INGENIERIA E INVESTIGACION VOL. 46 No. 1, 2026 (e120219)
DOI: http://doi.org/10.15446/ing.investig. 120219

Research Article/Chemical, Food, and Environmental Engineering

Advancesin ZrO, Photocatalysis for Dye Degradation: A Re-
view

Avances en la fotocatalisis basada en el ZrO; para la degradacion de colo-
rantes: una revision

Jiress Florez?!, Carlos Diaz-Uribe 2, and William Vallejo 3

ABSTRACT

Nanoscience has driven significant advances in functional materials engineering. In this context, zirconium oxide (ZrO,) has been
widely explored due to its physicochemical properties, with applications in catalysis, sensors, adsorption, and biomedicine. This review
aimed to analyze recent developments in the synthesis and modification of ZrO, nanoparticles to improve their photocatalytic effi-
ciency, especially in the degradation of organic pollutants present in aqueous solutions. A systematic literature search was conducted
in databases such as Scopus, Web of Science, and Google Scholar, following the PRISMA protocol. Studies published between 2010
and 2023 were selected. The three crystalline phases of ZrO,, their opftical properties, and the effects of synthesis on their catalytic
performance were described. The mechanisms of generation and separation of e™/h* pairs and their relationship with the formation
of oxidizing radicals were summarized. Results indicated that the efficiency of ZrO, improves significantly through strategies such as
metal doping, coupling with semiconductors, and combination with Anderson-type polyoxometalates (POMs), i.e., discrete anionic
metal-oxo cluster with redox activity that can act as electron reservoirs, promoting charge separation and reactive-species formation
during photocatalysis. The potential of thin films as support for hybrid materials was highlighted, as they increase the active surface
area and structural stability. It was concluded that the ZrO,-POMs combination represents a promising pathway for environmental
remediation applications, although experimental studies are still required fo validate its efficiency under real conditions.

Keywords: photocatalysis, adsorption, ZrO,, polyoxometalates (POMs), catalytic efficiency.

RESUMEN

La nanociencia haimpulsado avances significativos en la ingenieria de materiales funcionales. En este contexto, el éxido de zirconio
(ZrO,) ha sido ampliamente explorado por sus propiedades fisicoquimicas, para el desarrollo de aplicaciones en catdlisis, sensores,
adsorciéon y biomedicina. La presente revision tuvo como objetivo analizar los desarrollos recientes en la sintesis y modificacion de
nanoparticulas de ZrO, orientadas a mejorar su eficiencia fotocatalitica, especialmente en la degradacion de contaminantes orgd-
nicos presentes en soluciones acuosas. Se realizd una busqueda sistemdtica de literatura en bases de datos como Scopus, Web of
Science y Google Scholar, siguiendo el protocolo PRISMA. Se seleccionaron estudios publicados enfre 2010 y 2023. Se describieron las
tres fases cristalinas del ZrO,, sus propiedades 6pticas, y los efectos de la sintesis sobre su rendimiento catalitico. Se resumieron los
mecanismos de generacion y separacion de pares e™/h* y su relacion con la formacion de radicales oxidantes. Los resultados indica-
ron que la eficiencia del ZrO, mejora significativamente mediante estrategias como dopado metdlico, acoplamiento con semicon-
ductores y combinacién con polioxometalatos tipo Anderson (POMs), es decir, clUsteres anidnicos metal-oxo con actividad redox
que pueden actuar como reservorios de electrones, favoreciendo la separacién de cargas y formacion de especies reactivas en la
fotocatdlisis. Se destacd el potencial de las peliculas delgadas como soporte para materiales hibridos, al incrementar la superficie
activay la estabilidad estructural. Se concluyd que la combinaciéon 2rO,-POMs representa una via prometedora para aplicaciones
de remediacién ambiental, aunque aun se requieren estudios experimentales que validen su eficiencia en condiciones reales.

Palabras clave: fotocatdlisis, adsorcion, ZrO,, polioxometalatos (POMs), eficiencia catalitica.
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Introduction

According to the World Population Prospects report published by
the United Nations on November |5, 2022, the global population
reached a historic milestone of approximately 8 billion people [1].
This growth is primarily attributed to increased human life expec-
tancy; however, it has also led to severe environmental conse-
quences resulting from unsustainable urbanization processes, in-
dustrial expansion, and intensified agricultural production. These
trends have exponentially increased the generation and emission
of pollutants into the environment [2], giving rise to the concept
of the Anthropocene as a period of substantial transformation in
Earth's biogeochemical cycles [3, 4, 5].

