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ARTICLE INFO ABSTRACT
Keywords: This study presents a novel bixbyite-structured High Entropy Oxide (HEO), (Ceo.2Zr0.2Ybo.2Er0.2Gdo.2)203.4, syn-
Bixbyite-structured high entropy oxide thesized through a straightforward and efficient co-precipitation method in a carbonate environment, as a next-

Heterogeneous photocatalysis
Visible light
Organic water pollutants

generation photocatalyst for the removal of water pollutants under visible light irradiation. Calcination at 750 °C
induced the formation of the entropy-stabilized HEO bixbyite single-phase as displayed by the diffraction
pattern, characterized by a homogeneous distribution of the cations. The photocatalytic activity of
(Ceo.2Zr0.2Ybo.2Er0.2Gdo.2)203.4 was assessed by examining the influence of pH, photocatalyst dosage and irradi-
ation time on the degradation of methylene blue (MB). The optimal conditions for MB degradation were at pH =
11, with a catalyst dose of 1 gL and a reaction time of 180 min, achieving an MB degradation and minerali-
zation efficiency of approximately 99 and 45 %, respectively. ANOVA analysis revealed that the MB removal
efficiency was significantly influenced by the individual positive effects of irradiation time and pH, further
confirming that the photocatalytic performance of (Ceo.2Zro.2Ybo.2Er0.2Gdo.2)20s.4 is strongly dependent on the
adsorption of the target contaminant onto its surface. Analysis of the (Ceo.2Zro.2Ybo.2Er0.2Gdo.2)203.4 band struc-
ture and reactive oxygen species involved in MB photodegradation (superoxide and hydroxyl radicals) suggested
that this material acts as a direct band gap semiconductor. Moreover, the catalyst exhibited good stability and
reusability over multiple cycles. The (Ceo.2Zro.2Ybo.2Ere.2Gdo.2)203.4 photocatalyst was also capable of degrading
gallic acid (a colorless pollutant), achieving near-complete degradation of this pollutant after 180 min of irra-
diation time without altering the solution pH and excluding possible photosensitization phenomena of
(Ceo.2Zr0.2Ybo.2Er0.2Gdo.2)20s.4 by ~MB  molecules. These results highlight the potential of
(Ceo.2Zro.2Ybo.2Er0.2Gdo.2)20s.4 as a highly efficient and durable visible light-driven photocatalyst for water pu-
rification, particularly in the removal of dye pollutants, but also in the degradation of other water contaminants
like gallic acid at the spontaneous pH of the polluted water, offering a promising solution for multipurpose
wastewater treatment.

1. Introduction water contamination with pollutants [1-4]. One of the major global is-
sues is the removal of organic pollutants from water sources [5]. A key
The stability of aquatic ecosystems is increasingly threatened by group of contaminants in aquatic environments consists of dyes
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generated during various industrial processes, such as textile produc-
tion, dyeing, tanning, papermaking, and the manufacture of paints and
pigments [6-8]. Methylene blue (MB), depicted in Fig. 1, is among the
most commonly used dyes in these industries, and its growing concen-
tration in water bodies poses significant risks to the health of plants and
aquatic life [9]. Photocatalysis has garnered considerable interest as a
promising method for a wide range of applications [10-12], including
wastewater treatment [13-15]. Photocatalytic processes are triggered
when a catalyst absorbs photons with energy that equals or exceeds the
band gap energy (Eg) of the photocatalyst [16]. The absorption of
photons by the catalyst induces the formation of electron-hole pairs on
its surface. These electron-hole pairs can subsequently generate reactive
oxygen species (ROS). These ROS possess the ability to degrade organic
pollutants at ambient temperature and pressure. Among the diverse
range of photocatalyst materials, titanium dioxide (TiO3) and zinc oxide
(ZnO) are widely employed for the photodegradation of organic dyes
[17-21]. Nevertheless, these metal oxide semiconductors exhibit a
substantial band gap, which restricts their photocatalytic activity to the
UV region of the electromagnetic spectrum. This constraint renders
them inefficient under solar illumination, as the UV portion constitutes
only approximately 5% of the total solar spectrum. Despite numerous
efforts to improve their photocatalytic performance, such as doping with
metallic or non-metallic elements during semiconductor preparation,
TiO4 and ZnO still face challenges in effectively harnessing visible light
for photocatalysis [22-28]. On the other hand, high entropy oxides
(HEOs) have been considered a new class of materials with a high degree
of disorder, good chemical and thermal stability, catalytic activity, and
durability. The concept of HEO photocatalysts emerged around 2015 as
part of the broader discovery of high entropy materials (HEMs). Spe-
cifically, high entropy alloys were first proposed in 2004 [29], and the
concept was extended to oxides around 2015 [30]. HEOs exhibit a
complex crystal structure characterized by the random distribution of
multiple metal cations (typically five or more) in near-equimolar ratios.
This compositional heterogeneity results in intricate atomic interactions
and a challenging structural landscape. In contrast to conventional
metal oxides, the disordered arrangement of metal ions within the HEOs
lattice leads to a significantly increased defect density. These defects,
formulated as lattice distortions, can increase the mobility of oxygen in a
metal oxide system, promoting the separation of photogenerated
electron-hole pairs and reducing their recombination. The catalytic su-
periority of HEOs stems from the synergistic interplay of their
multi-constituent lattice constraint and the oxygen deficiency induced
by lattice strain [31].

Since Rost’s publication [30], scientific interest in HEOs has grown
exponentially, leading to the discovery of many differently structured
systems, extending beyond the simple rock-salt structure up to much
more complex crystal structures, including the bixbyite-like one
[32-35]. This surge in global research interest is primarily due to HEOs
promising, and often unexpected, technological properties [36,37]. In
the context of photocatalysis, HEOs are studied for their electronic and
structural potential to improve the efficiency of light-driven reactions,
such as water splitting, pollutant degradation, and CO» reduction
[38-40]. This new area of research aims to develop more efficient and
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robust photocatalysts that can operate under visible light to address
energy and environmental challenges. Recently, Gautam et al. synthe-
sized the (Mg, Co, Ni, Cu, Zn)O catalyst, achieving an MB degradation
rate constant of 0.0071 min™' [41]. Fu et al. demonstrated that the
(Bio.2Nao.2Bao.2Ko.2La0.2) TiOs high entropy perovskite oxide (HEPO) can
effectively degrade Rhodamine B, with degradation rates of
0.00765 min™' under visible light and 0.01905 min™' under UV light
[42]. Jia et al. developed (Lao.2Ceo.2Gdo.2Zro.2Fe€0.05)O2, which achieved
95.4 % tetracycline degradation under visible light irradiation over a
180 min of treatment time [40].

