO2_S and ZnO/SiO2_W samples.
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Figure 6. a) Zn 2p3/2 and b) O 1s XPS spectra of SiO2_S, SiO2 W, Zn0O/SiO2_S and ZnO/SiO2_W

samples.
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Photoluminescence measurements. Steady-state and time resolved PL measurements were carried
out to study the optical properties of ZnO/SiO systems (Fig. 7). Figs. 7a and 7b show, that exciting
above the energy band gap of ZnO (Exc = 3.5 eV and 3.7 eV, respectively), PL spectra of
ZnO/SiOz _S and ZnO/SiO2 _W are centred at 2.2 eV and the excitonic peak, usually centred at
3.3 eV %, is not observed. The detected emission can be attributed to the presence of defect levels in
the band gap of ZnO that compete with the excitonic one and cause a green luminescence slightly
shifted toward the yellow region. Exciting below the energy gap of ZnO (Exc = 3.1 eV), only a
composite emission of ZnO/SiO> _W centred at 2.6 eV (Fig. 7b) is observed, revealing the
occurrence of defect centres not present in ZnO/SiO2 _S. A Gaussian deconvolution of the PL
spectrum of ZnO/SiO2 _W excited at 3.1 eV was performed (Fig. S2, SI). As a general approach for
the fit procedure, we chose to involve the minimum number of Gaussian components required to
obtain a satisfactory spectrum reconstruction. The numerical analysis was conducted by starting
from the energy peak values reported in the literature. The slight discrepancy between our results
and the literature ones can be accounted for the different morphology and the distorted crystal
structure affecting mostly nanometric systems. The fit is in very good agreement with the
experimental curve considering three bands whose parameters are reported in Table S2 of SI. The
first component, centred at 2.26 eV, is probably the same one also excited at 3.5 eV and it has been
extensively reported in the literature 2 2% 44, The others two bands, excitable only at 3.1 eV, are
responsible for the emission in the blue region. The second component is peaked at 2.55 eV and
dominates the spectrum. A similar band was already observed in ZnO. For example, it has been
detected in ZnO thin films % and nanotubes “6. The third one, centred at 2.82 eV, was added to get a
fully satisfactory fit in the energy region above 2.9 eV. Despite the weaker intensity, its occurrence
is commonly detected . The reliability of the fit is therefore supported by previous literature
investigations in which the bands involved were already detected. PLE spectra of the two systems
corroborate PL results, confirming the presence of distinct defective species: ZnO/SiO2 _S shows

one PLE peak at 3.4 eV (emission recorded at 2.4 eV), while ZnO/SiO2 _W shows two PLE peaks
15



at 3.1 eV and at 3.7 eV (emissions recorded at 2.7 eV and at 2 eV respectively). For comparison,

Fig. 7c displays the absolute PL intensities of the various samples taken under the same

experimental conditions. The emission at 2.2 eV of ZnO/SiO2 _S is an order of magnitude more

intense than in ZnO/SiO, _W, which displays instead a relevant blue emission. The weak emission

of ZnO/SiO2 _W at 2.2 eV could be related to either a lower concentration of the emitting defect

centres responsible for the green luminescence or to the existence of an effective quenching

channel. In the inset of Fig. 7c, the PL spectra of pristine SiO2> _S and SiO2 W NPs are reported.

Their intensity is negligible in comparison with the emission of the ZnO/SiO2 samples, supporting

the attribution of the optical properties of the systems completely to ZnO species anchored on the

silica NPs. This is confirmed also by radioluminescence spectra collected on pristine silica

nanopowders (not shown), which demonstrate that the composite emissions at ~ 2.4 eV detected in

