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Abstract: Lattice defects, particularly oxygen vacancies, are commonly considered 
beneficial to photocatalytic performance, as they can reduce the bandgap, broaden 
the light absorption range, and suppress electron/hole recombination. In this 
perspective, high-entropy oxides (HEOs) could be considered “ideal” materials for 
photocatalysis because the random distribution of multiple metal cations within the 
crystalline lattice generates intrinsic structural disorder, which can be modulated by 
varying their composition and synthesis conditions. This work studies the 
photocatalytic activity of electrospun Cr–Mn–Fe–Co–Ni-based HEOs for the 
degradation of methylene blue in aqueous solution. The selected preparation 
conditions (calcination in air at 400 °C for 2 h) yield nanofibers consisting of ultra-
small grains (≤9 nm) with copious oxygen vacancies on their surface. The presented 
results raise an important question: does the catalyst always promote the dye 
photodegradation or does it sometimes hinder it? A critical discussion is proposed, 
highlighting the case in which defects can induce competitive recombination 
pathways, negatively impacting the material’s photocatalytic performance. 

 Keywords: high-entropy oxides; defects; oxygen vacancies; grain boundaries; 
methylene blue; photocatalysts 

1. Introduction 

The dispersion of methylene blue (MB), 3,7-bis(dimethylamino)phenothiazin-5-ium chloride, represents a 
significant example of water pollution. MB is an organic compound characterized by strong reducing activity. 
Owing to this interesting property, it is successfully used in medicine for the treatment of methemoglobinemia. 
Additionally, this organic compound is also used in analytical chemistry as an indicator in oxidation-reduction 
reactions, in sulphide analysis, and as a peroxide generator. MB is also used in aquaculture as a bactericidal and 
antiprotozoal agent and as a dye in biological, textile and food industries [1,2]. Despite the evident beneficial use 
of MB, the high and uncontrolled release of MB in water represents a serious risk for the ecosystem and human 
health preservation. 

For these reasons, great efforts are devoted to the development of efficient materials for contaminant removal 
and sustainable water treatment processes. Conventional methods for wastewater purification include [3]: (i) the 
chlorination, which involves the addition of chlorine to the water; (ii) ozonation, where ozone is introduced to 
eliminate bacteria and other microorganisms; (iii) adsorption, which employs various materials to adsorb 
contaminants from water; (iv) membrane technology, which uses selective membranes to separate pollutants; (v) 
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coagulation and flocculation, in which chemicals are added to aggregate fine particles into larger clumps (flocs) 
that can be removed by filtration; (vi) biological degradation that employs bacteria to disintegrate contaminants in 
the water. Finally, photocatalytic degradation is an emerging and promising technology for environmental 
purification, particularly for the decomposition of harmful pollutants. In this process, pollutant molecules are 
broken down through a photo-activated catalytic reaction facilitated by proper photocatalysts (PCs), such as 
reduced graphene oxide, multi-walled and single-walled carbon nanotubes, metal-organic frameworks, covalent 
organic frameworks, biodegradable polymers, and metal oxides [4–8]. Since the photocatalytic reaction primarily 
involves their surface, nanostructured materials, featured by high surface-to-volume ratio and a greater number of 
active sites, are often the materials of choice. 

Among the metal oxides, extensive research has focused on both binary and ternary oxides, such as TiO2 [9,10], 
ZnO [11], SnO2 [12], ZrO2 [13], BsVO4 [14], and SrTiO3 [15]. Most of these metal oxides possess wide energy 
gap (Eg) values and therefore require UV light to activate the photocatalytic process. However, since the UV 
radiation accounts for only about 10% of the solar spectrum, current research in photocatalytic materials aims to 
develop oxides with narrower band gaps, such as Fe2O3 [16] and WO3 [17], or to properly engineer UV-active 
oxides through structural defect modification, doping, and morphological control of nanostructures [18]. These 
strategies are well documented for ZnO, for which the photocatalytic performance can be improved by increasing 
the elemental impurities in the wurtzite structure. This results in the introduction of electron capture centres that 
reduce the probability of the electron/hole recombination [11,19]. 