By using a simple and effective empirical predictor developed by
some of the authors [43] to predict a priori the formation of
bixbyite-structured HEOs, in this paper, (Ceg 2Zrg 2Ybg 2Erg 2Gdg 2)203+5
(briefly labeled as “CZYbEG_CAM” in the following) was synthesized via
co-precipitation with ammonium carbonate as precipitating agent. The
photocatalytic degradation of MB by CZYbEG_CAM under visible light
exposure was examined, with a particular focus on the impact of various
parameters, such as pH and photocatalyst dosage, on photocatalytic
efficiency. The stability of CZYbEG_CAM was evaluated through multi-
ple reuse cycles, and the key reactive oxygen species (ROS) involved in
the degradation process were identified by conducting photocatalytic
experiments in the presence of scavenger molecules. Additionally, the
performance of CZYbEG_CAM in degrading gallic acid (GA) which is a
colorless pollutant, with its chemical structure shown in Fig. 1, was
evaluated to rule out any potential photosensitization effects caused by
MB molecules. It is worth mentioning that the HEO proposed in this
work has never been studied as a photocatalyst. Therefore, the main
objective of this manuscript is to determine whether this type of HEO
can be a promising material in the field of heterogeneous photocatalysis.

2. Materials and methods
2.1. Chemicals

ZrO(NO3)2 (99,9 %, Carlo Erba, Milan, Italy), Ce(NOs3)3-6H50, Yb
(NO3)3-5H20, Gd(NO3)3-6H20, and EI‘(N03)3-5H20 (99,9 %, Sigma
Aldrich, Milan, Italy) were used as metal precursors, ammonium car-
bonate ((NH4)2COs, 99,0 %, Fluka-Honeywell, Steinheim, Germany)
was used as precipitating agent for the synthesis of CZYbEG_CAM. MB
(C16H18CIN3S, 99.95 %, Sigma Aldrich, Milan Italy), hydrochloric acid
(HCl, 37 %, Carlo Erba, Milan, Italy), sodium hydroxide (NaOH, pellets
anhydrous, > 98 %, Sigma Aldrich, Milan, Italy) and gallic acid
(C7H605, powder, 98 %, Thermo Scientific) were used for the photo-
catalytic tests. All reagents were used as-purchased without further
purification.

2.2. Synthesis of HEO photocatalyst

The adopted synthesis procedure for CZYbEG_CAM can be outlined
as follows:

1. All rare-earth and zyrconil nitrates were dissolved in deionized
water, resulting in a total cation concentration of 0.1 M (meaning
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Fig. 1. a) MB; b) GA molecular structure.
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each cation concentration was 0.02 M). This solution (referred to as
solution A) was stirred vigorously to ensure complete dissolution.

2. The precipitating solution (solution B) was prepared by adding a
proper amount of ammonium carbonate to achieve carbonate anions
to total cations ratio equal to 10 (R = 10).

3. Solution B was quickly poured into solution A, with mild stirring,
resulting in the immediate formation of a pinkish precipitate.

4. The resulting suspension was filtered using a vacuum pump,
repeatedly washed with deionized water, and finally dried overnight
at 80 °C in static air.

The as-synthesized CZYbEG_CAM powder underwent a calcination
step at 750 °C to induce the entropy-driven stabilization of the predicted
bixbyite-like phase.

The above-described engineered synthesis route for CZYbEG_CAM
derives from a systematic optimization to achieve a single-phase, en-
tropy-stabilized bixbyite structure. First, ammonium carbonate was
selected as the best precipitating agent over ammonia and alkaline hy-
droxides to ensure a more reactive and hard-agglomerate-free as-
precipitated precursor. Secondly, the adoption of as-low-as-possible
calcination temperature of 750 °C — rather than higher tested temper-
atures such as 1000 °C, 1250 °C, or 1500 °C — was critical for promoting
the entropy-driven stabilization of the target bixbyite-like phase while
limiting undesirable particles growth. Definitely, the adopted carefully
engineered synthesis conditions grant the obtaining of the entropy-
stabilized bixbyite-like structure while maintaining a controlled and
submicrometric morphology (characterized by a rather high surface
area), needed to favor ensuring enhanced photocatalytic properties.

2.3. Photocatalyst characterization

A structural analysis on both as-prepared and calcined CZYbEG_CAM
was carried out via X-ray diffraction with a Panalytical X’PERT MPD
diffractometer (Cu Ka radiation).

TG/DTA analysis was performed on the as-precipitated CZY-
bEG_CAM powder in the air using a heating rate of 10 °C min™! and o
-Al,03 as a reference using a Netzsch Thermoanalyzer STA 409.

CZYbEG_CAM morphology and chemical composition were inspec-
ted via Scanning Electron Microscopy (SEM) by using a Philips micro-
scope (XL30) coupled with an electron-dispersive spectroscopy (EDS)
probe.

The specific surface area of both as precipitated and calcined pow-
ders was determined by measuring the absorption/desorption of liquid
nitrogen (Gemini, Micromeritics) after drying at 150 °C and by using the
Brunauer, Emmett and Teller (BET) method.

The optical analysis was conducted using a Varian Cary 5000 UV-Vis
spectrophotometer equipped with a DR integration sphere (200-600 nm
range). The UV-Vis absorption spectrum was plotted using the Kubelka-
Munk function (F(R)), while the Tauc method referred to the formula
(F(R)hv)" = f(hv) was used to evaluate the energy gap (Ey), the y factor is
equal to 2 or 1/2 for the direct and indirect band gaps, respectively. The
photoluminescence (PL) spectrum was collected via a Perkin Elmer
Spectrofluorometer LS55. An excitation wavelength (Aex) of 325 nm was
used with 10 nm slits. The PL spectrum was recorded from 350 nm to
650 nm.

