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A B S T R A C T

This work reports the synthesis of a bixbyite-structured High Entropy Oxide (Ce₀.₂Zr₀.₂Yb₀.₂Er₀.₂Gd₀.₂)₂O₃₊δ via a 
co-precipitation route in an ammonia-based medium and its application as a visible-light-active photocatalyst for 
the degradation of gallic acid (GA), a model phenolic contaminant. Structural characterization demonstrated that 
calcination at 750 ◦C (CZYbEG-750) produced a nanocrystalline bixbyite-structured high-entropy oxide with 
lower crystallite size and defect-related vibrational features, while calcination at 1500 ◦C led to a well- 
crystallized system with bigger crystallites and very low surface area, detrimental to photocatalytic activity. 
Under optimal conditions (0.125 g L⁻¹ catalyst, 5 mg L⁻¹ GA initial concentration, pH 4.5), CZYbEG-750 achieved 
nearly complete GA removal (~99%) and 72% mineralization after 180 min of visible light irradiation. The 
photocatalytic performance was strongly affected by solution pH, with spontaneous acidic conditions (pH 4.5) 
yielding the highest degradation efficiency. Response surface methodology (RSM) and ANOVA identified irra
diation time and pH as the most significant factors influencing performance (R² = 0.9905). Mechanistic inves
tigation based on reactive oxygen species (ROS) scavenger tests and band edge calculations identified 
photogenerated holes as the main oxidative species, with hydroxyl and superoxide radicals contributing syner
gistically to the degradation process. The catalyst showed good stability, maintaining activity over five reuse 
cycles with minimal loss of efficiency, and retained ~85% degradation efficiency in tap water despite the 
presence of inhibitory inorganic ions. Compared to other photocatalytic systems, CZYbEG-750 exhibited 
competitive kinetics and remarkably low electrical energy consumption (~40 kWh m⁻³), underscoring its energy 
efficiency. These findings highlight the potential of entropy-stabilized bixbyite-type high entropy oxides as 
robust and durable photocatalysts for the removal of recalcitrant, non-chromophoric pollutants in advanced 
water treatment applications.

1. Introduction

The health and stability of aquatic ecosystems are increasingly 
threatened by the contamination of natural water bodies with persistent 
organic pollutants (POPs), which are continuously released from in
dustrial, agricultural, and domestic activities [1− 4]. Among these, 
phenolic compounds represent a particularly concerning class of 

contaminants due to their high chemical stability, notable toxicity even 
at low concentrations, and ubiquitous presence in wastewater from 
petrochemical, pharmaceutical, pulp and paper, and textile industries 
[5− 7].

Gallic acid (GA) (Fig. 1), a naturally occurring trihydroxybenzoic 
acid, is a representative member of this group. It is widely employed in 
food, pharmaceutical, cosmetic, and leather tanning industries owing to 
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its antioxidant and antimicrobial properties [8,9]. Despite its natural 
origin, GA can persist in aquatic environments, particularly in waste
waters with elevated organic load and limited biodegradability, where 
its strong antioxidant character and aromatic structure hinder oxidative 
breakdown [10− 12]. Its persistence may disrupt microbial balance, 
increase biological oxygen demand, and inhibit enzymatic activity, 
while its colorless nature complicates detection and timely remediation. 
Developing efficient, sustainable strategies for its removal is therefore a 
priority.

Heterogeneous photocatalysis has emerged as one of the most 
promising advanced oxidation processes (AOPs) for the degradation of 
persistent pollutants, as it exploits semiconductor activation under light 
irradiation to generate reactive oxygen species (ROS) [13− 16]. While 
TiO₂ and ZnO have been extensively studied [17− 20], their wide band 
gaps and fast charge recombination restrict efficiency under visible light 
[21− 23].

To overcome these limitations, the main specific objective of the 
present study is the identification of a new photocatalyst able to degrade 
POP under visible light. To this end, high entropy oxides (HEOs) have 
emerged as a novel class of photocatalysts with tunable band structures, 
enhanced defect chemistry, and remarkable structural stability 
[24− 27]. Their multicomponent nature promotes oxygen vacancy for
mation, broad light absorption, and improved charge carrier dynamics, 
making them particularly suited for visible-light photocatalysis [28]. 
Although HEOs have shown promising activity in dye and pharmaceu
tical degradation [29− 32], little is known about their performance 
against non-chromophoric and oxidation-resistant pollutants such as 
GA, which pose greater challenges for photocatalysis.

Based on our previous findings [33], in which a bixbyite-structured 
HEO (Ce₀.₂Zr₀.₂Yb₀.₂Er₀.₂Gd₀.₂)₂O₃₊δ showed very good catalytic activity 
toward dye degradation, we decided to use the same HEO also for the 
POP degradation. To the best of our knowledge, this is the first 
comprehensive study demonstrating the application of a 
bixbyite-structured HEO for the photocatalytic removal of GA under 
visible light.

Hence, we report the synthesis of a bixbyite-structured HEO, 
(Ce₀.₂Zr₀.₂Yb₀.₂Er₀.₂Gd₀.₂)₂O₃₊δ, via a simple co-precipitation method 
using ammonia as the precipitating agent. GA was selected as a target 
pollutant not only because of its widespread industrial use and envi
ronmental occurrence [8], but also as a representative model compound 
of the polyphenol family frequently employed in photocatalytic studies 
[34,35]. Its non-chromophoric structure excludes photosensitization 
effects, while its strong antioxidant character makes it a more chal
lenging substrate for visible-light photocatalysis compared to conven
tional dye pollutants.

In the present study, the material was systematically evaluated for 
the photocatalytic degradation of GA under visible light, with particular 
attention to operational parameter optimization, energy efficiency 
assessment, and identification of the main reactive oxygen species 
involved in the process. The aim of this work is not to elucidate a 
detailed degradation pathway, but rather to evaluate the visible-light 
photocatalytic performance of the material and identify the predomi
nant reactive species involved in GA degradation. This study may 
contribute to the growing field of high entropy oxide photocatalysts by 
establishing a systematic correlation between structural features, defect 
chemistry, optical properties, and photocatalytic activity toward a non- 
chromophoric phenolic pollutant, together with an assessment of energy 
efficiency and performance in a realistic water matrix.

2. Materials and methods

2.1. Chemicals

ZrO(NO3)2 (99.9%, Carlo Erba, Milan, Italy), Ce(NO3) 3•6 H2O, Yb 
(NO3) 3•5 H2O, Gd(NO3) 3•6 H2O, and Er(NO3)3•5 H2O (99.9%, Sigma 
Aldrich, Milan, Italy) were employed as metal precursors, while an 
ammonia solution (NH3 solution 30%, Carlo Erba, Italy) served as the 
precipitating agent for the synthesis of CZYbEG. GA (C7H6O5, powder, 
98%, Thermo Scientific), hydrochloric acid (HCl, 37%, Carlo Erba, 
Milan, Italy), and sodium hydroxide (NaOH, pellets anhydrous, ≥ 98%, 
Sigma Aldrich, Milan, Italy) were used for the photocatalytic tests. All 
reagents were used as-purchased without further purification.

2.2. Synthesis of HEO photocatalyst

The adopted synthesis procedure for (Ce₀.₂Zr₀.₂Yb₀.₂Er₀.₂Gd₀.₂)₂O₃₊δ 
(CZYbEG) was as follows: (i) all rare-earth nitrates and zirconyl nitrate 
were dissolved in deionized water to obtain a total cation concentration 
of 0.1 M (with each cation at 0.02 M), yielding solution A, which was 
vigorously stirred to ensure complete dissolution; (ii) in parallel, the 
precipitating solution B was prepared to reach a nominal ammonia 
concentration of 2 M upon coprecipitation; (iii) solution B was then 
rapidly added to solution A under mild stirring, leading to the immediate 
formation of a pinkish precipitate; (iv) the resulting suspension was 
filtered under vacuum, thoroughly washed with deionized water, and 
dried overnight at 80 ◦C in static air.