ZnO/SiO; samples are not connected to the silica substrate.
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Figure 7. a) Normalized PL and PLE spectra of ZnO/SiO _S. The PL spectrum (solid blue line) is

recorded under CW excitation at 3.5 eV. The PLE spectrum (dashed blue line) is monitored at 2.4

eV. b) Normalized PL and PLE spectra of ZnO/SiO. _W. The PL spectra are recorded under CW
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excitation at 3.7 eV (solid black line) and at 3.1 eV (solid pink line). The PLE spectra are monitored
at 2 eV (dashed black line) and 2.7 eV (dashed pink line). ¢) PL spectra recorded under CW
excitation of ZnO/SiO; _S at 3.5 eV (blue line), ZnO/SiO, W at 3.7 eV (black line), and
ZnO/SiO2 W at 3.1 eV (pink line). Inset: PL spectra of SiO2 _S (red line) and SiO> W (green line)
recorded under CW excitation at 4.1 eV. d, e) PL time decays of ZnO/SiO; _S (dotted blue line) at
2.1 eV and of ZnO/SiO2 _W (black dotted line) at 2.3 eV under pulsed excitation at 3.6 eV. f) PL
time decay of ZnO/SiO> _W (pink dotted line) at 2.7 eV under pulsed excitation at 3.1 eV. The
instrument response function is also shown (mustard dotted line). From d to f, the signal decays are
fitted as a multi-exponential function (solid lines) and the average lifetime values are reported. The

sets of all parameters used to model the PL decay are reported in Tables S3-S5 in SI.

To further investigate the defect-related emissions, TRPL measurements were performed. The
signal decays of the green emission of both ZnO/SiO. _S and ZnO/SiO,_W samples, recorded at 2.1
eV and 2.3 eV, respectively, can be fitted with a three-exponential function (Figs. 7d, e and Tables
S3-S4in Sl). The average lifetime of ZnO/SiO> W signal (7 = 286 + 6 ns) is shorter than the one of
ZnO/SiO2 _S (t = 850 = 20 ns), supporting the occurrence of additional quenching centres in
ZnO/SiO2 _W. Fig. 7f reports instead the time decay of the blue emission of ZnO/SiO, W recorded
at 2.7 eV, which is fitted with a two-exponential function (Table S5 in SlI). The different origin of
this emission is enlightened by its average lifetime (7 = 0.6 £ 0.2 ns), which is remarkably shorter
than that at 2.2 eV in the same sample. For all the multiexponential PL decays, the complete data
set of the obtained decay components with corresponding weight percentage are reported in Tables
S3-S5 of SI.

According to the above experimental results, several considerations can be drawn. The green
emission detected in both ZnO/SiO2 _S and ZnO/SiO2 _W is the most commonly observed in ZnO
and also the most debated. It should be noted that in the literature 2 2°, the peak position of a band

in this spectral region is reported ranging from 2.2 eV to 2.4 eV and different emission energies
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sometimes are attributed to different defects. Several hypotheses have been proposed. The emission
at 2.2 eV is usually attributed to transition from the singly ionized oxygen vacancy (V,") to the

valence band as verified by Camaranda et al. '

monitoring the PL intensity during thermal
annealing in O, and by Drouilly et al. * through ESR measurements. Li at al. “° studied the green
luminescence at 2.4 eV of ZnO nanowires with ultrafast PL techniques suggesting a recombination
mechanism that involves electrons trapped in shallow levels with holes trapped in deep levels
(~0.88 eV above the valence band). Moreover, green emission appears to be related also to surface
defects, since it has been observed also that its intensity depends on the NP size *°, the substrate
used for growth 5 and the terminating facets exposed 2. In the present case, the green luminescence
appears affected by the different structural, morphological and surface features of the ZnO/SiO>
samples. In particular, the slightly higher crystallinity of ZnO NPs assessed by XRD and TEM as
well as the presence of more significant modification of the ZnO envisaged by XPS in
ZnO/SiO2_W, seem to be connected toto the occurrence of a higher concentration of quenching
channels in this sample as TRPL measurements suggest.