To address environmental pollution, more efficient treatment
methods have been proposed [6, 7, 8]. Among these, Advanced
Oxidation Processes (AOPs) have emerged as promising alterna-
tives due to their ability to operate at ambient temperature and
pressure. AOPs rely on the in situ generation of reactive oxygen
species (ROS) on the catalyst surface under specific conditions,
which act as oxidizing agents capable of degrading recalcitrant con-
taminants [9].

Among AOPs, heterogeneous photocatalysis has proven highly ef-
fective for the remediation of polluted waters [10]. In this process,
a semiconductor is activated by photons with energy equal to or
greater than its band gap (Eg), promoting the generation of reac-
tive species with high oxidizing power, capable of degrading com-
plex organic compounds [I 1, 12].

Metal oxides suchas TiO, and ZnO have been extensively studied
for their photocatalytic properties [|3]. However, ZrO, (IV) has
emerged as an outstanding alternative due to its photophysicaland
photochemical versatility, which can be modulated through eco-
friendly synthesis methods, phase stabilization strategies, and con-
trolled precursors and pretreatment conditions [14]. A notable
feature of ZrO, is its unique ability to simultaneously exhibit
acidic, basic, oxidizing, and reducing properties [|5]. Structurally,
it presents high density, thermal and fracture resistance, low ther-
mal conductivity, photochemical stability, and a high refractive in-
dex [16].

From an optical standpoint, ZrO, is a wide-band-gap semiconduc-
tor characterized by transparency in the visible and infrared re-
gions of the spectrum and low photon energy, which minimizes
the probability of non-radiative transitions by multiphoton relaxa-
tion [17]. Additionally, it exhibits a high density of oxygen vacan-
cies on its surface associated with its ion-exchange capacity and
redox properties [18].

The optical energy of the photons absorbed by ZrO; strongly de-
pends on its crystalline phase. By modifying its surface, light ab-
sorption and charge separation are improved, enhancingits pho-
tocatalytic capability; however, its stability at room temperature is
largely determined by the synthesis method employed [14].

This article presents a review of recent advances in the synthesis
and modification of zirconium dioxide nanoparticles (ZrO, NPs),
aimed at optimizing their optical, structural, and thermal proper-
ties for dye photodegradation applications. Various approaches
are addressed: including (i) coupling with other semiconductors,
(ii) the formation of hybrid or ternary systems, and (jii) integration

with polyoxometalates. All of which seek to increase the density
of oxygen vacancies, while also improving the efficiency of contam-
inant removal mechanisms. Likewise, the potential application of
these materials in aqueous solutions treatment is discussed, par-
ticularly in combination with Anderson-type polyanionic species,
considering their synergy with ZrO, as a means to enhance pho-
tocatalytic activity.

Methodology

The bibliographic review was conducted using specialized data-
bases, including Web of Science, Google Scholar, and Scopus, fol-
lowing the PRISMA guidelines for systematic reviews and meta-
analyses [79]. This review aimed to systematically identify relevant
studies on ZrO,-based photocatalyst by applying to titles, ab-
stracts, and keywords the following search terms: Zirconium OR
Zircon OR ZrO; AND Photocatalysis AND removal OR adsorption*
OR eliminat* OR treatment*.

The period considered ranged from January 2010 to January 2023,
as shown in Fig. |. Only experimental and computational studies
published in English were included. Articles focused exclusively on
bulk ceramic materials, as well as commentaries, narrative re-
views, and undergraduate theses, were excluded.

Records identified by Records identified by

Records identified by

" " "Web of Science" "Google Academic"
Scopus" search
(n=25) search search
- (n=101) (n=199)

Records after deleting duplicates Excluded records
(n=275) (n=101)

Screening

2 Text articles evaluated for Full text articles
:E eligibility luded

2 (n=144) (n=48)

=

Studies included in this review
(n=96)

Figure 1. PRISMA methodology flowchart of the systematic review process.
(2010-2023)
Source: Authors

The selected documents were managed using the bibliographic
software VOSviewer for their relevance evaluation, as shown in
Fig. 2. Titles and abstracts were analyzed according to the estab-
lished inclusion criteria.