The as-prepared CZYbEG powder underwent two different calcina
tion treatments, i.e., at 750 ◦C and 1500 ◦C, respectively, to promote the 
entropy-driven stabilization of the designed bixbyite-like phase ac
cording to the so-called standard deviation predictor for rare-earth- 
based HEOs [36,37].

Given that no optimization of the calcination temperature was car
ried out, the rationale behind the chosen conditions is reported in the 
following. to select a very low temperature—still capable of yielding a 
single phase (750 ◦C, in agreement with the authors’ previous studies)— 
and then a very high temperature (1500 ◦C) to assess possible meta
stability phenomena of the low‑temperature–synthesized bixbyite HEO.

2.3. Photocatalyst characterization

Structural characterization of the as-prepared and calcined CZYbEG 
powders was conducted via X-ray diffraction (XRD) using a Panalytical 
X’PERT MPD diffractometer with Cu Kα radiation.

Thermal analysis (TG/DTA) of the as-precipitated powder was per
formed in air at a heating rate of 10 ◦C min⁻¹ , using α-Al2O3 as a 
reference material, with a Netzsch Thermoanalyzer STA 409.

The specific surface area of both the as-precipitated and calcined 
powders was measured by nitrogen adsorption/desorption (Gemini, 
Micromeritics) following drying at 400 ◦C and was evaluated using the 
Brunauer–Emmett–Teller (BET) method.

CZYbEG morphology and chemical composition were inspected via 

Fig. 1. GA molecular structure.
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Scanning Electron Microscopy (SEM) by using a Philips microscope 
(XL30) coupled with an electron-dispersive spectroscopy (EDS) probe.

An integrated confocal micro-Raman system (Invia Micro-Raman, 
Renishaw, Wotton-under-Edge, UK) was used to acquire the CZYbEG 
Raman spectra. Notch filters are used in the spectrometer to filter out the 
Rayleigh excitation line. Radiation at 514 nm was used for measure
ments, with an actual output power of 25 mW. At a magnitude of 20 × , 
the spectra were obtained on the focalized sample.

Optical characterization was carried out using a Varian Cary 5000 
UV-Vis spectrophotometer equipped with a diffuse reflectance (DR) 
integrating sphere, operating in the 200–900 nm range. The absorption 
spectra were processed using the Kubelka–Munk function, F(R). The 
optical band gap (Eg) was estimated using the Tauc approach, based on 
the relation (F(R)hν)γ

= f(hν), where γ is 2 for direct transitions and 1/2 
for indirect transitions.

The ζ-potential was determined by measuring the electrophoretic 
mobility at 25 ◦C as a function of pH using dynamic light scattering 
(DLS) with a Zetasizer Nano ZS90 (Malvern Instruments, Worcester
shire, UK). pH measurements were performed using an XS pH70 Viop 
meter (GEASS, Turin, Italy). A 1 mM CaCl₂ solution was prepared with 
ultrapure Milli-Q water, and 0.5 g of the HEO sample was dispersed in 
100 mL of this solution. The suspension was sonicated for 15 min (10 
W/mL, 20 kHz) using a DU-65 sonicator (Argo Lab, Carpi, Italy). The pH 
was adjusted by the addition of 0.1 M NaOH for alkaline conditions or 
0.1 M HCl for acidic conditions.

2.4. Photocatalytic activity test

Photocatalytic tests were carried out in a cylindrical Pyrex photo
reactor (ID = 2.6 cm, L = 41 cm, V = 100 mL) equipped with an air 
distributor (142 Ncc min⁻¹). Irradiation was provided by a visible LED 
strip (nominal power: 10 W; emission range: 400–800 nm; irradiance: 
13 mW cm⁻²) placed in direct contact with the external wall of the 
reactor to ensure homogeneous exposure. Catalyst powders 
(0.06–0.25 g L⁻¹) were suspended in 100 mL of aqueous gallic acid (GA) 
solutions (initial concentrations: 5, 7.5, 10 mg L⁻¹) at spontaneous pH. 
Suspensions were kept in the dark for 120 min to allow adsorp
tion–desorption equilibrium. The influence of pH was evaluated by 
adjusting the natural value (≈4.5) with hydrochloric acid (HCl, Carlo 
Erba) or sodium hydroxide (NaOH, Sigma-Aldrich) solutions. Reaction 
progress was monitored by periodically withdrawing 2 mL aliquots, 
which were analyzed with a UV–Vis spectrophotometer (Thermo Sci
entific Evolution 201) at 270 nm to follow GA degradation [34].

To validate the spectrophotometric determination of gallic acid 
(GA), additional analyses were performed by high-performance liquid 
chromatography (HPLC). The measurements were carried out using a 
Dionex UltiMate 3000 (Thermo Scientific) system equipped with a diode 
array detector (DAD), column thermostat, and automatic injector with a 
100 µL loop. Chromatographic separation was achieved using a Phe
nomenex Luna C-18 column (150 × 4.6 mm i.d.; 5 µm particle size), 
maintained at 35 ◦C. The mobile phase consisted of water acidified with 
0.1% formic acid (solvent A) and acetonitrile (solvent B), using the 
following gradient program: 0–14 min, 15% B (isocratic); 14–23 min, 
60–100% B (linear gradient); 23–30 min, 15% B (isocratic). The flow 
rate was set at 0.8 mL min⁻¹ , the injection volume was 50 µL, and 
detection was performed at 270 nm.

Mineralization was determined from total organic carbon (TOC) 
removal, measured as CO₂ produced by catalytic oxidation at 680 ◦C 
[38].

The kinetics of GA degradation were evaluated using the Lang
muir–Hinshelwood model, which describes the photocatalytic rate (r) 
as:

r =
dC
dt

= −
kr × Kad × C
1 + Kad × C

(1) 

Where kr, Kad, and C represent the intrinsic kinetic constant, 
adsorption equilibrium constant, and contaminant concentration, 
respectively.

At the low pollutant concentrations investigated, Eq. (1) can be 
simplified to a pseudo-first-order expression:

− ln
(

C
C0

)

= kr × Kad × t = kapp × t (2) 

The slope of -ln (C/C0) vs. time plot provides the apparent kinetic 
constant (kapp).

Degradation and mineralization efficiencies were calculated as:

Degradation efficiency(t) =
(

1 −
C(t)
C0

)

× 100 (3) 

Mineralization efficiency(t) =
(

1 −
TOC(t)
TOC0

)

× 100 (4) 

Where TOC(t) is the total organic carbon at the generic irradiation 
time (mg L− 1), TOC0 is the initial total organic carbon (mg L− 1), C(t) is 
the GA concentration at the generic irradiation time (mg L− 1), and C0 is 
the initial GA concentration (mg L− 1).

2.5. Box-behnken design

To evaluate the influence of operating variables on GA degradation 
and to identify optimal conditions, a Box–Behnken design (BBD) was 
applied using RStudio software (v. 4.5.1, 2025–06–13 ucrt). This 
response surface methodology enables the systematic assessment of 
three or more variables with a reduced number of experiments, while 
preserving statistical robustness [39]. Each factor was investigated at 
three coded levels (− 1, 0, +1), as summarized in Table 1.