The intense blue emission observed exclusively in ZnO/SiO>_W powders remarks its peculiar
defectivity that affects the optical properties. This emission has been often associated to zinc
interstitial defects (Zni) which are shallow donors that lie at ~0.3 eV >3 below the conduction band.
Zeng at al. >* observed that the blue PL can be excited by energies lower than the ZnO band gap, in
agreement with our results. They proposed that the Zn; levels, after the absorption of light, relax to
the valence band emitting a photon with energy of ~2.9 eV. In any case, the emission in the blue
region of ZnO/SiO, _W exhibits two sub-bands, centred at 2.82 eV and 2.55 eV, respectively (Fig.
S2, SI). To explain these two components, Han et al. >® proposed an emission mechanism involving
also a zinc vacancy (Vzn) which is a shallow acceptor that lies at ~0.3 eV * above the valance band.
According to this hypothesis, the photogenerated electrons can decay from Zn; levels to the valence

band or to Vzn levels emitting photons with energy of ~2.9 eV and ~2.6 eV, respectively. Thus,
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ZnO/SiO2 _W display defect centres absent in ZnO/SiO> _S and reasonably relatable to the presence
of Znj and Vzn species.
In conclusion, PL investigation highlights the occurrence of different optical properties for

ZnO/SiOz systems, which foresee a role of defects in the reactivity of the materials.

ESR investigation

Several previous ESR studies in the literature reported thatthe adsorption of aromatic systems (i.e.
chlorine- and hydroxy-substituted benzenes) on ZnO/SiO: surface leads to the generation of a
surface-bound EPFR, similarly to the case of other transition metal oxides. In particular, Lomnicki
et al. *' argued that the half-lives of EPFRs formed on ZnO domains were the longest observed
among the metal oxides studied and ranged from 3 to 73 days. Such remarkable radical stability was
related to the low reducibility of Zn (II), thus corroborating the idea that the persistency of the
EPFRs is rather dependent on their interaction with the metal oxide surface and not to their
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reactivity toward molecular oxygen “°. More recently, other studies associated instead this

uncommon behavior to a charge transfer from ZnO toward the chemisorbed adsorbate, which would

involve the improbable formation Zn (I) species *

. Nevertheless, the authors reasonably
acknowledged that further comprehensive investigations are mandatory to fully elucidate the
mechanism governing the generation and the stability of EPFRs on ZnO/silica >.

Bearing in mind these concerns, here the PhOH interaction with ZnO/Si10: has been studied by ESR
tracking also the peculiar intrinsic defects typically detectable in ZnO, as lattice defect (Vzn), zinc
interstitial (Zni), oxygen ions (O~ and O27) and oxygen vacancies (Vo'), which severely affect its
surface reactivity and plausibly the EPFRs formation.

As a first step, pristine ZnO/SiO2 samples were investigated. In detail, no spectral features have
been detected for ZnO/SiO2_S before the interaction with PhOH. ZnO/SiO,_W displays instead a

complex spectrum constituted by two groups of resonance lines, assigned to different defect centres

(Fig. 8a).
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At higher field, a weak and broad signal with g ~ 1.96, whose assignment is still under debate in the
literature 2* 5 %8 can be observed. It is generally associated to singly ionized oxygen vacancy
defects (Vo) or shallow donor centers, such as ionized impurity atoms in the crystal lattice of ZnO
5758 Conversely, other reports infer that this ESR signal may be due to one electron being weakly
bound to ionized impurities, e.g. Zn;i centers *°. Thus, UV-irradiation is expected to excite them
giving rise to paramagnetic species .