Photophysical and Photochemical Properties of ZrO,

Zirconium (Zr) is naturally found as zircon (ZrSiO,) and badde-
leyite (ZrO,), a byproduct of titanium purification [19]. Its natural
abundance and physicochemical properties have enabled its appli-
cations in coagulants, catalysts, adsorbents, ceramics, and dental
implants [15], [20], [21], [22], [23].
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Figure 2. Keyword co-occurrence network diagram.
Source: Authors (created with VOSviewer)

Recently, ZrO, has attracted considerable interest due to its
chemical stability, non-toxicity, and cost-effectiveness. It has been
widely studied for dye and pollutant photodegradation [24], [25],
[26], as well as for hydrogen production [27], [28], [29], although
the latter application still requires further technological develop-
ment.

ZrO; is generally described as a wide-bandgap n-type semicon-
ductor; however, its apparent conductivity/type may vary depend-
ing on defect chemistry, oxygen vacancy concentration, and pro-
cessing conditions. Its high band gap (~5.0 eV) restricts light ab-
sorption to the UV region (<4% of the solar spectrum) and pro-
motes rapid e”/h* recombination, thereby limiting its photocata-
lytic efficiency [30], as seen in Fig. 3.

Surface
recombination

D recombination

Figure 3. Schematic representation of the photoexcitation process in ZrO, and possi-
ble recombination pathways.
Source: Adapted from [1

To extend its response into the visible spectrum, structural de-
fects can be introduced through thermal and synthesis treatments
[15], [32], which increase the specific surface area, improve ad-
sorption [33], [34], and adjust electronic levels [35].

As demonstrated in [36], in Cu/ZrO, systems, defect-induced
morphologies act as effective electron traps during the degrada-
tion of rhodamine B. Similarly, ZrO,-x with a disordered lattice
and reduced Eg (1.5 eV) was developed in [37], achieving good
performance in RhB degradation and H, production under solar
irradiation.

The limited efficiency of pure ZrO, has motivated coupling strat-
egies with other materials in order to form heterojunctions that
improve charge separation and extend absorption [13]. As re-
ported in [38], a ternary nanocomposite, ZrO,/polyaniline/phos-
photungstic acid (PTA-Zr), exhibited effective degradation of
methylene blue, p-nitrophenol (PNP) and 2,4-dichlorophenoxyace-
tic acid (2,4-D). Their strategy follows a Z-scheme type mecha-
nism [39], which can be seen in Fig. 4.

Reduction
reaction

e
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i
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@T
&

Z-scheme photocatalyst system

Figure 4. Schematic representation of the Z-scheme mechanism, understood as the
coupling of two redox systems that absorb different wavelengths of light. A redox
mediator facilitates electron transfer from the conduction band of the lower-energy
semiconductor to the valence band of the higher-energy semiconductor.

Source: Adapted from [2]

Despite the growing number of studies, no comprehensive review
has been identified focusing specifically on ZrO, thin films com-
bined with Anderson-type polyoxometalates as a way to enhance
its photocatalytic efficiency.

Background on ZrO: Photocatalysis

The optical activity of ZrO, depends on its absorption region,
which can be classified as intrinsic (hv > 5.0 eV) or extrinsic (hv <
5.0 eV). In the former, defects are generated by photoionization,
whereas, in the latter, they occur by the formation of F- and V-
type color centers, which directly affect the photophysical and
photochemical mechanisms of the material [41].

F centers arise from electrons trapped in anion vacancies by neu-
tral defects, while V centers are formed by trapping electrons in
positively charged defects [40]. These defect structures influence
the ability of ZrO, to absorb and emit light [40].

Thermal irradiation (=900 °C)in a controlled atmosphere favors
the creation of defects such as Zr3®*, cationic vacancies, and F/F*
centers, promotingreduced states usefulin photocatalysis through
photochromism [34], [41].

In [42], different synthesis routes of NP-ZrO, were compared in
the degradation of methylene blue under UV light. The results
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indicated that the interaction between O, and oxygen vacancies
or Zr** sites facilitates the generation of radicals, as described in
Equation ().

Zr0, + hv » ht +e~
h* +e~ - Energia
O,+F— 0,7 +F*
Zrtt +e” > Zr3t

Zr¥t +0, » Zr*t + 0,

H,0 + h* > H* + 0,

H* + 0, - HO, (M

HO, +e~+ H* - H,0,
H,0, »-0OH +0H~

0,” + AM — Degradation
-OH + AM — Degradation

Source: Adapted from [3].

