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ABSTRACT: The hybrid sol−gel zirconia−acetylacetonate amorphous
material (HSGZ) shows high catalytic activity in oxidative degradation
reactions without light or thermal pretreatment. This peculiar HSGZ ability
derives from the generation of highly reactive oxygen radical species (ROS)
upon exposure to air at room conditions. We disclose the origin of such
unique feature by combining EPR and DRUV measurements with first-
principles calculations. The organic ligand acetylacetonate (acac) plays a
pivotal role in generating and stabilizing the superoxide radical species at the
HSGZ-air interfaces. Our results lead the path toward further development of
HSGZ and related hybrid materials for ROS-based energy and environmental
applications.
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Doped and defective transition-metal oxides catalyze the
oxidative removal of pollutants in air, water and soil. The

prototypical mechanism involves catalyst photoexcitation and
subsequent formation of reactive oxygen species (ROS) that act
as oxidant agents.1 However, the most used materials (e.g.,
TiO2 and V2O5) are only effective under ultraviolet light
irradiation, which leads to low quantum efficiencies under
sunlight. Doping and defect engineering are the common
design strategies toward oxide-based materials with a reduced
band gap. Zirconia, for example, with a quite large band gap
(∼5 eV) has been rarely applied in photocatalysis, but recent
works on doped ZrO2 have reported a promising photo-
sensitivity in the visible region.2,3 An alternative approach
consists of adsorbing suitable ligands or organic molecules on
the transition metal oxide surfaces, so to obtain hybrid
interfaces with purposely tailored optical and chemical
properties.4

Some of us have recently applied a sol−gel route to obtain a
hybrid ZrO2 acetylacetonate (acac) material (HSGZ), which
presents high remediation activity toward various organic
pollutants.5,6 Contrary to surface modification methods, this
technique allowed us to obtain highly homogeneous porous
materials in which the functionalities are extended to whole
bulk material at the atomic scale. Unexpectedly, HSGZ is
catalytically active at room temperature and without any light
irradiation.6 The acac-ZrO2 interface is key to promoting the
formation of the catalytically active ROS, which promote the
degradation of organic pollutants (e.g., phenanthrene) through
the formation of intermediate free radicals.5 In this Letter, we

investigate the origin and the electronic features leading to the
ROS formation by a combined spectroscopic and theoretical
approach.
HSGZ samples consist of amorphous polymeric networks of

solid zirconia nanoclusters with surface Zr species involved in
strong complexation with the acac ligands. The presence of
paramagnetic centers at HSGZ surfaces was checked by
electron paramagnetic resonance (EPR) measurements, the
spectra are shown in Figure 1. The as-dried HSGZ and the
reference sol−gel derived zirconia without acac (SGZ) are both
amorphous solids as ascertained by X-ray diffraction (XRD,
insets in Figure 1A, B).
The HSGZ EPR spectrum, reported in Figure 1A, shows the

orthorhombic signal of O2
•− superoxide anion radicals

coordinated on surface Zr4+ ions.7,8 The g-tensor of this
spectrum is gxx = 2.003 gyy = 2.010 gzz= 2.034, whereas the
signal intensity corresponds to a concentration of paramagnetic
centers of ∼2 × 1012 spin g−1, corresponding to about 7 × 109

spin m−2. The gzz value is clearly compatible with a tetravalent
adsorption site, so that the assignment to the O2

•−/Zr4+ system
is straightforward.7 O2

•− is a very reactive and short-lived
species; in solution, it can be detected only by using spin traps,9

whereas its EPR signal has been observed for solid or
amorphous materials subjected to drastic treatments. Specifi-
cally, spectra similar to that observed for HSGZ are reported in
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the literature only for crystalline zirconia samples subjected, in
order, to (1) activation by a thermal pretreatment in vacuo and
(2) contact with oxygen at high temperature or under UV
irradiation.7,8,10,11 In contrast, HSGZ samples analyzed in this
work were simply produced at room temperature in the
presence of air and kept in the dark for at least 12 h before EPR
measurements. Only a very weak singlet was observed for SGZ
(ZrO2 without acac), positioned at g = 2.0024, see Figure 1B,
which can be attributed to a few paramagnetic defects due to
free electrons localized in oxygen vacancies (F centers).7,10