To evaluate the c-potential, the electrophoretic mobility was
measured at 25 °C as a function of pH through dynamic light scattering
(DLS) with a Zetasizer Nano ZS90 from Malvern Instruments, Worces-
tershire, UK. Instead, the pH was measured using an XS pH70 Viop from
GEASS, Turin, IT. A calcium chloride solution of 1 mM was prepared
using ultrapure water (Milli-Q); 0.5 g of the HEO sample was dissolved
in 100 mL of the calcium chloride solution and sonicated for 15 min
(10 W/mL, 20 kHz) using a DU-65 from Argo Lab, Carpi, IT. The solu-
tion’s pH was modulated by adding 0.1 M sodium hydroxide to achieve
basic pH values or 0.1 M hydrochloric acid for acidic pH values. An
integrated confocal micro-Raman system (Invia Micro-Raman,
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Renishaw, Wotton-under-Edge, UK) was used to acquire the CZY-
bEG_CAM Raman spectra. Notch filters are used in the spectrometer to
filter out the Rayleigh excitation line. Radiation at 514 nm was used for
measurements, with an actual output power of 25 mW. At a magnitude
of 20, the spectra were obtained on the focalized sample.

2.4. Photocatalytic activity test

Photocatalytic tests were performed in a cylindrical pyrex photo-
reactor (ID = 2.6 cm, Ltor = 41 cm and Vtor = 200 mL). Visible-LEDs
strip (nominal power: 10 W; emission in the range 400 — 800 nm; irra-
diance: 13 mW cm’z) was positioned in contact with the external sur-
face of the photoreactor. The photocatalyst powders (at varying dosages
between 0.5 and 3 g L™!) were introduced into 100 mL of an aqueous MB
or GA solution at an initial concentration of 10 mg L' (spontaneous
pH). The suspension was kept in the dark for 60 min to allow the
adsorption/desorption equilibrium of the dye on the photocatalyst sur-
face to be established. Additionally, the spontaneous pH of the MB so-
lution was adjusted by adding appropriate amounts of hydrochloric acid
or sodium hydroxide solutions to evaluate the effect of pH on photo-
catalytic activity. For analyzing the advancement of the reaction, 3 mL
of the solution was periodically collected from the photoreactor and
examined using a UV-Vis spectrophotometer (Thermo Scientific Evolu-
tion 201). More specifically, the absorbance value at 664 nm [44] to
track the MB degradation and the absorbance value at 270 nm for GA
degradation were determined during the test time [45]. The extent of
pollutant mineralization during irradiation was assessed by monitoring
the total organic carbon (TOC) levels in the solutions. Specifically, TOC
was quantified by measuring the carbon dioxide generated through
high-temperature catalytic oxidation at 680 °C. [46]. The kinetics of
photocatalytic pollutant degradation were investigated using the
Langmuir-Hinshelwood model [46]. The photodegradation rate (r) can
be mathematically represented as:

_dC_k Ku C

_E_E fw & 1
"Td 11Kg C M

Where k;, K44, and C represent the intrinsic kinetic constant, adsorption
equilibrium constant, and contaminant concentration, respectively. The
previous equation can be simplified to the first-order kinetics expression
with an apparent degradation kinetic constant (k) since the pollutant
concentration is low:

(g)-

The slope of -In (C/Cy) vs. time t will provide the apparent degra-
dation kinetic constant value. The following relationships were used to
assess both the pollutants (MB and GA) degradation efficiency and the
TOC removal (mineralization) at the generic irradiation time t:

kr K = kapp t (2)

Degradation efficiency(t) = (1 — ?) x 100 3)
0

Mineralization efficiency(t) = <1 - TOC(t)) x 100 @
TOC,

Where TOC() is the total organic carbon at the generic irradiation time
(mg L’l), TOC) is the initial total organic carbon (mg L’l), C(t) is the MB
or GA concentration at the generic irradiation time (mg L’l), Cy is the
initial MB or GA concentration (mg L’l).

2.5. Box-Behnken design

In general, the performance of the photocatalytic process depends on
different operating parameters. To understand the influences of different
operating conditions on the experiment results, the photocatalytic re-
actions were designed based on an experimental approach through the
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use of the most optimal catalyst. Furthermore, an empirical quadratic
polynomial model was employed, and all experimental data were
collected using a Box-Behnken design. Notably, the Box-Behnken design
is a factorial arrangement of at least three parameters utilizing incom-
plete block designs. In each block, one factor remains constant at the
center point, while the others are varied across four distinct combina-
tions within their upper and lower bounds [47]. The experimental
design employed a three-level factorial approach, utilizing low (-1),
medium (0), and high (41) levels for each factor. Note that one level was
set for each variable (Table 1). The independent variables investigated
in this study were solution pH (-), catalyst loading (g L™1), and irradi-
ation duration (min), designated as X1, X2, and X3, respectively.
Consequently, a total of 15 experiments were performed.

A polynomial regression model was employed to investigate the
causal link between the dependent and independent variables. The
equation is reported below (Eq. (5)):

k k-1
o X;+ Zﬂ‘ oxl.2+ ZﬂijoxioijrE 5)
=1 i=1

Where R is a response variable, p represents a set of regression co-
efficients (also called constants), k is the number of exogenous variables
(independent variables), and € is an unknown constant error vector. It is
crucial to emphasize that a positive sign in the regression equation
signifies a synergistic relationship between parameters, whereas a
negative sign denotes an antagonistic relationship. The optimal values of
the parameters were determined through the estimation of the regres-
sion equation and the analysis of the response surfaces visualized by
contour plots.

3. Results and discussion
3.1. Structural characterization

Fig. 2a shows the diffraction pattern of the as-precipitated CZY-
bEG_CAM sample, highlighting the presence of very broad amorphous
halos ascribable to the typical short-range order of amorphous ceria-
based and zirconia-based precipitates [48].

Conversely, Fig. 2b shows the diffraction pattern of CZYbEG_CAM
after calcination and quenching at 750 °C for 1 h. In this case, all the
observable peaks are attributable to a bixbyite-like crystal structure
(ICDD card n. 00-012-0797), confirming the formation of the designed
entropy-stabilized single-phase.