F centers transfer electrons to O, generating superoxide radicals
(O2*7), which subsequently react with protons to form HO,e,
H,0O;, and ultimately OHe radicals, responsible for dye degrada-
tion.

Current research focuses on optimizing the use of ZrO, in UV-
visible light-activated reactions, employing sustainable synthesis
routes for metallic nanomaterials with applications in photocatal-
ysis, adsorption, and emerging processes [43].

Synthesis of ZrO, Nanostructures Applied in Photocatalysis

ZrO; can adopt three allotropic structures at atmospheric pres-
sure: monoclinic (m-ZrO,), tetragonal (t-ZrO,), and cubic (c-
ZrOy), as shown in Fig. 5.

\ 170% Q 2370°C o O@
\ A5 0 @\ . Oc:so o -9 e |9
\Q\ \ O\ 8'5(] - 1000°C Q @ (9
/" oY/ 9% 0 ('L/O
a) Monoclinic b) Tetragonal ¢)  Cubic
m-ZrO, t-ZrO, c-ZrO,
O Zr O o]

Figure 5. Schematic representation of crystal structures of ZrO, (a) monoclinic ZrO,,

(b) tetragonal ZrO, and (c) cubic ZrO,.
Source: Adapted from [4]

The monoclinic phase (m-ZrQO,) is stable at room temperature,
transforming into the tetragonal phase at 1170 °C and the cubic
phase at 2370 °C. Thesetransitions are reversible. The monoclinic
structure, being less symmetrical and more defective, favors cata-
lytic activity [45]. The tetragonal phase (t-ZrO,) phase stands out
for its redox capacity and optical stability, while the cubic phase
forms only at high temperatures [46], [47], [48], as illustrated in
Fig. 6.

Although a larger surface area typically implies greater adsorption,
the adsorption coefficient also plays a critical role. As demon-
strated in [5], despite havinga low surface area, m-ZrO, performed
better in the degradation of methyl orange than mixed phases. Fur-
thermore, [6] highlighted that a mixture of m-ZrO,/t-ZrO, phases
with small particles improves methylene blue degradation

hv
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/' (Coloring)
0, ¢ ¢ ¢

"OH"

Degraded
mZt0, 1210, | ¢Zf0, Products

Methylene Blue (Coloring) i
Sylene Dlus g 43eV 358eV |325¢V

OH"
h' /

Activation

Degraded
Products

Figure 6. Schematic representation of the processes leading to the photocatalytic deg-
radation of ZrO,.
Source: Adapted from [5]

The photocatalytic efficiency of ZrO, depends on its crystallinity,
size, and band gap, all of which are affected by synthesis conditions
[7], [8]. Parameter such as pH, concentration, reaction tempera-
ture, and type of surfactant modulate its morphology and adsorp-
tion capacity [9], [10], [1 1], [12], [13], [14].

The sol-gel method enables precise control over the size and
shape of NP-ZrO,, operating at relatively low temperatures with
homogeneous mixing at the atomic level [15]. Although xerogels
are widely studied, ZrO, aerogels have been little explored [ 6].

Several studies have evaluated the impact of calcination and syn-
thesis method on the structural and optical properties of ZrO,
[71, [17], [18], [19], [20]. In [21], it was reported that annealing
induces oxygen vacancies, modifying its photoluminescence. In [6],
these changes were correlated to catalytic efficiency, using sol-gel
synthesis and supercritical drying for the degradation of formic
acid under UV.

Degradation of Organic Pollutants

Although ZrO, has a wide band gap, it has demonstrated efficiency
in degrading dyes such as Eriochrome Black T [22]and Rhodamine
B [23] under UV and visible light, respectively. The monoclinic
phase exhibited higher activity than other phases, attributed to its
crystal structure, oxygen vacancies, and hydroxylated surface [5].
Table | summarizes the photocatalytic performance reported for
pure and modified ZrO,-based materials in dye degradation under
the experimental conditions of each study. Table Il compiles the
dopants and heterostructured architectures proposed in the se-
lected literature corpus. pH also affects photocatalytic perfor-
mance: under acidic conditions, ZrO; has a positive charge and
degrades anionic dyes better due to the stability of oxidizing spe-
cies such as H,O, [24].