This design allows the estimation of linear, interaction, and 
quadratic effects, supporting the development of predictive models and 
the identification of optimal operating conditions. Three independent 
variables were considered: irradiation time (X₁, min), catalyst loading 
(X₂, g L⁻¹), and solution pH (X₃, dimensionless). A total of 15 experi
mental runs were performed according to the Box–Behnken design. The 
relationship between the response variable and the experimental factors 
was described by a second-order polynomial regression model, 
expressed as: 

R = β0 +
∑k

i=1
βi × xi +

∑k

i=1
βii × x2

i +
∑k− 1

i=1

∑k

j=i+1
βij × xi × xj + ε 

Where:
R= response variable (e.g C/C0);
Xi and Xj= coded independent variables;
β0= intercept;
βi βii and βij= coefficients for linear, quadratic and interaction terms, 

respectively;
k = number of independent variables.
The sign of each coefficient indicates the nature of the effect: positive 

values correspond to synergistic contributions that enhance GA degra
dation, whereas negative values denote antagonistic effects that limit 
the response. Optimal conditions were determined by analyzing the 
fitted regression model together with the response surface and contour 
plots.

Table 1 
Experimental ranges and levels of independent factors.

Factors design Factors Ranges and levels

-1 0 + 1

X1 Time 0 30 60
X2 Catalyst dosage 0.06 0.125 0.25
X3 pH 2 4.5 7
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3. Results and discussion

3.1. Structural characterization

Fig. 2 shows the diffraction pattern of both the as-precipitated 
CZYbEG sample (i.e., CZYbEGTQ) and the differently calcined systems 
(i.e., CZYbEG-750 and CZYbEG-1500). The choice of both calcination 
temperatures was dictated by the thermogravimetric analysis (discussed 
in the following) carried out on the as-precipitated system.

Confirming previous results [40], the as-precipitated sample is fully 
amorphous, with notably broad halos ascribable to the typical 
short-range order of amorphous ceria/zirconia-based precipitates.

On the other hand, after calcination at 750 ◦C, a nanocrystalline 
material is formed, as evidenced by the very broad diffraction peaks. 
Owing to its nanocrystalline nature and to the strong similarity between 
the diffraction patterns of fluorite and bixbyite, the actual crystalline 
phase of the samples calcined at 750 ◦C cannot be unambiguously 
identified from Fig. 2a. However, total scattering measurements [40] of 
CZYbEG-750 performed at beamline ID31 at the European Synchrotron 
Radiation Facility (ESRF) (see Figure S1) allowed this ambiguity to be 
resolved: the material adopts the bixbyite structure, and several weak 
reflections characteristic of this phase are actually present in Figure S1,
and they are labeled with “*”.Details of the experimental procedure, 
along with the measurement results (Figure S1), are reported in the 
Supplementary Materials.

Finally, upon calcination at 1500 ◦C, CZYbEG-1500 is indeed an 
entropy-stabilized bixbyite-like phase (ICDD card n. 00–012–0797), as 
clearly evident by the presence of the weak reflections (belonging to the 
bixbyite-like crystal structure), some of them labeled with “*” in Fig. 2.

The crystallite size (nm) in both calcined systems was calculated 
from the (222) reflection of the bixbyite phase at 2θ of about 29.1 ◦ using 
the Scherrer equation, resulting in around 5 nm and 150 nm for 
CZYbEG-750 and CZYbEG-1500, respectively.

3.2. Thermal behavior

To analyze in detail the CZYbEG-TQ thermal behavior prior to the 
entropy-driven formation of the bixbyite-like phase, a simultaneous 
differential thermal analysis (DTA) and thermogravimetric analysis (TG) 
has been carried out on it.

Fig. 3 shows the DTA-TG curves of CZYbEG-TQ, revealing a rather 
interesting thermal behavior with four different endothermic thermal 
events (α, β, γ and δ) located at about 180, 220, 480 and 1300 ◦C, 
respectively. Particularly, the first three thermal events, i.e., α, β and γ 
are attributable to parallel decomposition of different as-precipitated 
rare-earth hydroxides/hydrated oxides [41] and zirconium hydroxide 
[42]. Interestingly, the high-temperature δ event, occurring at about 
1300 ◦C, could be attributed to the full entropy-driven stabilization of 
the designed bixbyite-like single phase, being associated with a small 
weight loss due to a minor oxygen evolution very likely driven by the full 
Ce+4 to Ce+3 reduction. This evidence suggests that structure of 
CZYbEG-750 sample is indeed a metastable bixbyite.

3.3. BET analysis

The specific surface area of both the calcined CZYbEG systems, i.e., 
CZYbEG-750 and CZYbEG-1500, was measured by nitrogen adsorption 
analysis according to the BET (Brunauer–Emmett–Teller) method. 
However, due to the very low surface area values measured for both 
systems, only an upper limit estimation has been reported in the 
following Table 2.

Anyway, a direct correlation between the decrease in surface area 
and the increasing calcination temperature is still observed, with both 
CZYbEG-750 and CZYbEG-1500 exhibiting very low surface areas 
compared to similar systems co-precipitated in a carbonate environment 
[33].

3.4. SEM analysis

Fig. 4 presents representative SEM micrographs of CZYbEG-750 
(Fig. 4a) and CZYbEG-1500 (Fig. 4b). Both samples exhibit similar 
morphologies, albeit at different length scales (due to the different 
calcination temperatures adopted). In each case, the powders consist of 
large, irregular agglomerates(exceeding 100 μm in the CZYbEG-1500 
system) composed of smaller primary particles, a behavior typical of 
rare-earth–based systems precipitated using ammonia [41].

Additionally, to further assess the homogeneous distribution of the 
different cations present within the two CZYbEG systems, an EDS 
elemental mapping has been carried out on both CZYbEG-750 and 
CZYbEG-1500, and it is reported within the Supplementary Materials
(Figure S2 and Figure S3). Such EDS elemental maps, for both the 
samples, reveal a homogeneous spatial distribution of the constituent 
cations (Ce, Zr, Yb, Er, and Gd) as well as oxygen. This uniformity 
confirms the effectiveness of the adopted synthesis protocol and sup
ports the formation of a single-phase bixbyite-type high-entropy oxide. 
The absence of detectable compositional segregation or clustering 
further indicates that all elements are well distributed into the crystal 
lattice, consistent with the expected configurational stabilization of the 
multicomponent oxide, even upon calcination at 750 ◦C.

3.5. Raman analysis

The Raman spectrum of CZYbEG-750 (Figure S4) displays a main 
band in the 400–500 cm⁻¹ region, consistent with the F₂g mode of oxy
gen vibrations in the ceria sublattice [43− 45]. Additional features near 
500 and 615 cm⁻¹ are associated with lattice disorder and oxygen va
cancies, originating from the interaction of multiple dopant cations with 
the ceria matrix [46,47]. A weaker high-frequency contribution in the 
800–1000 cm⁻¹ range further confirms the presence of a highly disor
dered fluorite-like structure [48,49].

3.6. UV-Vis characterization

The optical properties of the CZYbEG-750 sample were investigated 
using UV-Vis diffuse reflectance spectroscopy. The absorption spectrum, 
shown in Figure S5, was analyzed through the Tauc method to estimate 
the optical band gap. As illustrated in Fig. 5, the plots of (F(R)(hν)γ 

versus hν were constructed for both direct (γ = 2) and indirect (γ = 1/2) 
transitions. The extrapolation of the linear regions yielded band gap 
values of 3.3 eV (direct) and 2.8 eV (indirect), respectively.

These lower Eg values, compared to those previously obtained for the 
same composition synthesized via carbonate precipitation (3.7 eV 
direct, 3.2 eV indirect) [33], highlight the critical role of synthesis 
conditions in tuning the optical properties of HEOs

The lower Eg values obtained in this study reflect a redshift in the 
absorption edge, potentially enhancing visible light absorption. More
over, narrow and well-defined absorption features are observed in the 
400–700 nm range, as shown in Figure S5 of the Supplementary Mate
rial. These are attributed to intra-4f electronic transitions of rare-earth 
ions such as Er³ ⁺, Yb³ ⁺, and Gd³ ⁺ [33]. Similar to previous studies on 
rare-earth-containing oxides, these f–f transitions may introduce local
ized electronic states within the band structure, which can facilitate 
stepwise excitation processes and extend light absorption into the visible 
region [50]. In addition to these discrete transitions, the visible-light 
response of multicomponent ceria-based systems is frequently associ
ated with the presence of oxygen vacancies and disorder-induced sub-
band-gap states. Such defect-related electronic states generate an 
absorption tail beyond the fundamental band edge and promote charge 
carrier activation under visible irradiation [51].