3.2. Thermal behavior

To better understand the nature of the amorphous precursor as well
as to analyze the CZYbEG-CAM thermal behavior before the entropy-
driven formation of the bixbyite-like phase, a simultaneous differential
thermal analysis (DTA) and thermogravimetric analysis (TG) has been
carried out on the as-precipitated CZYbEG_CAM.

Fig. 3 shows the DTA-TG curves of CZYbEG_CAM, revealing a rather
simple thermal behavior with two different thermal events (a and p), the
former located at about 180 °C and the latter (less pronounced) located
at about 500 °C, leading to a total weight loss of about 31 %.

Thus, based on both DTA-TG curves and previous results [49], it
could be inferred that the as-precipitated CZYbEG_CAM is a hydrated

Table 1
Experimental ranges and levels of independent variables.

Variables design Factors Units Range and levels

-1 0 1
X1 Irradiation time min 60 120 240
X2 Catalyst amount g/L 0.5 1 3
X3 pH - 3.4 11 12

Journal of Alloys and Compounds 1026 (2025) 180435
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Fig. 2. a) Diffraction pattern of as-precipitated CZYbEG_CAM; b) diffraction
pattern of CZYbEG_CAM calcined at 750 °C for 1 h.

(mixed) rare-earth (RE) carbonate with the following chemical formula:
RE(CO3)3-2 Hy0, exhibiting a theoretical weight loss (considering an
“average RE”) of about 30 %.

3.3. Microstructural characterization

Fig. 4 shows two exemplary SEM micrographs of both the as-
precipitated CZYbEG_CAM (Fig. 4a) and the CZYbEG_CAM calcined at
750 °C for 1 h (Fig. 4b), pointing out similar morphological features
(preserved even after calcination, as is usual in the case of rare earth
carbonates). In fact, both powders are characterized by softly agglom-
erated spherical particles, whose average size is nanometric (being
smaller than micrometric), this being a common feature in rare-earth-
based systems precipitated in carbonate environments [50].

The specific surface area of both the as-precipitated CZYbEG_CAM
and the CZYbEG_CAM calcined at 750 °C for 1 h was measured by ni-
trogen adsorption analysis according to the BET (Brunauer-Emmett—
Teller) method, being equal to 61.94 m2/g for the former and 39.21 m?/
g for the latter. Under the hypothesis that particles are spherical, the
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Fig. 3. DTA-TG curves of as precipitated CZYbEG_CAM.

average particle diameter, dggy, can be estimated as follows: dggr =
6/pS, where p is the density and S is the specific surface area derived
from BET measurement. Thus, by considering a reference density p
=7.62g/cm® (for bixbyite-structured GdyOs from ICDD card n.
00-012-0797), we estimated the average particle diameter as about
13 nm for the as-precipitated CZYbEG_CAM and about 20 nm for the
calcined CZYbEG_CAM.

Finally, Fig. 5 displays the elemental mapping of CZYbEG_CAM
calcined at 750 °C for 1 h, highlighting a highly homogeneous distri-
bution of all the involved cations, this being an indirect confirmation of
the entropy-driven formation of its bixbyite-like single-phase structure.

3.4. Raman analysis

The Raman spectrum of the calcined CZYbEG_CAM photocatalyst is
reported in Fig. 6.
The Raman bands observed at approximately 400 cm™ and 459 cm™

Mags 1IN0
K0, 3000 WO 19.7 mw

Journal of Alloys and Compounds 1026 (2025) 180435

in the sample are characteristic of vibrational modes within the fluorite
or defect fluorite structure commonly associated with doped ceria sys-
tems. In detail, the signal at about 400 cm ™! band typically corresponds
to the Fzg symmetric breathing mode of oxygen ions surrounding the
cationic lattice [51,52]. The features at about 460 cm ! and 615 cm™!
are associated with lattice disorder and oxygen vacancy-related vibra-
tional modes arising from the interaction between dopant ions and the
ceria host lattice, as well as the formation of oxygen vacancies to
maintain charge neutrality. These structural changes are frequently
observed in Raman studies of multi-doped ceria and high-entropy oxides
[53,54].

The appearance of the high-frequency band in the range
800-1000 cm ™! could be attributed to the disordered fluorite structure
[55,56].

3.5. UV-Vis and photoluminescence characterization

The UV-Vis absorption spectrum, Fig. SI-1, was analyzed using the
Tauc plot method to obtain the direct and indirect energy gap. In Fig. 7,
(F(R)(hv)! is plotted as a function of the photon energy, hv. As suggested
by Nundy et al. [57], the application of this method may introduce er-
rors in the evaluation of the band gap (Eg) in multi-component semi-
conductor systems. In this work, a double tangent approximation was
used for a more accurate assessment of Eg values [58]. This correction
led to a direct and indirect Eg of 3.7 and 3.2 eV, as reported in Fig. 7a
and b, respectively. Making comparisons with literature data is not
straightforward due to the variability of HEO systems containing cerium
and zirconium. Nundy et al. [57] synthesized five fluorite-type rare
earth high-entropy oxides, obtaining Eg values spread over a range of
1.9-3. On the other hand, a low value of Eg, equal to 2.1 was reported by
Mariappan Anandkumar et al. [59] for a fluorite high-entropy oxide
with chemical formula (CeGdHfPrZr)O. These values must be carefully
evaluated since, as mentioned above, they can be affected by some
intrinsic error of the Tauc plot method for these rich cocktails of cations
in the oxide structure.

Notably, the inset of Fig. SI-1, focusing on the 400-700 nm range,
indicates the presence of intense and narrow absorptions within the
visible spectrum, whose wavelengths align with the emission observed
in the photoluminescence spectrum (Fig. 8). These absorption bands can
be primarily attributed to electronic transitions within the 4f-orbitals of
the rare-earth elements [60] (i.e. Er®*, Yb®" and Gd®"). Such features
are characteristic of HEOs with fluorite-like structures, which support

Fig. 4. a) SEM micrograph of the as-precipitated CZYbEG_CAM; b) SEM micrograph of CZYbEG_CAM calcined at 750 °C for 1 h.
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Fig. 5. SEM (a) — EDS (b) mapping of the elemental distribution in CZYbEG_CAM calcined at 750 °C for 1 h.

the stabilization of multi-element configurations through configura-

tional entropy [30]. The energy levels introduced by the 4f-orbitals can

act as intermediate states within the band gap, facilitating multi-step
photon absorption [61]. These features may account for the visible
light activity of CZYbEG_CAM (vide infra).