Table I. Photocatalytic activities of ZrO,-based materials reported for dye degrada-
tion.

Ligh Tim

NP/ size Degra-
(Eegv) ("m  Geometry R:" ;ur Dye :mi" da-
Ref ) 8 ce ) tion(%)
2r0,/
378 17 Spherical - VIS RY 160 120 94
[80]
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Meth- [89]

ylene
ZrO,/ ) 10- Blue 91
49 15 Spherical 18 uv and 240
[81] 69
Methyl
Orange Table I1. Compiles the dopants and heterostructured architectures proposed in the
selected literature corpus (PRISMA 2010-2023).
Examples .
ZrOy/ . Main expected
sa4 199 Temmgo- B yg Metl g0 gey todifica subtype (recom-  contribution to Ref.
271 na orang YP tation) photocatalysis
ZrO, Meth- Defect/state engi-
doped ylene 9 neering; potential
with Agglom- Blue 20 0 Doping Rare-earth Nd-ZrO, visible-light activa- [82]
123 - 82! - VIS dopants
Nd/ ) erate 2 77 tion; improved
Rhoda- charge separation
[82] mine B
Oxygen-vacancy
70 formation and de-
dop(:d Transition- Mn-ZrO.. Fe fect levels; re-
: -  Fe- -t
with 4.9 Tetrago- |0 Methyl Doping metal do- o duced e7/h" re- 83, 84]
- - - VIS 100 83.7 ants 2 combination; en-
Mn/ nal orange P ’
243 232 hanced ROS gen-
[83] eration
20 Electron trapping /
: . interfacial charge
doped Doping / Ag-related transfer (and pis-
with 429 - Tetrago- 187 VIS Rhoda- 150 100 metal-as- (dopant/dec- Ag-ZrO, ble p ic of [81, 86]
Fe/ ) nal 8 uv mine B sisted oration) ?' ctes pdasmogllc i
ects, depending
1841 on Ag state)
~ Tuning of crystal-
doped Spherical o linity/defect chem-
wit'; mono- 5. VIS Blue 9l Alka- Me-Z+O. istry and surface
Ag/ 36 4.68 clinic and 55 uv 160 Doping line/other Zr%-ZrOZ, properties (ad- [81, 86]
tetragonal Methyl 99 metals 2 sorption/hydrox-
= e fren e
dchéd Spherical, Metal acts as elec-
X tetragonal . tron sink (Schottky
with Yar- - and hex- - uv RhOda 60 93 Loaded / Noble metals Pd/ZrO,, barrier), suppress-
Mg/ ied mine B (Schottky N o [88]
agonal ag- decorated junction) PYZrO, ing recombination
gregates ! and enhancing ap-
[86] nein
parent kinetics
Ej;_ Conductive path-
nano- Meth- 90-94 ways and higher
tubes/ 2.6 - - 23- VIS ylene 120 Carbon- surface area/ad-
20,/ 87 Blue 87-96 based hy- ID arbon  cpyze0, - sorptionim- [87]
brid supports proved electron
87 rids transport and re-
[87] !
duced recombina-
tion
795
6
3.96 Fast electron ex-
. 987 traction/transport
Zn- ) Carbon- and adsorption en-
399 8 Rhoda- 98 P
Zro, R ; sun- mi:e N 330 based hy- Z'l? o:;rbon rGO-ZrO, hancement; im- [89]
397 548 lighe ¢ 94 brids PP proved solar/visi-
/1811 . 6 ) ble response in
401 many cases
674
3
Interfacial charge
Heterostruc- Metal/oxide transfzrl.ar;: m;I_
Pd/ ture / cou- interface (as  Cu/ZrO, Z:;:i ( dlfpe: dirl1-g [64]
0, 100- VIS Indigo 120 7 pling reported) on phase/state and
) N N cr- irradiation
PUZrO 700 uv mine 95 irradiation)
2/[88]
Sensitiza-
Re. Organidin- Conducting zrollpolyan- tion/charge-trans-
. iline (ternary  fer enhancement
duced organic hy- polymer L [39]
Reac- h . nanocompo- and adsorption;
brid composite N . .
gra- 325 - - - U tive 120 93 site) may improve visi-
phene light Blue 4 ble-light response
oxide-
ZrO,/
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Comparative Efficiency and Mechanistic Rationale

To enable a transparent screening of apparent across the selected
studies, an approximate pseudo-first-order metric (Kapp,est) Was
computed from the reported degradation percentages and irradi-
ation times (Table IlI).