In the present case, UV-photoexcitation of ZnO/SiO>_W sample at 130 K resulted in a partial
increase of the very weak feature at g ~ 1.96 (not shown), suggesting that the signal is not related to
oxygen vacancies, while it belongs to electrons from a shallow donor level located in impurity
atoms 60,

The lower field overlapped signals g = 1.99-2.02 observed for ZnO/SiO,_W have been widely
reported in the literature for ZnO systems 567, However, their assignment is still discussed. ESR
investigations on bare ZnO performed under UV photoexcitation have attributed these spectral
features to singly ionized Zn vacancies (Vzn"), while other studies ascribed them to Vo* centers.
Recently, Erdem et al. ®1%% have proposed a core-shell model to describe the paramagnetic centers
in ZnO nanoparticles. In their model, the ESR signal at g ~ 1.96 belongs to Vz, species in the bulk
(core), whereas those near g ~ 2.00 arise from different surface oxygen vacancy defects (shell).
Thus, in order to provide a fair attribution and to discriminate the overlapping signals at g = 1.99-
2.02 occurring in ZnO/SiO2_W, their saturation behavior as a function of the microwaves power
have been studied (Fig. 8b). Increasing the power from 0.2 mW to 63.5 mW, the spectral feature at
g ~ 2.01 (labelled with <>) increases in intensity in the whole power range and does not saturate
even at the maximum microwave power utilized. Instead, the signals at g ~ 2.02 and g ~ 2.00
(indicated with %) reach a maximum at 6.3 mW, indicating that signal saturation occurs in

proximity of this power value (Fig. 8b).
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These trends clearly prove the presence of different paramagnetic species, whose g values and
relative contribution to the spectrum (calculated as % of the total intensity of overlapping signals at
g = 1.99-2.02) were calculated by signal simulation.

Three different components have been identified (Table 2 and Fig. 8a): two overlapping
orthorhombic signals (species I and 1) and one almost isotropic line (species I11).

According to previous studies 2 63 66,67

, they have been attributed to paramagnetic defects located
in proximity to the surface of the ZnO nanoparticles: species I, with orthorhombic symmetry, to Oz~
centers associated to the presence of oxygen vacancies; species II, with roughly orthorhombic

symmetry, to two mutually close zinc vacancies with one hole, i.e. (Vzn )27; species III, almost

isotropic, to O~ species connected to the oxygen ions that surrounds Vz,~ defects.

Power
=2.02-1.99
g l g~1.96 (mw) * ¥
0.2 '
exp.
/V\/Sim.
M\[ I
J\/ I
% 1l
y
3250 327.5 330.0 3325 335.0 325 330 335
Magnetic Field (mT) Magnetic Field (mT)

Figure 8. a) Experimental (exp.) and simulated (sim.) ESR spectrum at 300 K of ZnO/Si0. W
powders. Deconvolution of signals of into species I-III is also reported. b) Spectra of ZnO/Si0. W
recorded at different mW power at 300 K. The signal at g ~ 2.01 is labelled with <>, while those at
g ~2.02 and g ~ 2.00 with %. Dashed lines are guides to discriminate the trend of these different

paramagnetic species.
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The exposure of ZnO/Si0O: systems to PhOH vapors allowed to emphasize even more their different
defective structure and its influence on the surface reactivity of the materials (Fig. 9).

In detail, the ESR spectrum of ZnO/SiO_S recorded after PhOH exposure reveals the exclusive
presence of a new weak isotropic signal at g = 2.0036 with linewidth of 8.3 G (Fig. 9a), which is
highly stable and undergoes a noticeable decay only after 24 hours in air. This behaviour is typical
of an EPFR '’ and, based on the g value, the resonance occurring at g = 2.0036 was assigned to

PhenO’ radicals.

ZnO/Sio, S ) ZnO/Sio, W
sim.

ZnO/Si0o, W

PhOH
(20 mbar)
at 503 K

_ v
Zn0/Sio, W
gain x 2 exp. A Zn0/Si0O,_S
T T T T T T T T T T T T T T T T T T
325.0 327.5 330.0 3325 335.0 325.0 3275 330.0 3325 335.0
Magnetic Field (mT) Magnetic Field (mT)

Figure 9. a) ESR spectra at 300 K of: ZnO/Si02_ W powders before and after exposure to PhOH
vapors at 503 K; ZnO/SiO:2_S after PhOH contact. b) Experimental (exp.) and simulated (sim.)
spectra at 300 K of ZnO/Si02_ W particles recorded after PhOH exposure. Deconvolution of signals

of into species I-1V is reported. ESR spectrum of ZnO/Si10:_S is also included for comparison.