To get insight into the electronic structure of prepared HEO, pho-
toluminescence spectroscopy was performed, Fig. 8. Since the sample
under study consists of a combination of five different elements, the
attribution of the single emission peaks is somewhat puzzling due to the
complex electronic band structure of the HEO system. However, some
peaks can be related to characteristic transitions. In detail, the peak at
408 nm can be associated to a CB — VB emission involving Ce>" ions,
whose presence in CeO; causes a sub-band at 1.3-1.5 eV above O2p VB
[62]. Moreover, the 425 nm peak can be related to a violet emission in
the visible range, likely due to the transition F** — Ce>* 4f 1. FO, F" and
FT refer to the states related to oxygen vacancies, which generally lie
below Ce** 4f° and are involved in emission into the visible. These states
contain 2, 1 or 0 electrons, respectively.

Fig. 6. Raman spectrum of CZYbEG_CAM sample. *The peak at 487 nm shows green-blue emission attributed to the
F''= F' transition, and the 515 nm peak corresponds to green emission
resulting from the F®* — F° transition, where F* are empty excited en-
ergy states [62]. Finally, the peak at 545 nm is tentatively attributed to
contributions from erbium (Er), associated with the 2Hj; /2 = 4115/2

Intensity (a.u.)

T T T T T T T T
200 400 600 800 1000

Raman shift (cm'l)
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Fig. 7. Tauc plot for (a) direct bandgap calculation and (b) indirect bandgap calculation of CZYbEG_CAM sample based on the F(R) function by Tauc plot relation
using the double tangent approximation.

wavelength of 325 nm obtained a spectrum with numerous sharp peaks
[57]. While they did not identify all individual peaks, they attributed all
peaks ranging from 450 nm to 600 nm to defect levels originating from
oxygen vacancies [57]. Furthermore, defective states can increase
non-radiative decay processes, which are therefore not recorded in the
PL spectrum [57,62].

Ae= 325 nm

4. Photocatalytic activity results

4.1. Photocatalytic degradation results of methylene blue

515 nm

PL Intensity (a.u.)

Fig. 9 displays the photocatalytic MB degradation and mineralization
efficiency achieved using 1 g L™* of CZYbEG_CAM sample as a function
of irradiation time at the spontaneous pH of MB aqueous solution (pH =
6.8) compared to a test performed without photocatalyst and in the
presence of only visible light (photolysis).

T T T T T The relative concentration of MB and TOC remained unchanged
350 400 450 500 550 600 under visible light in the absence of the photocatalyst, confirming that
Wavelength (nm) photolysis had a negligible effect [65]. In contrast, the CZYbEG_CAM
sample achieved a 30 % MB degradation (Fig. 9a) and a 28 % TOC
reduction (Fig. 9b) after 180 min of irradiation. This outcome highlights
. . . 9 . . that CZYbEG_CAM exhibits a certain photocatalytic activity under
transition, emitting in the green region [63]. “Hj1 /5 is an (excited) en- visible light.
ergy (Stark) level of Er®* 4f'1 electronic configuration and I is the
ground-state level of the 4f'! configuration [64]. Nundy et al.l on a
similar system (Ceg2Zrg2Llag2Gdg2Yp202) using an excitation

Fig. 8. Photoluminescence spectra of CZYbEG_CAM sample.
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Fig. 9. a) Behaviour of MB relative concentration b) and TOC/TOC, as a function of irradiation time achieved in the presence of CZYbEG_CAM sample and during the
photolysis test.
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4.1.1. Influence of pH

The influence of pH was examined to determine whether altering the
solution pH could enhance the photocatalytic activity of the CZY-
bEG_CAM sample. Specifically, the natural pH of the MB solution,
initially at 6.8, was adjusted to 3.4 or 11 by adding 0.1 M aqueous so-
lutions of HCI or NaOH, respectively, to the reaction system.

Fig. 10 illustrates the impact of pH on the degradation and miner-
alization of MB, both in the dark and under visible light.

The highest dye adsorption on the photocatalytic surface was
observed under basic conditions (pH = 11), with an adsorption effi-
ciency of 28 % after 60 min in the dark (Fig. 10a). The MB degradation
under visible light was particularly effective at pH = 11, achieving
approximately 99 % MB degradation after 180 min of visible light
irradiation (Fig. 10a) and the highest degradation kinetic constant of
0.022 min™ (Fig. 10b). In comparison, after the same irradiation time,
the MB degradation was much lower, reaching only 26 % and 30 % at
pH = 3.4 and 6.8, respectively (Fig. 10a). Additionally, at pH = 11, TOC
removal was 44 %, whereas, at the other pH values, TOC removal was
significantly lower (Fig. 10b).

In general, changing the pH of the solution can alter the surface
charge of the photocatalyst and the ionization level of the pollutant
molecules in the solution [66,67]. For this reason, to gain a better un-
derstanding of the experimental findings collected at varying MB solu-
tion pH values (Fig. 11), the zeta potential ({) of the CZYbEG_CAM
sample was measured as a function of pH, revealing that the point of
zero charge (PZC) of the catalyst was determined to be 8.

Possibly, at pH values lower than the PZC, the photocatalyst surface
becomes positively charged as hydroxyl groups on the surface undergo
protonation, as reported in the literature [68]. In contrast, at pH values
above the PZC, deprotonation of hydroxyl groups dominates, leading to
a negatively charged surface [59,68]. Considering the zeta potential
trends, the reduced MB adsorption capacity of CZYbEG_CAM at pH
values below 7 can be attributed to electrostatic repulsion. At pH = 6.8,
MB primarily exists as a cationic species in solution, while at pH = 3.4, a
mixture of undissociated and cationic MB species is present [69].
Consequently, at both pH = 6.8 and 3.4, electrostatic repulsion between
the positively charged MB species and the CZYbEG_CAM surface hinders
the adsorption process. Conversely, under basic conditions (pH = 11),
the negatively charged surface of the photocatalyst attracts the posi-
tively charged MB molecules, promoting adsorption [69]. Therefore, the
photocatalytic performance at pH 11 (pH>pHpzc) was superior to that at
pH = 6.8 and 3.4 (Fig. 10), highlighting the crucial role of pollutant
adsorption in the photocatalytic activity of CZYbEG_CAM [70].