Table III. Comparative screening of apparent efficiencies using an estimated
pseudo-first-order rate constant (Kgpp,est)-

ZrO2- Ligh Kk
based t Irradiation Degrada- app,est Mechanistic
Dye : . A o (min™! s
sys- sour time, (min) tion, (%) rationale
tem ce )
Rare-earth
doping: de-
Met fect-medi-
Nd— hyle ated sub-
VIS 20 90 0.115 bandgap ex-
ZrO2 ne ancgap
Blue citation and
improved
charge sepa-
ration
Dopant-in-
Rho duced elec-
Nd- VIS da.- 20 77 0.073 tronic states
ZrO2 min and sup-
eB pressed re-
combination
Oxygen-va-
Rho cancy/defect
engineering;
Z’:é‘z wo & 60 93 0.044 Surface
eB chemistry fa-
voring ROS
formation
Noble metal
In- as electron
digo sink
Pd/ VIS/ ar 120 97 0.029 (Schottky
ZrO2 uv " trapping); re-
min
e duced e”/h*
recombina-
tion
Interfacial
Me- ;:harge trans-
er (possible
Z‘I\fo‘z YJ'\S// ‘:Z" 160 99 0029 plasmonic
ange contribution
depending on
Ag state)
In- Schottky-
Visic digo type electron
Py ble/  car 120 95 0025  trapping sen-
ZrO2 uv min sitive to dis-
e persion/load-
ing
De-
fects/phase
ZrO2 - and adsorp-
(pris- Vbllsel_ F6Y() 120 94 0.023 tion contri-
tine) bution under
reported
conditions

Improved
electron mo-
'::_ bility and in-
rGO- S.un- dive 120 93 0.022 terfacial
ZrO2 light Bl charge
ue ]
4 transport via
conductive
carbon
Vacancy/de-
fect for-
Me- mation;
Mn— Visi- thyl strong de-
ZrO2 ble or- 100 837 oois pendence on
ange synthe-
sis/morphol-
ogy

Note: kgpp.et Was estimated from the reported degradation fraction (D) and irradiation
time (t) as Kyppsest = - (1—D)/t. This metric is intended only for transparent, approx-
imate comparison because experimental conditions vary across studies (dye, concen-
tration, pH, light intensity, catalyst loading, etc.).

A direct comparison among ZrO,-based photocatalysts is often
biased by differences in dye chemistry, light source, irradiation in-
tensity, catalyst loading, and pH. Nevertheless, using the reported
degradation percentages and irradiation times (Table I), an ap-
proximate pseudo-first-order metric (kapp,est) can be computed to
provide a consistent and transparent screening of apparent effi-
ciencies (Table Ill). Within the compiled studies, rare-earth doping
(e.g., Nd— ZrO,) exhibits the highest apparent rates under visible
light, consistent with defect-mediated sub-bandgap excitation and
improved charge separation. Transition-metal doping (e.g., Mn—
ZrO,, Mg-ZrO,) improves performance primarily through oxy-
gen-vacancy engineering and surface chemistry modifications that
promote ROS generation. Noble-metal loading (Pd/ ZrO,, Pt/
ZrO,) benefits from Schottky-type electron trapping, which sup-
presses electron—hole (e/h*) recombination. Carbon-based hy-
brids (e.g., rGO-ZrO;) demonstrate competitive solar-driven ac-
tivity due to enhanced electron mobility and interfacial charge
transport. Overall, the most efficient architectures share a com-
mon feature: they introduce effective charge-separation pathways
via defects, junctions, or redox mediators, aligning with reports
that oxygen vacancies and engineered electronic states govern
ZrO; photocatalytic activation under non-UV irradiation.

Adsorption: Due to its high surface area, porous structure, and na-
noscale dimensions, ZrO; is effective as an adsorbent for organic
and inorganic pollutants in water [25]. The adsorption mechanism
may involve hydrogen bonding, ligand exchange, or electrostatic
interactions [26]. Fig. 7 illustrates how hydrated-ZrO, can gener-
ate multiple stable active sites, even underacidic conditions. Meth-
ods such as sol-gel synthesis [27] and ultrasound-assisted tech-
niques further enhance its efficiency, enabling cost-effective and
sustainable applications in industrial wastewater treatment.