Since the structural defects play a pivotal role in enhancing the photocatalytic activity and reducing the Eg of 
metal oxides, high-entropy oxides (HEOs) have emerged as highly promising candidates in this research field. 
Owing to their “intrinsic crystal disorder”, arising from the random distribution of multiple metal cations within 
the crystalline lattice, and to the opportunity to easily tune their compositional, optical, magnetic, electrical, and 
electrochemical properties by varying the metal constituents and the synthesis conditions [20], HEOs can represent 
the “ideal” materials for photocatalytic pollutant degradation. The intrinsic defects and strain can enhance 
photocatalytic activity through multiple mechanisms, including bandgap narrowing that broadens the light 
absorption range and suppression of electron—hole recombination mechanisms [21]. In HEO family, the presence 
of the oxygen anions in the lattice determines a high selectivity in the crystalline phases that can be formed, i.e., 
rock-salt, fluorite, perovskite and spinel structures. All these crystalline phases have been tested for their 
photocatalytic activity. 

Jia et al. [22] have investigated the effect of Fe molar ratio in (La0.2Ce0.2Gd0.2Zr0.2Fex)O2 PCs for the 
degradation of tetracycline hydrochloride. They have reported that the increase in Fe molar concentration favors 
the decrease of the valence band position and a better crystalline order. The best photodegradation performance is 
attributed to HEO containing 0.05 molar Fe concentration, which is characterized by appropriate band structure 
and abundant defects, achieving 95.4% photodegradation of tetracycline hydrochloride under visible illumination 
within 3 h. Pradhan et al. [23] have proposed (Mn0.6Cr0.6Co0.6Fe0.6Al0.6)O4, produced by the sol-gel method and 
subsequent calcination in air at 900 °C for 1.5 h, as PC for the degradation of MB. Owing to the generation of 
electron-hole pair under UV irradiation and the contribution of all constituent metal ions, this HEO shows good 
performance as PC, favoring a complete degradation of MB in 90 min. In addition, the magnetic properties associated 
to its inverse-spinel structure are attractive for the PC recovery after pollutant degradation. Zhang et al. [24] have 
analyzed HEOs based on combinations of five metals among Cr-Mn-Fe-Co-Ni-Cu prepared by the chemical 
solution deposition method on amorphous quartz substrates. Among them, (Co0.2Mn0.2Fe0.2Cr0.2Cu0.2)3O4 shows 
the best photocatalytic effect (up to 8.5 times higher than the remaining HEOs) and spectral response up to the 
near-infrared region. Du et al. [25] have utilized pyrochlore (La0.2Nd0.2Sm0.2Gd0.2Y0.2)2Zr2O7 powders, prepared 
via the sequence coprecipitation–hydrothermal–calcination method, for the photodegradation of Rhodamine B. 
Grain size reduction plays in enhancing the photocatalytic activity for the degradation of Rhodamine B solution 
under UV exposure. 

This work focuses on the study of spinel-type Cr-Mn-Fe-Co-Ni-based HEOs as PCs for the MB degradation. 
HEOs based on this combination of transition metals have already been successfully employed as electrocatalysts 
for the oxygen evolution reaction (OER) [26–28], demonstrating that defect-engineering and preferential 
occupation of 16d octahedral sites by the most redox-active species are useful for improving electrocatalytic 
performance and water splitting kinetics. Cr-Mn-Fe-Co-Ni HEOs have also been successfully used as passive 
fillers in the preparation of poly(ethylene oxide) (PEO)/lithium bis(trifluoromethansulfonyl) imide (LiTFSI)-based 
solid composite electrolytes (SCEs) [29,30]. In this case, proper calcination conditions and rapid quenching allow 
controlling the density of the surface defects in the fillers, which affects the SCE ionic conductivity. 

Given the well-established role of surface defects in catalytic processes, this study focuses on clarifying the 
relationship between synthesis conditions, surface defect density and photocatalytic activity of electrospun Cr-
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Mn-Fe-Co-Ni HEOs. Calcination is performed at low temperature (400 °C for 2 h) to produce ultra small HEO 
grains and is followed by rapid uncontrolled cooling to generate a high density of structural defects on their surface 
and kinetically trap the metastable crystalline phase formed during the heat treatment [29]. 