Light ~ —®—pH=34
o — pH = 6.8 (spontaneous)
I-a-pH=11
_?}i
=
S
© 04
A
0.2
i
0.0 4
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0 30 60 90 120 150 180 210 240
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Fig. 11. Point zero charge (PZC) of HEO CZYbEG_CAM photocatalyst.

4.1.2. Influence of CZYbEG_CAM photocatalyst dosage

Photocatalytic experiments were carried out to investigate the
impact of different CZYbEG_CAM dosages. The catalyst loading was
systematically varied from 0.2 to 3 g/L. Photocatalytic tests were per-
formed using optimized parameters at pH = 11 and with an initial dye
concentration of 10 mg/L. Fig. 12 displays the experimental results for
dye degradation as a function of irradiation time for varying photo-
catalyst dosages.

The photocatalytic activity of CZYbEG_CAM enhanced with
increasing dosage, ranging from 0.2 to 1 g L™, A higher photocatalyst
dosage provides more active sites for light absorption, leading to
accelerated pollutant degradation [71,72]. Specifically, after 180 min of
visible light irradiation, the photocatalytic degradation reached
approximately 85 % with a photocatalyst dosage of 0.2 gL~ and
increased to 99 % with a CZYbEG_CAM dosage of 1 g L™!. Nevertheless,
further increasing the dosage to 3 g L ™! resulted in a slight decrease in
photocatalytic activity (~80 % after 180 min). Excessive catalyst dosage
can cause turbidity in the solution, leading to a screening effect that
hinders light penetration and reduces the active surface area exposed to
light [73,74]. Table SI-1 of Supplementary Material lists the values of
the apparent degradation kinetic constant, evidencing that the highest
value (0.022 min~') was obtained with 1 g L~! of CZYbEG_CAM dosage.

01 TOC removal +0.030
- kapp 0.025
404 Lo,
b) +0.020 _
304 -—.<=
L0.015 E
204 g
F0.010==
Y / +0.005
04 //////%-//// 7 L 0.000

pH=34 pH=638

pH=11

Fig. 10. a) Behaviour of MB relative concentration as a function of test time; b) TOC removal (%) after 180 min of visible light and degradation apparent kinetic

constant values obtained by varying the pH.
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Fig. 12. MB relative concentration as a function of irradiation obtained with
CZYBEG_.CAM HEO different dosages (pH = 11; initial MB
concentration = 10 mg L’l).

4.1.3. Stability tests

Cycling experiments were conducted to evaluate the stability and
reusability of the CZYbEG_CAM photocatalyst under optimized condi-
tions (pH = 11; photocatalyst dosage = 1 g L™1). After each cycle, the
catalyst was recovered, washed with distilled water and dried at 80°C.
The results of these experiments are presented in Fig. 13.

The CZYbEG_CAM exhibited good stability. Specifically, the MB
degradation decreased by only approximately 8-9 % with a minor
reduction in the apparent kinetic constant from 0.022 min™ to
0.014 min™ after five cycles of reuse (Fig. 13).

The CZYbEG_CAM photocatalyst was recovered after the fifth reuse
cycle and analyzed through Raman spectroscopy (Fig. SI-2).

Raman analysis of the spent catalyst demonstrated no appreciable
alterations in the spectral signals relative to the fresh photocatalyst,
indicating preservation of the fundamental structural framework. In
summary, the Raman spectra substantiated the stability and recycla-
bility of the CZYbEG_CAM photocatalyst, in line with the photocatalytic
performance observed during the recycling tests (Fig. 13).

4.1.4. Possible photocatalytic reaction mechanism driven by the
CZYbEG_CAM photocatalyst

To understand the potential involvement of reactive oxygen species
(ROS), including hydroxyl radicals, superoxide, and positive holes, in
the photocatalytic MB degradation, CZYbEG_CAM photocatalyst was
employed under optimized conditions (photocatalyst dosage= 1 g L2,
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7
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Fig. 13. MB degradation after 180 min of visible light and apparent kinetic
constant values in five reuse cycles (pH = 11; initial MB concen-
tration = 10 mg L™Y; photocatalyst dosage = 1 g L™1).
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pH = 11). In particular, specific scavenger probe molecules were
introduced:  disodium ethylenediamine tetra-acetate (EDTA,
10 mmol L™Y) for trapping positive holes [75], isopropanol (IPA,
10 mmol L™Y) for trapping hydroxyl radicals [76], and benzoquinone
(BQ, 1 pmol L™ for trapping superoxide [77].

Fig. 14 shows the influence of EDTA, IPA and BQ on photocatalytic
performances.

The addition of scavengers to the aqueous solution influenced the
photocatalytic reaction rate. The apparent kinetic constant decreased
from 0.022min~! in the absence of scavengers to 0.015 and
0.014 min~! with the addition of EDTA and IPA, respectively. In
contrast, it significantly declined to 0.0077 min~! upon the addition of
BQ. From these results, it can be inferred that -O3 was the primary ROS
responsible for the degradation of the MB dye in compliance with the
literature [41,57], although -OH and h™ contribute to a lesser extent.

To explain such experimental behavior, the valence band (Eyp) and
conduction band (Ecp) edge potentials at pH = 11 of the CZYbEG_CAM
photocatalyst have been estimated using the Mulliken theory through
the use of the following equations [59,78]:

1

%y = 5 (e + Ei)j = fons(Ce*" 2r* Yb*" Er** Gd™" .07 ) (6
1

tor = O XX X A X M X Aea X Xo) T

)

Ecg=y—E—-05 E;—0.059H ®

Eyp = Ecp + Eg ©)

Where X is the electronegativity of the j species (ions), Egy; is the elec-
tron affinity energy of j species and Ej is the ionization energy of j
species; a,b, c,d, e, correspond to the atomic fraction of ions; y;o; rep-
resents the total electronegativity of the compound (5.44 eV); E; cor-
responds to the direct and indirect bandgap of the material estimated
from the Tauc plot (3.7 and 3.2 eV respectively), E® is the energy of free
electrons on the hydrogen scale (4.5 eV).