Perspectives to Improve Photocatalytic Activity

NP-ZrO, has shown significant potential in various applications
areas; however, challenges persist in synthesis control, particularly
regarding particle size, shape, and aggregation prevention. Crystal-
line phases unstable at high temperatures limit its durability. At the
nanoscale, however, ZrO, exhibits unique properties that enable
new functional applications. Thin films emerge as a promising al-
ternative, with impact on environmental photocatalysis. In this
context, its combination with Anderson—Evans-type polyoxomet-
alates is proposed as a potential approach to optimize photocata-
lytic efficiency in future applications.
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Figure 7. Schematic representation of hydrated ZrO: surface interactions, highlight-
ing Zr** Lewis acidity and adsorption mechanisms via ion exchange and hydrogen
bonding.

Source: Adapted from [26]

Thin film deposition: Doctor Blade: Enables ZrO, thin films to be de-
posited in a controlled and economical way, improving their pho-
tocatalytic performance. It has been used in sensors and self-clean-
ing surfaces [28], as shown in Fig. 8.
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Figure 8. Schematic of the thin film deposition process.
Source: Adapted from [29]

Polyoxometalates (POMs): These are polyanions with redox proper-
ties and modifiable structures, useful in catalysis and water treat-
ment applications. They are classified into isopolyanions and het-
eropolyanions such as Keggin, Anderson—Evans,and Dawson [30].

Anderson-type polyoxometalates (POMs-A): POMs-A have a planar
structure and high catalytic capacity. They are modifiable, redox-
active, and useful in both homogeneous and heterogeneous catal-
ysis [31]. As shown in Fig. 9, their sub-nano design makes them
ideal in advanced treatments and environmental remediation.

ZrO z-based polyoxometalates: Although POM-As have been more
extensively investigated with TiO,, recent studies [32] report high
efficiency when combined with ZrO,, demonstrating reduced
charge recombination and increasing reactive oxygen species. This
behavior is illustrated in Fig. 10.

Figure 9. Polyhedral representation of the structure of a-Anderson type POMs.
Source: Authors (created with Chemdraw® )
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Figure 10. Comparative energy levels of POM-A and metal oxides.
Source: Adapted from [33]

Discussion

The collected results demonstrate the growing interest in ZrO,
as a photocatalyst, highlighting its structural versatility and redox
properties [|5], [35]. It is observed that its bandgap limits visible
light absorption; strategies such as dopingwith metals and coupling
with other materials, especially Anderson-type polyoxometalates,
significantly improve its catalytic efficiency [38], [71]; these modi-
fications reduce e /h* recombination and extend photocatalytic
activity into the visible spectrum [36], [37].

The studies reviewed agree that crystalline phases, controlled syn-
thesis, and the presence of oxygen vacancies are determining fac-
tors [14], [43]. However, challenges remain in obtaining stable
structures at high temperatures and in the economical scaling of
reproducible syntheses. The combination of ZrO, with POMs-A
appears as a promising yet still underexplored path, especially in
thin-film configurations [38], [72].

In addition, the most recent studies have begun to explore the
potential of ternary couplings with conductive materials, such as
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carbon nanotubes or reduced graphene to enhance ZrO;’s elec-
tron mobility and long-term photocatalytic stability [|3], [49], [63]-
Likewise, the interaction with supports such as aerogels also rep-
resents an innovative but still underdeveloped alternative [16],
[70]. The current challenge lies in transferring these advances to
real-world conditions, with complex contaminant matrices and re-
peated usage cycles. Therefore, a comprehensive approach that
combines theoretical modeling, pilot plant testing, and environ-
mental impact analysis is needed for industrial-scale applications.

At a practical level, the findings open possibilities in the treatment
of contaminated water and energy devices. Theoretically, they
contribute to the design of multifunctional materials with tunable
properties. Future research should focus on experimentally vali-
dating the stability, selectivity, and efficiency of the hybrid com-
pounds under real conditions.