In HEOs, the intrinsic compositional disorder and lattice distortion 
further favor the formation of localized electronic states and band tailing 
effects, which may effectively narrow the optical absorption threshold 
and enhance visible-light utilization [52,53]. Therefore, besides the 
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Fig. 2. Diffraction patterns of both as-precipitated (CZYbEG-TQ) and calcined at either 750 ◦C (CZYbEG-750) and 1500 ◦C (CZYbEG-1500) CZYbEG system.
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estimated direct (3.3 eV) and indirect optical band gap (2.8 eV), the 
combined contribution of intra-4f transitions and defect-related states 
can explain the efficient photocatalytic activity of CZYbEG-750 under 
visible irradiation (vide infra).

4. Photocatalytic activity results

4.1. Effect of calcination temperature

Fig. 6 shows the screening tests of CZYbEG photocatalysts calcined at 
750 and 1500 ◦C. Photocatalytic performance was evaluated in terms of 
GA degradation and mineralization using 0.125 g L⁻¹ of catalyst in a 
10 mg L⁻¹ GA solution (pH 4.5). Results were compared with photolysis 
experiments carried out under visible light in the absence of the catalyst.

The negligible GA and TOC removal observed under visible light in 
the absence of a catalyst confirms that photolysis does not contribute 
significantly to degradation. In contrast, CZYbEG-750 achieved the best 
performance, with 66% GA degradation and 62% mineralization after 
180 min (Fig. 6). XRD analysis evidenced that the 750 ◦C treatment 
preserves the bixbyite single-phase structure with broadened reflections 
indicative of nanocrystallinity, whereas calcination at 1500 ◦C leads to 
sharper peaks as a consequence of the remarkable grain growth.

To further validate the reliability of the UV–Vis monitoring at 
270 nm, the concentration of GA during photocatalytic tests was also 
determined by HPLC under the same experimental conditions. The 
chromatographic analysis confirmed the progressive decrease of GA. 
The concentrations obtained by HPLC were in very good agreement with 
those determined spectrophotometrically, with deviations within 
approximately 2%, thus confirming the accuracy of the UV–Vis method.

4.2. Influence of photocatalyst dosage

The effect of catalyst dosage on photocatalytic activity was evaluated 
for CZYbEG-750 using loadings between 0.06 and 0.25 g L⁻¹ in 10 mg 
L⁻¹ GA solution at natural pH (≈4.5) (Fig. 7). As shown in Fig. 7a, GA 

degradation increased with catalyst concentration under visible light 
irradiation, although the extent of improvement varied with time.

Before visible light irradiation, nearly all the GA (approximately 
99%) was adsorbed onto the photocatalyst surface at dosages of 0.5 and 
0.25 L− 1. Consequently, the photocatalytic degradation of GA could not 
be clearly observed during the irradiation period.

The significant adsorption observed can be attributed to the strong 
electrostatic interactions between the surface of CZYbEG-750 and the 
GA species. At the spontaneous pH of 4.5, GA is partially deprotonated 
[54]. This deprotonated form enhances the electrostatic attraction be
tween the catalyst surface and the anionic GA, promoting efficient 
adsorption. Such interactions are crucial for optimizing the photo
catalytic degradation process, as they facilitate a higher degree of 
pollutant-catalyst surface contact [34,53,55].

However, when the catalyst dosage was reduced to 0.125 L− 1, GA 

Fig. 3. DTA-TG curves of the as-precipitated CZYbEG system (CZYbEG-TQ).

Table 2 
Specific surface areas and mean particle diameter of the as-prepared 
samples.

Sample labelling Specific surface area [m2/g]

CZYbEG-750 < 5.0
CZYbEG-1500 < 1.0

Fig. 4. Exemplary SEM micrographs of the calcined CZYbEG systems, either at 
750 ◦C (CZYbEG-750) or at 1500 ◦C (CZYbEG-1500).
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adsorption significantly decreased (~40% reduction), allowing the photocatalytic degradation process to become detectable. Under visible 

Fig. 5. Tauc plot for (a) direct bandgap calculation and (b) indirect bandgap calculation of the CZYbEG-750 sample based on the F(R∞) function by Tauc plot relation 
using the double tangent approximation.

Fig. 6. a) GA relative concentration as a function of irradiation time; b) TOC removal efficiency (%) after 180 min of visible light achieved in the presence of CZYbEG 
samples and during the photolysis test.

Fig. 7. a) GA relative concentration as a function of test time; b) TOC removal efficiency (%) after 180 min of visible light obtained with CZYbEG-750 at 
different dosages.
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light irradiation, the relative concentration of pollutant gradually 
declined, reaching a GA degradation efficiency of 63% after 180 min 
(Fig. 7a). In addition, GA mineralization was assessed at dosages of 
0.125 L− 1, revealing a total organic carbon (TOC) removal of over 60% 
and a degradation rate constant of 0.0125 min− 1 (Fig. 7b).

To explore the effect of a lower catalyst dosage, we also evaluated GA 
degradation at 0.06 L− 1. As expected, the photocatalytic activity 
decreased by approximately 20% compared to 0.125 L− 1 (Fig. 7a), due 
to the limited availability of active sites and reduced formation of 
reactive species [56,57].

Overall, these results indicate that 0.125 g L⁻¹ represents the optimal 
loading, striking a balance between adsorption and photocatalytic ac
tivity. The identification of this optimum provides a sound basis for the 
subsequent investigation of other operational parameters, such as the 
effect of GA initial concentration and solution pH.

4.3. Influence of GA initial concentration

The influence of the pollutant initial concentration was subsequently 
evaluated using 0.125 g L⁻¹ of CZYbEG-750 at natural pH. A series of 
tests was performed by varying the initial GA concentration from 5 to 
10 mg L⁻¹ , and the results are reported in Fig. 8.

As shown in Fig. 8a, the highest photocatalytic activity was observed 
at 5 mg L⁻¹ , where the system achieved nearly complete pollutant 
degradation (99.9%) after 180 min of visible light exposure. This was 
accompanied by a TOC removal efficiency of 72.3% and an apparent 
kinetic constant of 0.0399 min⁻¹ (Fig. 8b).

The enhanced performance at lower pollutant concentrations can be 
attributed to the higher availability of active sites on the catalyst surface, 
which promotes the generation of reactive oxygen species (ROS) and 
facilitates more efficient pollutant oxidation. At higher GA concentra
tions (7.5 and 10 mg L⁻¹), the degradation rate decreased, consistent 
with partial occupation of the catalyst surface by excess GA molecules, 
which limits ROS formation. Several studies have reported this trend: at 
low initial pollutant concentrations, the catalyst surface is less saturated 
and ROS formation is more efficient, whereas at higher concentrations, 
the degradation efficiency decreases due to the occupation of active sites 
and the consequent limitation in ROS generation [58− 60]. In addition, 
higher concentrations can also hinder light penetration due to optical 
shielding effects, further reducing photocatalytic efficiency [61− 63].

Nevertheless, even at 10 mg L⁻¹ , the catalyst maintained significant 
activity, reaching more than 60% TOC removal after 180 min (Fig. 8b). 
This result underscores the robustness of the CZYbEG-750 photocatalyst 
and its suitability for the degradation of phenolic contaminants at 
different concentration levels. Similar concentration-dependent 

behaviors have also been reported for other high-entropy oxide systems 
[32], confirming that the observed trend is consistent with the Lang
muir–Hinshelwood kinetic model, where pollutant loading plays a 
critical role in controlling degradation rates.