2. Experimental Section 

2.1. Synthesis of the Electrospun Photocatalysts 

Cr-Mn-Fe-Co-Ni HEOs are synthesized following the procedure described in detail in a previous paper [26]. 
Briefly, the spinnable solution is prepared by dissolving in a polyacrylonitrile (PAN)/dimethylformamide (DMF) 
mixture Cr-, Mn-, Fe-, Co-, and Ni-acetates with a double amount of each metal in turn finally obtaining a set of 
five non-equimolar HEO samples. A CH-01 Electro-spinner 2.0 (Linari Engineering s.r.l.) operating at room 
temperature (RT) and 40–45% relative air humidity is used for the electrospinning. HEO powders obtained by 
calcination in air (400 °C for 2 h) are coded as 2X, where X is the metal with doubled concentration. An additional 
equimolar Cr-Mn-Fe-Co-Ni HEO (eq-HEO) is prepared for comparison purposes by the same synthesis route and 
calcination in air at 800 °C for 2 h. After calcination, the physicochemical properties of the samples are studied as 
described below. 

2.2. Physicochemical Characterization 

The HEO morphology and composition are investigated by transmission electron microscopy (TEM), using 
FEI Talos F200S scanning/transmission electron microscope (operated at 200 kV and equipped with an EDX 
spectrometer for elemental mapping). XRD analysis is carried out with a Bruker D2 diffractometer using Ni β-
filtered Cu-Kα radiation source (λ = 0.1541 nm). The identification of phases is performed by QUALX software 
(Institute of Crystallography (IC), National Research Council (CNR), Bari, Italy) [31,32] and the diffractograms 
are analysed by the Rietveld method using Maud 2.992 software. Micro-Raman spectroscopy (MRS) is employed 
to investigate the crystalline structural features of the oxide. Measurements are performed using a confocal 
microscope (NTEGRA—Spectra SPM NT-MDT) operating in reflection mode, equipped with a 100X objective 
(Mitutoyo, NA = 0.75), enabling analysis of surface areas smaller than 0.6 μm2. Spectra are collected at multiple 
random locations across the sample surface to assess the spatial homogeneity of the oxide. Excitation is provided 
by a 532 nm solid-state laser, with a power of 250 μW at the sample surface. The scattered signal is directed into 
a monochromator (MS 350, SOL Instruments (Augsburg, Germany)) and dispersed by a diffraction grating of 
1800 lines mm−1. Finally, the Raman signal is detected by a cooled CCD camera (ANDOR iDus). Diffuse 
reflectance measurements are carried out using an integrating sphere (Thorlabs, model 4P4) coupled to a 
monochromator (CVI) equipped with a cooled CCD camera (ANDOR iDus) to indirectly estimate the Eg values 
of the electrospun HEOs. 

Photocatalytic activity towards MB degradation is evaluated at RT under ultraviolet (UV) irradiation. The 
test is carried out using different PC loadings (0.9–2.9 mg) dispersed in 3 mL of 15 µM MB/distilled water solution. 
Before exposure to light, the solution is magnetically stirred in the dark for 1 h to achieve adsorption/desorption 
equilibrium between the dye solution and the PC and then centrifuged (1000 rpm, 4 min) to separate the PC 
particles before performing the zero-time measurement. Subsequently, the suspension is exposed, at given time 
intervals, under continuous stirring to prevent PC sedimentation. A Xe lamp is used as a light source for the 
photodegradation, selecting the wavelength (340 nm, power density of 5 mW cm−2) by means of a monochromator 
(HORIBA Jobin Yvon model H10UV). At the end of each interval, the solution is centrifuged again and the MB 
photodegradation is monitored by recording UV-Vis absorption spectra at different irradiation times, using a 
Perkin-Elmer Lambda 2 UV–Vis spectrophotometer. The degradation percentage of MB solution is estimated as 
𝐷 ൌ  100ሺ1 െ 𝐴௧/𝐴଴ሻ, with 𝐴଴ and 𝐴௧ denoting the initial absorbance and absorbance at an irradiation time t. 

3. Results and Discussion 

3.1. Structural Characterization of HEOs 

In line with the results of previous study [28], HRTEM analysis evidences the formation of micrometer-long 
nanofibers composed of compactly assembled nanograins (Figure 1a–j). The average nanograin size varies slightly 
with composition but is always less than 10 nm. STEM-EDX mapping confirms the formation of a multicomponent 
solid solution (Figure 1k–l). 
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Figure 1. (a–j) HRTEM images of electrospun HEOs: (a,f) 2Cr; (b,g) 2Mn; (c,h) 2Fe; (d,i) 2Co and (e,j) 2Ni. (k) 
BF-STEM and (l) HAADF-STEM images, followed by the elemental maps. The case of 2Ni is shown. 