Perspectives to improve photocatalytic activity

Photocatalytic activity alone is not sufficient for real-world imple-
mentation; durability and structural integrity under operating con-
ditions are equally critical. ZrO, is widely recognized for its high
chemical resistance and stability over a broad temperature range,
which makes it attractive as a robust oxide platform for photoca-
talysis [73]. However, in practical aqueous systems—especially un-
der extreme pH or in the presence of aggressive ions—zirconia-
based materials may still undergo degradation processes that ulti-
mately reduce performance. For stabilized zirconia ceramics, cor-
rosion-like behavior can involve preferential dissolution of stabi-
lizing speciesand measurable ion release in strongly acidic or basic
media, potentially inducing phase transformations that affect long-
term functionality [74]. In thin-film configurations, chemical dura-
bility can depend on deposition route and post-treatments. ZrO,
films can exhibit measurable etch rates in acidic environments, in-
dicating that “corrosion” for ZrO,-based layers should be dis-
cussed as dissolution/etching and/or film delamination rather than
metallic corrosion in the classical sense [75].

For doped and heterostructured ZrO,, stability is strongly gov-
erned by the least stable component. Several deactivation mecha-
nisms should be considered in the context of dye degradation: (i)
dopant leaching (transition metals, rare-earths, or noble metals)
and subsequentloss of catalytic sites; (i) surfacefouling by strongly
adsorbed intermediates/by-products, which blocks active sites; (iii)
particle aggregation/sintering (more relevant in powders) that re-
duces surface area; (iv) phase evolution (e.g., tetragonal to mono-
clinic fraction changes depending on synthesis/thermal history);
and (v) photodegradation or photocorrosion of the coupled part-
ner in heterostructures (notably for some visible-active semicon-
ductors), which can dominate durability even if ZrO; itself remains
stable.

In ZrO,—POM hybrids, an additional issue is the intrinsic leach-
ing/solubility risk of polyoxometalates in aqueous media. Recent
reviews highlight that POM-based photocatalytic materials can suf-
fer from leaching and stability limitations, which is precisely why
heterogenization/immobilization strategies are often emphasized
to enable long-term operation [76]. Consistent with this, POM
functionalization and immobilization on solid supports (metal ox-
ides, carbon materials, polymers, MOFs, etc.) are commonly pro-
posed as routes to reduce POM loss while preserving the re-
dox/charge-transfer benefits that POMs bring to photocatalytic
processes [77]. Therefore, the thin-film approach (immobilizing
POMs on ZrO; films) is not only relevant for charge-transfer en-
hancement but also potentially advantageous for operational sta-
bility compared with purely dispersed molecular POM systems.

However, adhesion strength and leaching resistance must be ex-
perimentally validated.

To strengthen future ZrO, photocatalysis studies and support
scale-up claims, stability should be evaluated and reported using a
minimal set of tests: (a) cycling/reusability (at least 5 cycles) with
quantitative activity retention; (b) post-reaction characterization
(XRD/SEM and, when possible, XPS) to verify structural and sur-
face chemical integrity; and (c) leaching assays usingelemental anal-
ysis (ICP-OES/ICP-MS) to quantify dissolution of dopants, coupled
partners, or POM components. The use of ICP-based leaching
confirmation is increasingly standard in photocatalysis durability
reporting [78]. In film-based catalysts, additional reporting of film
adhesion/delamination behavior after cycling is recommended, as
apparent stability in activity may mask gradual detachment or sur-
face damage.

Conclusions

The review consolidates current knowledge on the synthesis,
modification, and application of ZrO, in heterogeneous photoca-
talysis processes, especially for the degradation of organic contam-
inants in aqueous solutions. ZrO, exhibits favorable physicochem-
ical properties—including thermal stability, high density of oxygen
vacancies, and the possibility of adjusting its crystalline structure—
positioning it as a promising material for environmental remedia-
tion.

The potential of ZrO; thin films as a support for Anderson-type
polyoxometalates is highlighted as an innovative strategy with
promising theoretical results but still lacking experimental valida-
tion. The combination could improve quantum efficiency and ex-
tend the spectral response of ZrO, toward the visible region.

Among the main limitations is the difficulty in maintaining phase
stability at high temperatures and the need for more reproducible,
sustainable, and low-cost synthesis processes.

It is recommended that future research explore the practical ap-
plication of ZrO,/POMs-A hybrid compounds, including studies
on service life, recyclability, and performance under real operating
conditions. Furthermore, their performance in solar reactors or
integrated systems for pilot-scale water treatment warrants sys-
tematic evaluation.
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