4.4. Influence of pH

The influence of pH on the photocatalytic performance of CZYbEG- 
750 was evaluated under optimal conditions (0.125 g L⁻¹ catalyst 
dosage, 5 mg L⁻¹ GA). The natural solution pH (≈4.5) was adjusted to 2, 
7, or 12 with 0.1 M HCl or NaOH, and the results are shown in Fig. 9.

The highest GA adsorption occurred at spontaneous pH (4.5), with 
~83% removal in the dark after 120 min (Fig. 9a). Under visible light, 
degradation was also maximized at pH 4.5, reaching ~99% after 
180 min with an apparent rate constant of 0.0399 min⁻¹ (Fig. 9b). A 
similar efficiency (98%) was observed at neutral pH, although miner
alization was slightly lower (53% vs. 72.3%). In contrast, photocatalytic 
activity dropped drastically at pH 2 (41% degradation) and was almost 
suppressed at pH 12 (2.5%).

The zeta potential of CZYbEG-750 indicated a point of zero charge 
(PZC) near pH 8.3 (data not shown). Below this value, the surface is 
positively charged due to protonation of hydroxyl groups, whereas 
above it, deprotonation dominates, giving a negative charge [64]. In 
parallel, GA is mostly protonated at pH 2, progressively deprotonates 
between pH 4.5–7 to form anionic species, and is fully deprotonated 
under basic conditions [54,55].

Thus, at pH 4.5 and 7 (i.e., below PZC), electrostatic attraction be
tween anionic GA species and the positively charged CZYbEG-750 sur
face enhances adsorption and promotes efficient ROS-mediated 
degradation. Conversely, at strongly acidic pH (2), the repulsion be
tween protonated GA and the positively charged surface hinders 
adsorption, while at pH 12, both GA and the catalyst surface are nega
tively charged, resulting in almost complete loss of photocatalytic ac
tivity [17,53]. These findings highlight that pollutant adsorption, 
governed by electrostatic interactions, plays a pivotal role in deter
mining photocatalytic performance.

4.5. Stability tests

To assess the stability and reusability of CZYbEG-750, five consec
utive photocatalytic cycles were performed under the optimized con
ditions (0.125 g L⁻¹ catalyst dosage, 5 mg L⁻¹ GA initial concentration, 
pH 4.5). After each cycle, the catalyst was recovered by centrifugation, 
thoroughly rinsed with distilled water to remove adsorbed residues, and 
dried at 90 ◦C before reuse.

Fig. 8. a) GA relative concentration as a function of test time; b) TOC removal efficiency (%) after 180 min of visible light by varying the GA initial concentration.
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As shown in Fig. 10, GA degradation efficiency decreased from 
approximately 99.9% in the first cycle to about 80% after the fifth cycle, 
corresponding to ~80% retention of the initial activity. Similarly, 
mineralization efficiency (TOC removal) decreased from about 72% to 
approximately 62%, corresponding to ~86% retention after five reuse 
cycles. Although a moderate decline in performance was observed, the 
catalyst maintained a high fraction of its initial photocatalytic effi
ciency, indicating good operational stability.

To evaluate possible structural modifications after reuse, the recov
ered sample was characterized by Raman spectroscopy (Figure S6). The 
Raman spectra of the fresh and spent catalysts exhibit comparable 
vibrational features, with preservation of the characteristic bixbyite- 
related bands and no emergence of additional peaks attributable to 
secondary phases. No significant band shifts were detected, suggesting 
that the structural framework of CZYbEG-750 remains stable after 
repeated photocatalytic cycles. Compared with conventional oxide 
photocatalysts, which often suffer from more severe deactivation due to 
structural collapse or extensive surface poisoning [65,66], the present 
HEO system demonstrates remarkable durability under visible-light 
operation, consolidating its potential for practical wastewater treat
ment applications.

4.6. Construction of a polynomial expression and 3D response surface for 
AG photodegradation

The three-level matrix generated using the Box-Behnken design, 
along with the experimentally obtained responses for GA degradation 
efficiency (E), shown in Figures S7, S8, S9, and S10, is presented in 
Table 3.

Based on these results, two empirical quadratic models were devel
oped to describe the relationships between the responses and the 
selected variables: 

E(%) = 1.4317 + 0.0013 × X1 − 1.4225 × X2 − 0.2145 × X3

+ 0.0001 × X1
2 + 5.5150 × X2

2 + 0.0305 × X3
2 − 0.0039

× X1 × X2 − 0.0035 × X1 × X3 − 0.0530 × X2 × X3 

The experimental responses versus the predicted ones are shown in 
Fig. 11; the predicted values approximate the observed values in all sets 
of experiments for C/C0. The reliability of the quadratic model was 
confirmed by statistical parameters: the coefficient of determination (R² 
= 0.9905) and the adjusted R² (0.9735), both indicating an excellent fit. 
Such high correlation highlights the robustness of the model and its 
capability to predict GA degradation efficiency under different opera
tional conditions.

Furthermore, the adequacy of the quadratic model was evaluated by 
analysis of variance (ANOVA), which assesses the statistical significance 

Fig. 9. a) GA relative concentration as a function of test time; b) TOC removal efficiency (%) after 180 min of visible light by varying the solution pH.

Fig. 10. GA degradation and mineralization after 180 min of visible light over 
five reuse cycles.

Table 3 
Box-Behnken design with experimental values for independent variables: Box- 
Behnken design with experimental values for independent variables.

Run 
order

Coded level of 
variables

Actual level of 
variables

Observed 
response

Predicted 
response

X1 X2 X3 X1 X2 X3 E E

1 0 1 -1 30 0.25 2 98% 98%
2 -1 0 0 0 0.13 4.5 100% 96%
3 0 -1 -1 30 0.06 2 94% 96%
5 -1 1 0 0 0.25 4.5 100% 101%
6 0 1 1 30 0.25 7 67% 69%
7 1 0 -1 60 0.13 2 87% 101%
8 1 -1 0 60 0.06 4.5 38% 48%
9 0 0 0 30 0.13 4.5 57% 60%
10 0 0 0 30 0.13 4.5 57% 60%
11 -1 0 -1 0 0.13 2 100% 102%
12 0 0 0 30 0.13 4.5 57% 60%
13 0 -1 1 30 0.06 7 67% 72%
14 -1 -1 0 0 0.06 4.5 100% 100%
15 0 0 1 30 0.13 7 63% 67%
16 0 1 0 30 0.25 4.5 57% 64%
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of regression coefficients (Table 4). The model was highly significant (F 
= 58.07, p = 0.00159), accounting for most of the variation in GA 
degradation (Sum of Squares = 0.6391 out of 0.6452). Among the linear 
terms, irradiation time (X₁) and pH (X₃) exerted significant effects 
(p < 0.0001), whereas catalyst dosage (X₂) was not significant 
(p = 0.629). All quadratic terms were significant (p < 0.05), confirming 
the curvature of the response surface. Regarding interaction terms, only 
X₁ × X₃ showed a statistically relevant contribution (p = 0.032), while 
those involving X₂ were negligible. The low residual variance (SS =
0.0061) indicated a generally good fit. However, the lack-of-fit test was 
highly significant (F ≈ 4.18 × 10 ³⁰, p < 0.00001), suggesting that 
despite the strong predictive ability, the current model does not fully 
capture systematic variability, and the inclusion of additional de
scriptors may be required to further improve model adequacy.