After PhOH contact, ZnO/SiO,_W displays a complex spectrum due to different overlapped
resonance lines. The signal intensities are higher and linewidths larger than those of the
ZnO/SiO,_S powders. Besides, a rapid decay of the spectral features occurs upon air exposure.

ZnO/Si0O2_W spectrum was simulated and fitted with four different lines (Figure 9b) whose values
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are reported in Table 2. These characteristics and the simulation results indicated that the spectral
features can be associated unambiguously to species I-111 already observed in pristine ZnO/SiO; W
and probably generated from the surface interaction between PhOH and ZnO. However, the fitting
of the spectrum suggests the presence of a fourth isotropic center (species 1V in Fig 9b) contributing
to the spectrum at g = 2.0040 and with linewidth 8 G, attributable to the PhenO" radical 2% 2L,

The intensity of this signal is much lower than that detected for the same radical in ZnO/SiO_S

(Table 2).

Table 2. g tensor values of the paramagnetic defects detected before and after PhOH contact for
ZnO/Si02_ W sample, determined by simulation of the ESR features. The relative contribution of
the species (calculated as % of the total intensity of overlapping signals at g = 1.99-2.02) is also
reported. The g-value of the EPFR (species 1V) arising upon PhOH contact in ZnO/SiO2_S is

reported for comparison.

Pristine After PhOH exposure
Speci Zn0O/Si02_ W Zn0/Si02_S Zn0O/Si02_ W
pecies
Contribution g value Contribution g value Contribution g value
(%) (%0) (%)
0z = 2.0243, / 0zz = 2.0249,
| 02 (Vo) 46.0 % Oyy = 2.0036, / 47.0 % Oyy = 2.0036,
Ox= 2.0010 gx= 2.0010
0z =2.0077, / 02z = 2.0084,
1 (V)2 36.5 % Oyy = 2.0043, / 23.6 % Oyy = 2.0049,
gx= 1.9980 Ox= 1.9992
_ _ 0 gL=2.0124, / 0 gL=2.0129,
1l O (Vz) 17.5% 9] = 2.0114 / 224 % 9] = 2.0119
EPFR /

0, ] 0, ieq =

v PhenO" / 100% Qiso = 2.0036 7.0% Oiso = 2.0040

The above outcomes support the PL results and substantiate the existence of various inequivalent
defect centers in ZnO/SiO, systems. In particular, the peculiar paramagnetic defectivity of
ZnO/SiO2 _W enlightened by ESR spectra (i.e. oxygenated species in proximity of Vo', Vzn ,

(Vzn )2~ and Zn; centers) appears connected to the intense blue emissions observed at ~ 2.9 eV and
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~2.6 eV exclusively in this sample, which accordingly rely on photogenerated electrons that can
decay from Zn; levels to the valence band or to Vz, levels emitting photons.

Further, the occurrence of these specific defects remarkably affects the final yield of EPFRs
generation. In fact, Vo' and Vz.~ defects in ZnO/SiO2 W may promote a dissociative adsorption
process on the substrate % leading, upon PhOH absorption, to ESR silent adduct or to its fast
oxidation toward quinonic products. From the ESR spectra, it is also evident that the interaction of
PhOH in mild vacuum conditions (p <10 mbar) creates further vacancy sites on the catalyst
surface which can be filled then by the residual O present in the stream forming new Oz~ and O~
centers. These species may act as oxidative sites for the organic molecule (i.e. Mars van Krevelen

mechanism ®9), thus hampering the formation and stabilization of EPFR in ZnO/SiO2. W.