For the indirect band gap scenario, the Ecg and Eyg were found to be
—1.559 V and + 2.141 V vs NHE. In contrast, considering a direct band
gap configuration, the Ecg and Eyg were calculated to be —1.309 V and
+ 1.891 V vs NHE. Fig. 15 illustrates the possible charge carrier sepa-
ration and ROS generation in the presence of CZYbEG_CAM photo-
catalyst, derived from the calculated Ecg and Eyp values for the two
scenarios.

Under light irradiation, electrons (e~) are excited from the valence
band (VB) to the conduction band (CB), generating positive holes (h")in
the VB. The e~ in the CB and h' in the VB trigger a series of reactions to
produce -O3 and -OH. Specifically, for CZYbEG_CAM as a direct bandgap
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0.015 +

77
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Fig. 14. Apparent kinetic constant of MB degradation for each used scavenger
molecule (pH =11; initial MB concentration =10 mgL~!; photo-
catalyst dosage = 1 g L™1).
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Fig. 15. Schematic diagram of the charge carrier separation and ROS generation in the presence of CZYbEG_CAM photocatalyst considered as (a) direct band gap

semiconductor and (b) indirect band gap semiconductor.

semiconductor (Fig. 15a), the excited electrons in the CB can reduce
molecular oxygen to -O3. This is possible because the redox potential of
the Oy/-0O3 couple (-0.40 V vs NHE at pH = 11) is less negative than the
Ecp of the photocatalyst (-1.559 V vs NHE at pH = 11). Concurrently,
the holes in the VB can oxidize water to -OH, as the redox potential of the
-OH/H30 pair (+2.071 V vs. NHE at pH = 11) is less positive than the
Eyp value (4+2.141 V vs. NHE at pH = 11).

Conversely, when considering CZYbEG_CAM as an indirect bandgap
semiconductor (Fig. 15b), the electrons in the CB still possess the ca-
pacity to reduce O to -Oj, as the redox potential of the O,/-O3 pair
remains less negative than the Ecg (-1.309 V vs NHE at pH = 11).
However, due to the redox potential of the -OH/H3O pair being more
positive than the Eyg (+1.891 V vs. NHE at pH = 11), the holes in the VB
cannot generate -OH from water.

Overall, from a thermodynamic standpoint, the CZYbEG_CAM pho-
tocatalyst, in both direct and indirect band gap configurations, can
produce -O3 when exposed to light. Conversely, the generation of -OH is
restricted to the direct bandgap configuration of CZYbEG_CAM.

Given that both -O3 and -OH were identified as reactive species in the
photocatalytic degradation of MB, as evidenced by quenching experi-
ments (Fig. 14), we can argue the prepared CZYbEG_CAM operates as a
direct band gap semiconductor. This is because, if the photocatalyst
were an indirect band gap semiconductor, the photocatalytic reaction
rate would not have been affected by the presence of IPA, contrary to the
experimental findings depicted in Fig. 14.

Regarding the potential contribution of h™ to the MB photocatalytic
degradation mechanism, it’s worth considering that MB dye at pH = 11
is present in its cationic form. Therefore, not being an electron donor,
the decreased photocatalytic activity after EDTA addition may not
indicate direct oxidation of MB by h™ [79]. EDTA traps h™, preventing
them from oxidizing water molecules into -OH. This diminished gener-
ation of hydroxyl radicals, in turn, led to a decrease in the observed
degradation efficiency of MB (Fig. 14).

By analyzing the experimental results presented in Fig. 14 and
considering the band alignment and redox potentials of the ROS

R =0.000924 +0.2892 X; —49.6639 X,

+1.36693 X, X; +0.143737 X; X

—0.0000648X; —0.00526 X;2—0.00112 X,2—0.56184 X;2+0.432376 X;
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involved, as illustrated in Fig. 15a, a potential simplified mechanism for
the photocatalytic degradation of MB by CZYbEG_CAM can be proposed
as follows:

HEO + hv—hy5) + €., (Reaction 1)

O,+e” — o0, (Reaction 2)

H,O0+h"-H" 4 o« OH (Reaction 3)

MB + 0, / e OH— Intermediates—» H,O+ CO, (Reaction 4)

Upon exposure to visible light, the CZYbEG_CAM photocatalyst ac-
tivates, exciting electrons from the VB to the CB and leaving behind h™
in the VB (Reaction (1)). The energized electrons in the CB can reduce O4
to -O3 (Reaction (2)). Concurrently, the positive holes in the VB oxidize
water molecules to generate -OH (Reaction (3)). Subsequently, both -O3
and -OH oxidize the MB dye, forming intermediate compounds that are
further oxidized into carbon dioxide and water (Reaction (4)).

Table 2 summarizes the photocatalytic degradation of MB dye by
some recently developed HEOs. The data is compared to the perfor-
mance of the CZYbEG_CAM photocatalyst.

The enhanced photocatalytic activity of the HEO prepared in this
work compared to other reported HEOs demonstrates the importance of
investigating this class of materials for potential applications in
photocatalysis.

4.2. Construction of polynomial expression and 3D response surface for
MB photodegradation

The Box-Behnken design matrix for the experimental and predicted
values for the MB degradation (%) are regrouped in Table 3.

The maximum degradation observed was 97 % and 97.28 % for
experimental and predicted outcomes, respectively. The design model,
incorporating three variables and their corresponding responses (R), can
be mathematically represented as:

% (10)
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Table 2

Comparison of MB photocatalytic degradation with HEO photocatalyst.
HEO MB initial concentration (mg L™?) Light source Degradation time (min) Rate constant (min~—?) Refs.
Ceo.2Gdo.2Hf 2Lag 271 202 10 Sunlight 180 0.005 [31]
Gdo 2Hf »Lag »Yo.2Z10.202 10 Sunlight 180 0.005 [31]
(CeGdHfPrZr)O, 20 uv 240 0.011 [59]
(Mg, Co, Ni, Cu, Zn)O 10 visible light 80 0.0071 [41]
(Ceg.2Zr( 2Ybg 2Erg 2Gd 2)203.4 10 Visible light 0.022 This work

Table 3

Box-Behnken design matrix with experimental values for independent variables.