The interaction effects between the independent variables are illus
trated in the 3D response surface plots of Fig. 12. For each diagram, one 
variable was fixed at its central level while the other two were varied. 
Fig. 12a shows that increasing both irradiation time (X₁) and catalyst 
dosage (X₂) enhances GA degradation (lower C/C₀), although the effect 
of dosage tends to level off beyond 0.125 g L⁻¹ . Fig. 12b highlights the 
strong influence of irradiation time and solution pH (X₃), with maximum 
efficiency observed around natural pH (≈4.5). Fig. 12c confirms that the 
combined effect of dosage and pH follows a similar trend, with optimal 
activity reached at intermediate values.

Overall, the response surfaces indicate the existence of an optimal 
operational window, beyond which further increases in catalyst loading 
or extreme pH adjustments do not translate into significant performance 
gains. These observations are consistent with the ANOVA results, which 

identified irradiation time and pH as the most significant factors, and 
with previous response surface studies on photocatalytic systems, 
further supporting the reliability of the quadratic model.

4.7. Possible photocatalytic reaction mechanism driven by the CZYbEG- 
750 photocatalyst

To elucidate the role of reactive oxygen species (ROS) in GA degra
dation, scavenger experiments were carried out under optimized con
ditions (0.125 g L⁻¹ catalyst dosage, 5 mg L− 1 GA initial concentration, 
spontaneous pH). Disodium ethylenediamine tetra-acetate (EDTA, 
10 mmol L⁻¹) was used to quench photogenerated holes (h⁺) [67], iso
propanol (IPA, 10 mmol L⁻¹) to trap hydroxyl radicals (•OH) [68], and 
nitrogen (N₂, 142 Ncc min⁻¹) to suppress superoxide radicals (•O₂⁻) [35].

The effect of scavengers on the photocatalytic activity of CZYbEG- 
750 was first evaluated in terms of the apparent degradation rate con
stant (kdeg) (Fig. 13). In the absence of scavengers, kdeg reached its 
maximum value (~0.041 min⁻¹). The introduction of isopropanol (IPA) 
and nitrogen (N₂) significantly reduced the kinetic constant, while the 
strongest inhibition was observed upon addition of EDTA, where kdeg 
dropped almost to zero. This clearly indicates that photogenerated holes 
(h⁺) are the primary oxidative species in GA degradation, whereas hy
droxyl radicals (•OH) and superoxide radicals (•O₂⁻) also contribute, but 
to a lesser extent.

The impact of scavengers was also reflected in TOC removal effi
ciencies. Without scavengers, a mineralization degree of 72.3% was 
achieved after 180 min. In contrast, TOC removal decreased to 55.4% in 
the presence of IPA and 57% under N₂ atmosphere, while EDTA 
completely suppressed mineralization. These results confirm the pivotal 
role of h⁺ in driving not only the initial degradation of GA but also its 
subsequent mineralization, with •OH and •O₂⁻ acting as auxiliary 
reactive species [35,67,68].

To rationalize the experimental observations from the scavenger 
tests, the electronic band structure of the CZYbEG-750 photocatalyst 
was analyzed. In particular, the valence band (EVB) and conduction band 
(ECB) edge potentials at the working pH (4.5) were estimated using 
Mulliken electronegativity theory. This approach allows the prediction 
of the relative positions of the band edges with respect to the redox 
potentials of the main reactive species, thereby providing insight into 
which charge carriers are thermodynamically capable of generating 
•OH, •O₂⁻, and h⁺ during photocatalysis. The calculations were per
formed according to the following equations [35,69,70]:

χj =
1
2
×
(
EEAj + EIEj

)
where j

= ions
(
Ce4+, Zr4+, Yb3+

, Er3+, Gd3+
, O2− ) (5) 

Fig. 11. Correction between predicted and experimental photocatalytic degradation of AG over CZYbEG photocatalyst.

Table 4 
Analysis of variance (ANOVA)for the derived response surface methodology 
(RSM)model.

Sources Sum of Squares Df Mean Square F-value p-value

Model 0.6390597 9 0.071066 58.072 0.00015
X1 0.262735 1 0.262735 214.8762 < 0.0001*
X2 0.000323 1 0.000323 0.2639 0.629367
X3 0.170835 1 0.170835 139.7167 < 0.0001*
X1

2 0.011698 1 0.011698 9.5673 0.02706
X2

2 0.011576 1 0.011576 9.4677 0.02756
X32 0.099389 1 0.099389 81.2847 0.0002803
X1 × X2 0.004213 1 0.004213 3.4453 0.1225735
X1 × X3 0.077644 1 0.077644 63.50003 0.0005020
X2 × X3 0.000647 1 ​ 0.5289 0.4996693
Residual 0.0061136 5 0.0012227 ​
Lack of fit 0.0061136 3 0.0020378 ​
Pure error < 0.0001 2 < 0.0001 ​
Cor total 0.064517 14 ​ ​
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Fig. 12. 3D response surface plots (a,b,c) of interaction between irradiation time (X1), catalyst dosage (X2) and initial pH value (X3) for photocatalytic degradation 
of GA by CZYbEG-750.
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χTOT = (χa
Ce × χb

Zr × χc
Yb × χd

Er × χe
Gd × χf

O)
1

a+b+c+d+e+f (6) 

ECB = χ − Ee − 0.5 × Eg − 0.059 × pH (7) 

EVB = ECB + Eg                                                                               (8)

Where χj is the electronegativity of the j species (ions), EEAj is the 
electron affinity energy of the j species andEIEj is the ionization energy of 
j species; a, b, c, d, e, f correspond to the atomic fraction of ions; χTOT is 
the total electronegativity of CZYbEG-750 (5.44 eV); Eg corresponds to 
the direct and indirect bandgap of CZYbEG-750 evaluated from the Tauc 
plot (3.3 and 2.8 eV, respectively, Fig. 5) and Ee is the energy of free 
electrons on the hydrogen scale (4.5 eV).

In the case of a direct band gap, ECB and EVB potentials were esti
mated at –1.025 V and + 2.40 V vs. NHE, respectively, whereas for an 
indirect band gap, the corresponding values were –0.73 V and + 2.08 V 
vs. NHE. Fig. 14 schematically illustrates the separation of charge car
riers and the generation of ROS under both scenarios. Upon visible-light 
excitation, electrons are promoted from the VB to the CB, leaving behind 
holes (h⁺) that participate in oxidation reactions, while the excited 
electrons drive reduction processes.

For the direct band gap configuration (Fig. 14a), the EVB (+2.40 V) is 
sufficiently positive to oxidize GA (E◦

semiquinone/GA = +0.714 V at pH 

4.5), making direct hole oxidation thermodynamically favorable 
compared with •OH generation from water (E◦

•OH/H₂O = +2.46 V vs 
NHE at pH 4.5) [71]. Meanwhile, the ECB (–1.025 V) lies above the 
O₂/•O₂⁻ redox potential (–0.18 V vs NHE [72]), enabling superoxide 
generation, which can be further reduced to H₂O₂ (E◦

•O₂⁻/H₂O₂ = +1.057 
V vs NHE at pH=4.5), and subsequently converted into •OH radicals 
(E◦

H₂O₂/•OH = +0.54 V vs NHE at pH 4.5).
Although the direct band gap value (3.3 eV) corresponds to a 

fundamental transition in the near-UV region, the UV–Vis DRS spectrum 
of the CZYbEG-750 photocatalyst reveals additional absorption features 
in the 400–700 nm range (Figure S5 of the Supplementary Material). 
These features, attributed to intra-4f transitions of rare-earth ions and 
defect-related states, may introduce intermediate electronic levels 
within the band structure. Such sub-band-gap states could enable 
visible-light excitation and contribute to charge carrier generation 
beyond the fundamental direct transition, thereby providing a plausible 
explanation for the observed activity under visible irradiation.