Thus, our results show that acac ligands present on the HSGZ
surface play a fundamental role in generating and stabilizing the
superoxide radical anions. We recorded HSGZ and SGZ EPR
spectra also on samples that were heated for 1h at 400 °C, see
Figure 1C, D, respectively. Contrary to the initial amorphous
samples, in both the annealed ones tetragonal crystalline phase
is formed (XRD insets in Figure 1C, D). The annealing of the
HSGZ sample produces complete acac ligands removal as
ascertained by thermogravimetric analysis (not reported). The
spectra of the annealed HSGZ and SGZ show only an intense
single peak at g = 2.0024. Quantitatively, for both samples an
increased concentration of paramagnetic defects is observed, up
to 4 × 1013 spin g−1 for annealed HSGZ. However, no evidence
of O2

•− formation is observed, thus showing beyond any doubt
that acac ligands are necessary to form and stabilize the
superoxide anion radicals on the material surface.
The specific role of acac, the mechanism of oxygen

adsorption and the origin of the O2
•− species have been

investigated by means of ab initio modeling. Several methods
have been developed to model amorphous structures.12,13 A
realistic simulation of the bulk structure of amorphous zirconia

has been obtained by a “melt-and-quench” ab initio molecular-
dynamics approach.14 However, this approach is computation-
ally demanding, thus hampering studies on surface properties
and processes. For this reason we adopted an alternative
approach, assuming that the local molecular order of HSGZ/
SGZ materials resembles that of the ZrO2 tetragonal/cubic
polymorphs.15,16 Indeed, both the acac coordination and the
adsorption of O2 to surface Zr species are localized events in
the space, so that we have considered the surfaces of our
materials as locally ordered for modeling purposes. Rather than
a structural representation of HSGZ/SGZ bulk, here we aim at
understanding how local specific acac−zirconia interactions
affect molecular oxygen adsorption and formation of catalyti-
cally active ROS, as observed in experiments.
We performed spin-polarized density functional theory

(DFT)-based calculations as implemented in the Vienna Ab
initio Simulation Package (VASP)17 with the Perdew−Burke−
Ernzerhof (PBE) gradient-corrected exchange-correlation den-
sity functional.18 To correct for DFT Self-Interaction Error that
may lead to unphysical results for defective zirconia, we applied
the DFT+U approach19 with a U−J value of 4 eV for Zr d
electrons. To model stoichiometric and defective HSGZ and
SGZ surfaces, we used a periodic slab approach and we
considered the lowest energy surfaces of cubic zirconia, i.e.,
(110) and (111) surfaces20 (further details on computational
approach and justification of structural models are reported in
the Supporting Information).
We first studied the structural features of acac molecule at

ZrO2(110)/(111) surfaces. In both surfaces, the ligand binds to
a single Zr atom with a chelate structure (Figure S1). From
analyses of electronic densities, we found that acac forms two

Figure 1. EPR spectra of (A, C) HSGZ and (B, D) SGZ, (A, B) before and (C, D) after annealing at 400 °C for 1 h. The insets show the XRD data
for the same materials.
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standard coordination bonds with a single surface Zr ion. Then,
we focused on the adsorption of the O2 molecule on materials
surfaces by also taking into account the presence of oxygen
vacancies (Vo), which could arise from the local stoichiometric
disorder in both HSGZ and SGZ, typical of sol−gel derived
materials. Thus, we considered three reactions and the
corresponding energies

+ → − *

Δ = − * − +E E E E

M O M O

(M O ) [ (M) (O )]
2 2

1 2 2 (1)

→ +

Δ = + −E E E E

M M 1/2O

(M ) 1/2 (O ) (M)
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2 Vo 2 (2)
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Where M represents HSGZ and SGZ when considering ZrO2
surfaces with and without acac, respectively; O2 is computed in
gas phase in its triplet ground state and * denotes the adsorbed
oxygen species.
Eq 1 and 3 represent the O2 adsorption reaction with the

corresponding binding energies (ΔE1 and ΔE3). Eq 2
represents the formation of an oxygen vacancy defect at the
zirconia surface and it is a necessary step for reaction 3 to occur,
so that the binding energy for reaction 1, ΔE1 should be
compared to the sum of ΔE2 and ΔE3, ΔETOT. Table 1 lists all
the ΔE values.