With regard to the present study, the defectivity of ZnO NPs arising from the different structural,
morphological and surface features of the ZnO/SiO samples, has been considered as the trigger of
their surface reactivity in the formation of EPFR. However, it must be observed that the silica NPs
utilized as substrate for growing homogeneous ZnO NPs and mimicking the PM particles might
play also a key role.

As extensively reported in the literature "2, several dangling type defects, e.g. non-bonding
oxygen-hole centers (NBOHCs), peroxy radical centers (POR) and the so-called E’ centers, can be
detected in mechanically ground silica glass or in high surface area silica.

Although PL and EPR survey on both pristine and ZnO-modified SiO> NPs did not give any clear
evidence about the presence of defect sites associated to the silica substrate, their possible
occurrence in ZnO/SiO2 systems cannot be excluded and surely represents a point that could be
decisive for their interfacial reactivity. In fact, these species often behave as catalytically active
sites, contributing to reactant adsorption and, in some cases, assisting reactants activation 3. Thus,
in the present case, they may be used to invoke a synergism between ZnO and silica in a catalytic

sense, helping to explain the negligible formation and stabilization of EPFR in ZnO/SiO2_W.
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Nonetheless, the here presented evaluation clearly demonstrates that a fair assessment of the
generation of EPFRs in metal oxide-based systems needs to primarily identify the nature of defects

in the oxides, which can significantly impact on the yield and stabilization of these radical species.

CONCLUSIONS

The present study reports a comprehensive comparison between the properties and the reactivity in
the EPFRs generation of ZnO/SiO systems constituted of ZnO NPs homogeneously decorating
mesoporous SiO2 NPs with spherical and worm-like morphology.

The structural and morphological investigations, beside evidencing the occurrence of ZnO spherical
NPs anchored to the silica surface, enlightened an enhanced crystallinity of the oxide when
anisotropic silica particles were used as support. Added to these observations, XPS analysis
emphasized the formation of Zn—O-Si bonds in both the systems, with a more significant
modification of the ZnO surface in ZnO/SiO,_W sample. These peculiar morphological and surface
properties result in the occurrence of inequivalent defect centers in ZnO/SiO; systems. In particular,
PL experiments evidenced that ZnO/SiO, _W displays intense blue emissions which are detectable
only in this sample and can be ascribed to photogenerated electrons decaying radiatively from Zn;
levels to the valence band or to Vz, levels. Accordingly, ESR spectra of ZnO/SiO> _W powders
show signals attributable to oxygenated species in proximity of Vo*, Vzn', (Vzn )2 and Zn; centers,
while no spectroscopic features have been detected for ZnO/SiO; _S.

Upon PhOH contact, the ESR spectrum of ZnO/SiO,_S reveals the exclusive presence of a weak
isotropic signal, whose g-value, linewidth and high stability match with the typical behavior of a
PhenO" EPFR. Instead, ZnO/SiO>_W displays again intense spectral features associated to
oxygenated species in proximity of Vo', Vz,~ and (Vzn )2~ centers, while only a very small
contribution to the spectrum attributable to PhenO’ radical species can be discovered by signals

simulation.
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These results indicate that the intrinsic defectivity of ZnO NPs exerts an influence on the final yield
of EPFR generation, with Vo™ and Vz, defects possibly involved in dissociative adsorption or
oxidation processes at the oxide surface, thus hindering the formation and stabilization of EPFR in
ZnO/SiO2_W.

All of these suggestions, will help to critically re-examine and complement outstanding results
already reported in the literature, offering a significant guidance to the future understanding on the
EPFRs generation mechanism and stability in dependence to the defect chemistry of metal oxides.
Attaining this overarching goal is particularly difficult and can be faced only by a combined

computational and experimental approach.

SUPPORTING INFORMATION
Details on the spectroscopic characterizations of ZnO/SiO2 systems are reported. This material is

available free of charge via the Internet at http://pubs.acs.org.
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