A similar trend is observed for the indirect band gap case (Fig. 14b). 
The indirect band gap (2.8 eV), corresponding to an absorption edge in 
the visible region, directly supports activation under visible light. 
Although the EVB (+2.08 V) is less positive, it still allows GA oxidation 
by h⁺, whereas direct •OH generation from water remains thermody
namically unfavorable. The ECB (–0.73 V) remains sufficiently negative 
to reduce O₂ to •O₂⁻ and sustain subsequent H₂O₂-mediated pathways.

In this scenario, the combination of indirect band gap excitation and 
defect-assisted electronic transitions further facilitates visible-light- 
driven ROS formation.

Overall, the calculated band edge positions confirm that CZYbEG can 
promote GA degradation through multiple ROS, with h⁺ oxidation 
playing the dominant role and •O₂⁻/•OH acting as auxiliary contribu
tors. This interpretation is consistent with scavenger experiments 
(Fig. 13), where EDTA, a selective hole quencher, almost completely 
suppressed activity [35]. At pH 4.5, gallic acid predominantly occurs in 
its anionic form [55], which readily interacts with h⁺ through oxidative 
charge transfer. The pronounced inhibition observed in the presence of 
EDTA corroborates this behavior, highlighting the crucial contribution 
of holes to the photocatalytic degradation pathway. Based on the 
experimental evidence obtained from the scavenger tests (Fig. 13) and 
the calculated band edge positions relative to the redox potentials of the 
main ROS (Fig. 14), a simplified mechanism is proposed for the photo
catalytic degradation of GA over CZYbEG-750.

HEO + hv→h+

(VB) + e−(CB)

(Reaction 1)

Fig. 13. TOC removal efficiency after 180 min of visible light and kdeg values 
for each scavenger.

Fig. 14. Schematic diagram of the charge carrier separation and ROS generation in the presence of CZYbEG-750 photocatalyst considered as (a) a direct band gap 
semiconductor and (b) an indirect band gap semiconductor.
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C7H6O5 + h+ → •C7H5O5 + H+

(Reaction 2)

O2 + e− → •O−
2 

(Reaction 3)

•O−
2 + e− + 2H+→H2O2 

(Reaction 4)

H2O2 + e− + H+→ • OH + H2O 

(Reaction 5)

•C7H5O5 + •O−
2
/
• OH→Intermediates→ H2O + CO2 

(Reaction 6)
Under visible light irradiation, the CZYbEG-750 photocatalyst be

comes photoactivated, promoting electrons (e⁻) from the VB to the CB 
and generating photogenerated holes (h⁺) in the VB (Reaction 1). These 
holes oxidize GA to produce semiquinone radicals (•C₇H₅O₅) (Reaction 
2). Simultaneously, photoexcited electrons reduce dissolved oxygen to 
superoxide radicals (Reaction 3), which are further reduced to hydrogen 
peroxide (Reaction 4) and subsequently converted into hydroxyl radi
cals (Reaction 5). The oxidative degradation of GA is thus driven by the 
combined action of h⁺, •O₂⁻, and •OH radicals, leading to the formation 
of intermediates that are progressively mineralized into CO₂ and H₂O 
(Reaction 6).

Table 5 summarizes the photocatalytic degradation of organic 
compounds by some recently developed HEOs and other photocatalytic 
systems, compared to the performance of the CZYbEG-750 
photocatalyst.

The electrical energy consumption related to the photodegradation 
of 90% of the organic pollutant in 1 m³ of contaminated water was 
calculated for the photocatalytic systems reported in Table 5, using the 
Bolton correlation [73,74]: 

EE/O =
P × t90% × 1000

V × 60 × ln
(

c(t0)
c(t)

) (9) 

Where P is the nominal power of the light source (kW), t₉₀% the 
irradiation time to achieve 90% pollutant removal (min), V the solution 
volume (L), c(t₀) the initial pollutant concentration (mg L⁻¹), and c(t) the 
pollutant concentration at the irradiation time corresponding to 90% 
removal.

The remarkably low energy consumption of ~41.8 kWh 
m⁻³ observed for CZYbEG-750, compared to values between ~2000 and 
~5800 kWh m⁻³ reported for other photocatalysts, clearly demonstrates 
the superior energy efficiency of the bixbyite HEO.

From a kinetic perspective, the apparent rate constant (kapp) of 
CZYbEG-750 (0.0399 min⁻¹) is considerably higher than those reported 
for other HEO-based photocatalysts, such as (CeGdHfPrZr)O₂ 
(0.0076 min⁻¹) and TiO₂/(FeCoGaCrAl)₂O₃ (0.00547 min⁻¹), and even 
surpasses some visible-light-driven systems such as 
(La₀.₂Ce₀.₂Gd₀.₂Zr₀.₂Fe₀.₀₅)O₂ (0.0171 min⁻¹).

It should also be noted that BiO[ClBrI(CO₃)₀.₅] exhibited a higher 
rate constant (0.271 min⁻¹) at the same pollutant concentration (5 mg 
L⁻¹). However, this result was obtained under a much more intense 
visible-light source (300 W) and with methyl orange (MO), a dye 
pollutant that is generally more prone to photocatalytic degradation due 
to its chromophoric nature. In contrast, CZYbEG-750 successfully ach
ieved the degradation of GA, a non-chromophoric and oxidation- 
resistant compound, under low-power visible irradiation (10 W). 
Importantly, despite the lower kapp, the energy consumption of CZYbEG- 
750 (~41.8 kWh m⁻³) was nearly five times lower than that of BiO[ClBrI 
(CO₃)₀.₅] (~192.3 kWh m⁻³), highlighting the practical advantage of our 
material in terms of energy efficiency.

Altogether, these results demonstrate that the bixbyite-structured 
HEO not only exhibits competitive kinetics but also delivers a remark
able reduction in energy demand, underscoring its potential for real- 
world water treatment applications where both degradation perfor
mance and operational costs are critical factors.

Finally, the following Table 6 reports the main photocatalytic per
formance of different classes of HEOs reported in literature so far, 
highlighting the lack (to the best of our knowledge) of GA degradation 
reported under visible light.

4.8. Photocatalytic degradation results on a tap water sample

Photocatalytic tests were finally carried out on a tap water sample 
spiked with gallic acid (GA), under the optimized conditions (CZYbEG- 
750 dosage: 0.125 g L⁻¹; C₀: 5 mg L⁻¹; pH: 4.5). The physicochemical 
composition of the treated tap water is reported in Table S1.

As shown in Fig. 15, both GA degradation (Fig. 15a) and TOC 
removal (Fig. 15b) efficiencies were slightly lower in tap water than in 
distilled water, with an average decrease of about 15%. The apparent 
kinetic constant also decreased significantly when moving from distilled 
to tap water, reflecting the inhibitory role of dissolved inorganic ions on 
photocatalytic processes.

The main factor responsible for this reduced activity is the presence 
of bicarbonate ions (HCO₃⁻), which are present at relatively high con
centrations in the tap water. Bicarbonates can react with both photo
generated holes and hydroxyl radicals, producing carbonate radical 
anions (CO₃•⁻), which are much less reactive and therefore limit GA 
degradation [85− 87].

Additionally, sulfate ions (SO₄²⁻), even at low concentrations, may 
further suppress GA degradation by interacting with photogenerated 

Table 5 
Organic compounds photocatalytic degradation compared with CZYbEG-750 photocatalyst. Acronyms: MB = Methylene Blue, MO = Methyl Orange, OTC 
= Oxytetracycline, GA = Gallic Acid.

Catalyst Pollutant Solution 
volume (L)

initial 
concentration (mg 
L¡1)

Light 
source

Degradation 
time (min)

Rate 
constant 
(min¡1)

Electric energy 
consumption (kWh 
m¡3)

Refs.