Negative ΔE values correspond to convenient binding of the
oxygen to the zirconia surface. In the case of the stoichiometric
HSGZ and SGZ surfaces the interaction with molecular oxygen
is very weak. The adsorbed acac causes steric hindrance for the
oxygen binding and the ΔE1 values are less convenient than for
the SGZ. Adsorption becomes even unfavorable for HSGZ
(111) surface where the Zr species have already a 7-fold O2−

coordination (see the Supporting Information). However,
when considering formation of surface lattice defects (i.e., an
oxygen vacancy) and O2 adsorption, the thermodynamic
balance is remarkably different between HSGZ and SGZ. In
the case of SGZ, the oxygen vacancy formation is very energy
demanding (ΔE2 values above 5.5 eV), the convenient
adsorption of molecular oxygen at defect sites is not sufficient
to drive the overall energy balance to energetically favorable
values (ΔETOT > 0). In HGSZ, the acac presence lowers
significantly the oxygen vacancy formation energies and the
subsequent binding of an oxygen molecule provides the
necessary energy to obtain a convenient balance (ΔETOT <
0). In other words, the complexed acac molecule leads to a

favorable thermodynamic driving force for a cyclic formation of
surface oxygen vacancy and adsorption of molecular oxygen
species. It is interesting to note that oxygen is present during
the whole experimental procedure of HSGZ preparation, so
that initial vacancy formation and oxygen adsorption could
happen simultaneously rather than sequentially. However, this
does not affect the energy balance. Now we turn our attention
to the identification of the oxidation state of these species.
Figure 2 shows the defective HSGZ (110) and (111) model

surfaces with the adsorbed oxygen molecule. In the case of

HSGZ (111), upon formation of the surface oxygen defect the
acac molecule changes its coordination from a chelate (Figure
S1) to a bidentate configuration. The depicted iso-surfaces
represent the electronic spin densities, which are both fully
localized onto the oxygen species. To quantify the electron-
density rearrangement upon oxygen adsorption we analyzed the
electronic spin density in terms of Bader’s atom-in-molecule
partial charges21 and atomic magnetic moments. Table 2 lists
the O2 structural and electronic features on pristine and
defective HSGZ/SGZ surfaces.
The gas-phase O2 minimum-energy structure at the DFT-

PBE level of theory presents a bond length (dO−O) of 1.22 Å,
and the triplet ground state leads to a magnetic moment value
of 0.9 μB on each O atom. The adsorbed O2 species present
similar characteristics on (110) and (111) surfaces. Upon
adsorption on stoichiometric HSGZ surfaces, there is only a
slight elongation of the O−O equilibrium distance, a very little
charge transfer from the surface to the O2 molecule (ΔQO2)
and the oxygen atom magnetic moments are consistent with a
triplet electronic ground state as in the isolated oxygen
molecule. Thus, the acac molecule in pristine HSGZ acts
only as a spectator: the oxygen coordinates to a surface Zr ion
but keeps its triplet ground state. In contrast, adsorbed oxygen
species on HSGZ defective surfaces present an appreciable
extent of O−O bond elongation and zirconia-O2 charge
transfer. On both (111) and (110) surfaces, the adsorbed
oxygen species retain half of their original magnetic moment,
thus proving the formation of superoxide radical ion O2

•−

Table 1. Surface Oxygen-Vacancy Formation Energies and
Molecular Oxygen Adsorption Energies for HSGZ and SGZ
Model Systems, ΔE (in eV), Computed According To Eqs
1−3

ZrO2/acac (HSGZ) ZrO2 (SGZ)

(110) (111) (110) (111)

ΔE1 −0.16 0.28 −0.33 −0.02
ΔE2 2.22 0.34 5.61 6.07
ΔE3 −3.31 −1.96 −5.08 −5.26
ΔETOT −1.09 −1.62 0.53 0.81

Figure 2. Calculated electron spin density plots of O2 species adsorbed
on defective HGSZ model surfaces. Lateral/Top views at the Left/
Right, respectively. Color code: Zr (blue), O (red), adsorbed O2*
(bordeaux), C (green), and H (light pink). Yellow isosurfaces
represent the excess of spin up density. Isosurface values are set to
0.01 for clarity.
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species, which are indeed observed in the HSGZ EPR
spectrum. Interestingly, for oxygen species adsorbed onto
SGZ surface in the absence of acac, our simulations show a
more pronounced elongation of the bond length and
annihilation of O atomic magnetic moments is observed, thus
depicting a full O2 reduction to diamagnetic peroxide ion O2