Run Variables Variables Experimental Degradation (%) Predicted Degradation response (%)
X1 X2 X3 X1 X2 X3

1 0 1 -1 120 3 3.4 4 3.783494
2 -1 0 0 60 0.5 11 6 5.912365
3 0 -1 -1 120 1 3.4 12 8.645222
4 -1 1 0 60 0.5 11 6 5.912365
5 0 1 1 120 1 12 70 70.81516
6 1 0 -1 240 3 3.4 25 25.43379
7 1 -1 0 240 0.5 11 97 97.28965
8 0 0 0 120 1 11 69 67.85607
9 0 0 0 120 1 11 69 67.85607
10 -1 0 -1 60 0.5 3.4 1 0
11 0 0 0 120 1 11 69 67.85607
12 0 -1 1 120 1 12 70 70.81516
13 -1 -1 0 60 0.5 11 6 5.912365
14 0 0 1 120 1 12 70 70.81516
15 0 1 0 120 3 11 42 42.217

The model strength is assessed using both the R? value (0.998) and
the adjusted R? value (0.997) (Fig. SI-3).

Both are estimated to be in the range of 0.99. Traditionally, the
generally agreed-upon threshold value is at least 0.80. The closer this
value approaches unity, the more appropriate the model becomes [80].
Finally, three-dimensional response surface plots are drawn in Fig. 16 to
visualize the interaction effects between the independent variables and
the responses.

It is crucial to emphasize that the derived mathematical expression
(Eq. (10)) exclusively characterizes the photocatalytic degradation of
MB under the specified experimental parameters. This equation may not
apply to other pollutants or under altered experimental conditions [81].
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Fig. 16. Response surface showing the effect of catalyst amount (g L) and
irradiation time (min) on the MB degradation (%) at pH = 11.
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4.3. Photocatalytic degradation results of gallic acid

The photocatalytic performance of CZYbEG_CAM was also evaluated
for the removal of GA, a colorless pollutant. This was done to rule out
potential photosensitization effects from MB molecules on the photo-
catalyst surface and to confirm the crucial role of pollutant adsorption in
modulating the photocatalytic activity of CZYbEG_CAM. Visible light-
driven experiments were carried out using the identical experimental
apparatus employed for the photocatalytic tests for MB degradation.
100 mL of GA solution with an initial concentration of 10 mg L™} was
subjected to irradiation in the presence of 0.5 or 1 g L ™! of photocatalyst
dosage at pH = 4.8 (spontaneous pH of GA aqueous solution). The
photocatalytic results of GA degradation at the two tested photocatalyst
dosages are reported in Fig. SI-4.

Before visible light irradiation, at a photocatalyst dosage of 1 g L1,
GA was almost entirely adsorbed onto the photocatalyst surface
(approximately 99 %). As a result, the GA photocatalytic degradation
cannot be appreciated during the irradiation time. The significant
adsorption can be explained by the zero point charge of CZYbEG_CAM
(pHzpc = 8), which is higher than the pH of the GA solution (pH = 4.8).
The positively charged catalytic surface (Fig. 11) facilitates GA
adsorption through electrostatic interaction phenomena [82], as GA is
partially deprotonated at pH 4.8 [83]. By reducing the catalyst dosage to
0.5 g L™}, GA adsorption was diminished, and the relative GA concen-
tration gradually decreased under irradiation, achieving nearly com-
plete degradation (Fig. SI-4) after 180 min of visible light irradiation.
Furthermore, GA mineralization was investigated, resulting in a TOC
removal exceeding 99 %.

5. Conclusions

In this study, a novel bixbyite-structured High Entropy Oxide (HEO),
specifically (Ceo.2Zro.2Ybo.2Er0.2Gdo.2)203.4 (CZYbEG_CAM), was suc-
cessfully synthesized with a simple co-precipitation method by using
ammonium carbonate as a precipitating agent and tested as a visible
light photocatalyst for the degradation of methylene blue (MB) dye.

The designed single-phase bixbyite-structured HEO has been
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obtained after calcination and quenching at 750 °C for 1 h, preserving a
high surface area and nanometric particle features similar to the as-
precipitated sample, as pointed out by SEM micrographs and
confirmed by estimation of particles size based on BET results too.

Furthermore, a thorough analysis of the UV-Vis spectrum showed
absorptions in the 400-700 nm region, suggesting a possible visible
activity. Indeed, multiple emission peaks were recorded in the visible
region of the photoluminescence spectrum, indicating a significantly
defective structure

The photocatalytic performance of CZYbEG_CAM was evaluated
under various operating conditions, including pH levels, catalyst dosage,
and irradiation time. The optimized conditions (pH = 11, catalyst
dosage of 1 g L™, and 180 min of irradiation) resulted in MB degrada-
tion and mineralization efficiency of approximately 99 and 45 %,
respectively, because of the enhanced adsorption of MB on the catalyst
surface. The construction of a polynomial expression and a 3D response
surface model for MB photodegradation in the presence of CZYbEG_CAM
provided additional evidence supporting this feature.

Analysis of the CZYbEG_CAM photocatalyst band alignment scheme,
in conjunction with the redox potentials of reactive oxygen species
(ROS) and the observed MB photodegradation rates in the presence of
ROS scavengers, indicates that CZYbEG_CAM acts as a direct band gap
semiconductor. Moreover, the results suggested that both superoxide
and hydroxyl radicals contribute to MB degradation under visible light
irradiation. Additionally, the catalyst exhibited stability and reusability
across multiple cycles, with a minimal decline in photocatalytic per-
formance, showcasing its potential for real environmental remediation
applications.

Photocatalytic tests with gallic acid (GA) showed that the HEO was
able to completely degrade also a colorless pollutant, demonstrating that
the visible light activity of CZYbEG_CAM observed in the tests with MB
was not due to sensitization phenomena of its surface by the adsorbed
dye. Additionally, the results with GA further confirmed that the pho-
tocatalytic performance of CZYbEG_CAM is strongly dependent on the
adsorption of the target contaminant onto its surface.

Overall, the (Ceo.2Zro.2Ybo.2Er0.2Gdo.2)203.2 demonstrates significant
potential for visible-light-driven applications in wastewater treatment.
This material exhibits promising efficacy not only in degrading dye
pollutants but also in removing colorless organic contaminants. These
findings suggest that this photocatalyst could contribute to developing
advanced, multifunctional water treatment processes.
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