In agreement with indications emerged from previous studies [28], XRD analysis (Figure 2a) demonstrates 
the formation of oxides with spinel structure (space group Fd-3m), but Rietveld refinements reveal the presence 
of 10–30 wt% impurities with rock-salt structure (space group Fm-3m) in all nanofibers. The average crystal size 
(5.0–9.2 nm), comparable to the grain size, demonstrates that the fibers are composed of single crystals. 

 

Figure 2. (a) XRD patterns. The relative amount of rock-salt (RS) impurities is reported; (b) Averaged micro-
Raman spectra. Both XRD patterns and micro-Raman spectra are normalized for an easier comparison. 
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Measurements of Raman scattering from various random positions on each sample (not shown for briefness) 
prove the spatial homogeneity of all HEOs. The average micro-Raman spectra (Figure 2b) show modes typical of 
spinel oxides, superimposed on a weaker contribution attributable to RS impurities, confirming previously 
obtained results [28]. Furthermore, XPS analysis reveals the presence of oxygen vacancies (OVs) on the surface 
of all samples with concentration ranging from 21.6 at.% (2Cr) to 33.5 at.% (2Fe) [28]. 

The direct and indirect Eg values of all HEOs are determined by the Tauc plot method. For this purpose, the 
acquired diffuse reflectance spectra are converted into Kubelka-Munk function FሺRሻ, which is proportional to the 
absorption coefficient and the values of ሺℎ𝜈FሺRሻሻଵ/௡ , with 𝑛 ൌ 2 (Figure 3a) and 𝑛 ൌ 1/2 (Figure 3b) for 
indirect and direct allowed transitions, respectively, are plotted as a function of ℎ𝜈. In both cases, Eg is given by 
the energy value (x-axis, eV) at the intersection point with the line tangent to the ሺℎ𝜈FሺRሻሻଵ/௡ curve, in the linear 
sections. Since the HEOs are complex systems in which the metal cations are randomly distributed in the lattice, 
the co-presence of both direct and indirect transitions can be assumed. The calculated Eg values do not differ 
significantly from each other except for the slight increase in indirect Eg observed for the 2Cr sample. Since the 
particle size affects the light absorption properties and the bandgap, the nearly constant Eg values obtained are 
consistent with the morphological characteristics of the samples. 

 

Figure 3. Tauc plot of (a) indirect and (b) direct allowed transitions of HEOs. 

3.2. Photocatalytic Activity of HEOs 

In order to evaluate the photocatalytic activity of HEOs in the degradation of MB under 350 nm UV 
irradiation at RT, the absorbance spectra in the 15 µM aqueous MB solution were measured. The spectrum of 
aqueous MB solution is featured by an intense absorption band, attributed to the n-π* transition, at 664 nm and a 
shoulder, originating from and 0-1 vibronic transition, at 610 nm [33]. Since the intensity of the absorbance band 
is proportional to the dye concentration in the aqueous solution, its degradation can be easily monitored by 
following the time evolution of the spectral profile, as shown in Figure 4a–c for different loads (0.30–0.96 g·L−1) 
of the 2Fe PC, as an example. 
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Figure 4. Time evolution of the MB absorbance spectrum for different PC loadings (a) 0.30 g·L−1; (b) 0.47 g·L−1 
and (c) 0.96 g·L−1; respectively; (d) residual MB amounts in 15 µM aqueous solution under UV radiation. The 
shown absorbance spectra, referring to the 2Fe PC, are normalized for a direct comparison between each other. 

Different from what has been reported in the literature for HEO based on the same metal combination [34], 
regardless of the catalyst loading, after 170 min of UV exposure, the MB concentration in water is still high. The 
best result in terms of degradation is obtained with the highest PC concentration (Figure 4d). Correspondingly, 
after 170 min of illumination, the residual MB amount is approximately 88%, a value only slightly lower than 
those achieved at the lower PC concentrations (93–94%). Regardless of the presence of the PC, the kinetics of the 
photodegradation process can be described by a pseudo first-order law [11], as 𝑙𝑛ሺ𝐴௧ 𝐴଴⁄ ሻ ൌ െ𝑘 ∙ 𝑡, where 𝑘 
indicates the apparent reaction rate constant. Increasing the 2Fe PC concentration, the 𝑘 values obtained as the 
slope of the curves via a best-fit procedure are 3.99⋅10−4 min−1 for 0.30 g·L−1 and 4.04⋅10−4 min−1 for 0.47 g·L−1. 
Instead, for 0.96 g·L−1, two rate constants can be distinguished, namely, 15.2⋅10−4 min−1, associated to an initially 
faster degradation process, and 3.68⋅10−4 min−1 that is comparable with the rate constants previously found for 
lower PC concentration. 