(CeGdHfPrZr)O2 MB 0.1 20 UV 
(100 W)

250 0.0076 2192.97 [70]

BiO[ClBrI(CO3)0.5] MO 0.096 5 Visible 
(300 W)

15 0.271 192.26 [75]

TiO2/(FeCoGaCrAl)2O3 OTC 0.05 20 UV 
(32 W)

240 0.00547 1950.04 [31]

(La0.2Ce0.2Gd0.2Zr0.2Fe0.05)O2 OTC 0.05 20 Visible 
(300 W)

180 0.0171 5847.77 [76]

BiOCl microspheres GA 0.25 20 Solar 
(12 W)

60 0.00667 119.94 [35]

(Ce0.2Zr0.2Yb0.2Er0.2Gd0.2)2O3þδ GA 0.1 5 Visible 
(10 W)

180 0.0399 41.77 Present 
work
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charge carriers [88].
The role of chloride ions (Cl⁻) is more complex, as they can convert 

•OH radicals into reactive chlorine species (Cl•, Cl₂•⁻, ClOH•⁻), which 
may partially inhibit the photocatalytic process, while simultaneously 
contributing to •OH regeneration, resulting in a compensatory effect 
[86− 88].

Finally, the presence of calcium ions (Ca²⁺) does not act as a direct 
scavenger but can promote aggregation of photocatalyst particles, thus 
reducing the effective surface area and enhancing catalyst deactivation 
[87,89].

In summary, these results demonstrate that while CZYbEG-750 
maintains a high level of photocatalytic activity in real water 
matrices, the presence of common inorganic ions—especially 
HCO₃⁻—can significantly suppress the degradation kinetics. This em
phasizes the importance of testing photocatalysts under realistic con
ditions to properly evaluate their environmental applicability.

5. Conclusions

In this work, a bixbyite-structured high entropy oxide (HEO), i.e., 
(Ce₀.₂Zr₀.₂Yb₀.₂Er₀.₂Gd₀.₂)₂O₃+δ (CZYbEG), was synthesized via a co- 
precipitation method using ammonia as precipitating agent. Structural 
characterization highlighted the strong effect of calcination temperature 
on phase stability and photocatalytic performance. XRD analysis 
revealed that the sample treated at 750 ◦C (CZYbEG-750) is a nano
crystalline bixbyite-structured HEO (with a crystallite size lower than 
10 nm), while calcination at 1500 ◦C produced an entropy-stabilized 
system with increased crystallinity (grain size ≈ 150 nm). Raman 
spectroscopy, performed on CZYbEG-750, confirmed the presence of 

defect-related vibrational modes and oxygen vacancies, consistent with 
its superior photocatalytic efficiency. Moreover, the optical character
ization revealed narrow and well-defined absorption features in the 
400–700 nm range, attributed to intra-4f electronic transitions of rare- 
earth ions such as Er³ ⁺, Yb³ ⁺, and Gd³ ⁺. These transitions are ex
pected to introduce intermediate energy levels within the band struc
ture, potentially enhancing visible-light utilization and promoting 
charge carrier activation under low-power irradiation. Photocatalytic 
tests demonstrated that CZYbEG-750 efficiently degraded gallic acid 
(GA), achieving nearly complete degradation (99.9%) and 72.3% 
mineralization under optimal conditions (0.125 g L⁻¹ catalyst dosage, 
5 mg L− 1 GA initial concentration, pH 4.5, 180 min visible light). The 
effect of pH was found to be critical: the highest efficiency was obtained 
under spontaneous acidic conditions (pH 4.5), while strongly acidic (pH 
2) and alkaline (pH 12) environments drastically reduced photocatalytic 
activity. This behavior was explained by the interplay between the 
surface charge of the photocatalyst and the ionization state of GA, which 
governs pollutant adsorption and the availability of reactive species 
through electrostatic interactions.

Mechanistic insights, supported by band edge calculations and 
scavenger tests, indicated that photogenerated holes were the dominant 
reactive species, with hydroxyl and superoxide radicals contributing 
synergistically to GA degradation. This analysis identifies the predomi
nant reactive oxygen species but does not aim to elucidate a detailed 
degradation pathway.

CZYbEG-750 demonstrated good stability and reusability, main
taining high activity after five consecutive cycles.

When tested in real water matrices, the photocatalyst preserved high 
performance (~85% GA degradation in tap water), although a moderate 

Table 6 
Different HEOs' performances in terms of pollutant degradation.

HEO photocatalyst Pollutant Light source Performance (pollutant degradation) Ref.

AlCrFeCoNi Rhodamine B UV lamp 97.5% in 1 h [77]
(CeGdHfPrZr)O2 Methylene blue UV lamp 100% in 4 h [70]
NbTaZrMoW Methylene blue UV lamp 58.77% in 3 h [29]
(Mn0.6Cr0.6Co0.6Fe0.6Al0.6)O4 Methylene blue UV lamp 100% in 1.5 h [78]
(Bi0.2Na0.2Ba0.2K0.2La0.2)TiO3 Rhodamine B Xe lamp 98% in 2 h [79]
(La0.2Ce0.2Gd0.2Zr0.2Fex)O2 Tetracycline hydrochloride Xe lamp 94.5% in 3 h [76]
(Ce0.2Pr0.2Zn0.2Nd0.2Tb0.2)2Zr2O7 Congo Red UV lamp 91.3% in 0.3 h [80]
(Ce0.2Pr0.2Zn0.2Nd0.2Tb0.2)2Zr2O7 Methylene blue UV lamp 79.3% in 0.3 h [80]
(La0.2Nd0.2Sm0.2Gd0.2Y0.2)2Zr2O7 Rhodamine B Hg lamp 90.8% in 2 h [81]
(La0.2Nd0.2Sm0.2Gd0.2Y0.2)2Zr2O7 Rhodamine B UV lamp 70% in 2 h [82]
Ce0.2Zr0.2La0.2Pr0.2Y0.2O2 Methylene blue Xe lamp 98.9% in 0.3 h [28]
(Co, Mg, Ni, Cu, Zn)1-xCaxO Methylene blue Visible light 97% in 1.3 h [83]
(CaxZrYCeCr)O2 Methylene blue Xe lamp 100% in 1 h [84]
(Ce₀₀.₂₂Zr₀₀.₂₂Yb₀₀.₂₂Er₀₀.₂₂Gd₀₀.₂₂)₂₂O₃₃þδ Gallic Acid Visible light 99.9% in 3 h This work

Fig. 15. GA relative concentration as a function of irradiation time; b) TOC removal efficiency (%) after 180 min of visible light carried out in distilled and tap water 
(labeled as Drinked).
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reduction in activity was observed compared to distilled water due to 
the scavenging action of bicarbonates and other inorganic ions, which 
partially suppress reactive oxygen species formation and reduce the 
apparent degradation kinetics.

Compared with other photocatalytic systems reported in the litera
ture, CZYbEG-750 exhibited competitive kinetic constants and excep
tionally low electrical energy consumption (~40 kWh m⁻³, versus 
>2000 kWh m⁻³ for reference systems), highlighting its outstanding 
energy efficiency.

Although a significant TOC removal was achieved, indicating sub
stantial mineralization, the evaluation of toxicity evolution and the 
identification of intermediate species are crucial for a complete assess
ment of environmental impact and will be the focus of future 
investigations.

In summary, CZYbEG-750 combines single-phase structural stability, 
defect-rich chemistry, favorable surface area, and visible-light activa
tion, enabling highly efficient degradation of GA. Beyond performance 
evaluation, this work provides quantitative benchmarks in terms of ki
netics and electrical energy consumption, contributing to a more 
application-oriented assessment of high entropy oxides under visible- 
light irradiation. Its demonstrated robustness in realistic water 
matrices, together with its reduced energy demand, further highlights 
the potential of bixbyite-type high entropy oxides as sustainable pho
tocatalysts for the remediation of persistent organic pollutants.
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