2−.
Thus, our simulations confirm the fundamental role played by
acac in stabilizing oxygen adsorption and in driving its partial
reduction to the radical active species.
The acac role in driving such unexpected behavior can be

rationalized by analyzing HSGZ and SGZ electronic structure
features before and after O2 adsorption, as depicted by the
Projected Density Of States (PDOS) in Figure 3. Both
materials are very likely to have oxygen defects at their solid
surfaces. Oxygen vacancy formation leaves two electrons into
the system. In the case of HSGZ the excess defect electrons are
captured by the acac states that lie within the ZrO2 bandgap
(Figure 3a). The adsorbed oxygen is then only partially reduced
to superoxide ion, as proven by the Fermi level crossing the π*
states of the oxygen species (Figure 3b). In case of SGZ, these
extra electrons enter the conduction band, made of Zr d states,
leading to formation of Zr3+ ions (Figure 3c). The adsorbed
oxygen is then reduced by these high-energy Zr3+ species to
peroxide ion (Figure 3d).
The electronic structure features arising from PDOS analysis

are qualitatively consistent with the results of Diffuse
Reflectance UV−vis (DRUV) spectroscopy. The UV−vis

absorption spectra of HSGZ and SGZ materials, calculated
using the Kubelka−Munk function F(R∞), are reported in
Figure 4. The HSGZ spectrum is characterized by a first peak at
about 220 nm and a second one at 300 nm with a shoulder-like
queue in the visible region up to 550 nm (Figure 4A). In
contrast, SGZ shows an absorption peak in the UV region at
wavelengths below about 220 nm. Figure 4 shows that, apart
from the presence of the peak at 300 nm, a marked red shift of
the absorption edge is seen in the HSGZ material with respect
to SGZ one.
A quantitative evaluation of the shift of the absorption edge

was obtained by linearization of the plot of (F(R)hν)1/2 against
hν, as reported in Figure 4B. For the amorphous SGZ material
the value 5.4 eV was obtained, consistent with the transition
from the valence band (VB) to conduction band (CB), i.e.
related to the O2− → Zr4+ charge transfer transition, in
agreement with the band gap value reported in the literature for
crystalline zirconia.22 For HSGZ sample absorption occurs at a
much lower hν value, 2.6 eV (460 nm). This low value is
associated with n →π* intraligand electronic transition
producing the yellow-brown color of the HSGZ zirconia-acac
gel material.23 The peak at 300 nm is mainly due to π →π*
intraligand electronic transition,23 a further contribution
possibly arising from π(acac) →π*(acac)/d(Zr) transition
that is characterized by a partial ligand-to-metal charge
transfer.24 Overall, the observed spectral features are consistent
with the theoretical predictions of acac states lying in between

Table 2. Oxygen Structural and Electronic Parameters of the Oxygen Species Adsorbed on Pristine and Defective HSGZ and
SGZ Model Systems: O−O Equilibrium Distance (dO−O), Variation of Electronic Charge on the O2 Molecule upon Adsorption
(ΔQO2), and Atomic Magnetic Moment on Each Oxygen Atom (μO)

ZrO2/acac (HSGZ) ZrO2 (SGZ)

(110) (111) (110) (111)

stoichiometric dO−O (Å) 1.25 1.24 1.27 1.23
ΔQO2 (e−) 0.17 0.13 0.25 0.03
|μO1| |μO2| (μB) 0.7 0.8 0.8 0.8 0.7 0.7 0.8 0.8

reduced (MVo) dO−O (Å) 1.35 1.34 1.48 1.48
ΔQO2 (e−) 1.03 0.93 1.50 1.52
|μO1| |μO2| (μB) 0.4 0.4 0.4 0.4 0.0 0.0 0.0 0.0

Figure 3. Projected density of states (PDOS) plots computed at the PBE+U level of theory for (a) HSGZ, (b) HSGZ-O2*, (c) SGZ, and (d) SGZ-
O2* systems. The dashed black line represents the position of the Fermi level. All the plots refer to HSGZ/SGZ (111) model surfaces, the
corresponding plots for (110) model surfaces are depicted by Figure S2.
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zirconia valence and conduction bands, see Figure 3 and Figure
S2. In this framework, our data would be consistent with a
substantial band gap reduction of the HSGZ solid material.
In conclusion, the results presented in this letter demonstrate

that the striking HSGZ capability to catalyze oxidative
degradation reactions, occurring through a radical mechanism
in absence of light and without any thermal pretreatment,5,6 is
due to acac ability in generating and stabilizing the superoxide
ion on the hybrid material surfaces. These radical species are
still present on the HSGZ surface after a catalytic cycle (see the
Supporting Information). EPR measurements and first-
principles calculations disclose the origin of such unique
feature. Furthermore, the DRUV optical spectra confirm the ab
initio electronic structure analyses. Altogether, the experimental
evidence and the theoretical results presented in this Letter put
on a firm scientific basis the exploitation and further
development of HSGZ and related hybrid materials for ROS-
based energy and environmental applications.
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