As widely reported, the dye photodegradation mechanism in metal oxides [35,36], including HEOs [34], is 
based on the formation of hydroxyl groups (OH−) or hydroxyl radicals (•OH) and oxygen radicals (O2

•−). The 
former species originate from the reaction between photo-generated holes in valence band and the chemisorbed 
water molecules, whereas O2

•− radicals are generated via the trapping of the photo-generated electrons by oxygen 
molecules. In this mechanism, intragap states due to the lattice defects play a key role, as they reduce the 
recombination rate of photo-generated electron-hole pairs, thus favouring the formation of reactive radicals. 

The reason for the interest in HEOs as catalysts lies in the possibility of regulating the width and position of 
the bandgap and generating lattice defects and deformations, thanks to their multimetallic composition, thus 
improving their photocatalytic activity. Actually, as shown in Figure 3, present HEOs are multigap systems, in 
which direct and indirect transitions in the visible spectral range coexist. In particular, for direct transitions, two 
Eg values are determined. 2Fe is featured by the highest OV concentration (33.5 at.%, from XPS analysis [28]) 
among the investigated samples. OVs are beneficial for the photocatalytic activity as they introduce donor levels 
into the electronic structure, suppressing the electron/hole recombination, while providing active adsorption sites 
for O2 and water molecules [37,38]. Furthermore, the wavelength (340 nm, corresponding to 3.65 eV) used for 
catalyst photoactivation encompasses the entire energy range of transitions allowed for these materials, ensuring 
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the initialization of carrier photogeneration. Despite its promising structural characteristics, however, 2Fe does not 
exhibit satisfactory catalytic activity for MB photodegradation. 

The role of H2O2 as PC for photodegradation is widely recognized [39]. Under UV illumination, H2O2 
decomposes to generate •OH, which oxidize MB molecules into MB radicals (MB•) and subsequently into 
intermediate products, CO2, and H2O. The key step in this process is the photolytic formation of •OH radicals from 
H2O2, which drive the degradation of organic molecules. Additionally, O2

•− contribute to the MB oxidation, further 
promoting its conversion to CO2 and H2O. This process can be exploited to improve the photocatalytic activity of 
metal oxides, such as HEOs [34], where H2O2 is used as promoter for the generation of •OH radicals under UV 
illumination to increase the efficiency of the pollutant photodegradation. Hence, in the following, to compare the 
results obtained with present PCs with those reported in the literature, the 2Fe concentration is set at 0.47 g·L1 
and H2O2 is added to the MB/water solution at different dilutions. Figure 5a,b present the time evolution of the 
absorbance spectra observed. Figure 5c compares the degradation rate with and without H2O2. The addition of 
H2O2 to the MB aqueous solution enhances the MB photodegradation. In particular, the introduction of 45 µL of 
H2O2 (30% dilution) results in a residual MB concentration of 88% at 230 min, which further decreases to 71% 
after 230 min when 430 µL of H2O2 (3% dilution) is used. Regardless of the H2O2 dilution, two photodegradation 
processes can be distinguished. The rate constants are 𝑘ଵ = 11.5⋅10−4 min−1 and 𝑘ଶ = 3.8⋅10−4 min−1 for the 
highest dilution, and 𝑘ଵ = 39.3⋅10−4 min−1 and 𝑘ଶ = 5.5⋅10−4 min−1 for the lowest dilution. 

 

Figure 5. Time evolution of the MB absorbance spectrum, for 0.47 g·L1 PC loading, in the presence of H2O2, with 
(a) 30% and (b) 3% dilution. The absorbance spectra are normalized for a direct comparison between each other; 
(c) Degradation rate of the MB in 15 µM aqueous solution under UV radiation for 0.47 g·L1 2Fe PC loading with 
and without H2O2; (d) MB degradation rates for 0.47 g·L1 2Fe, 2Cr, and 2Ni PC loading and 3% diluted H2O2; (e) 
Time evolution of the MB absorbance spectrum in the presence of 3% diluted H2O2 alone; (f) Degradation rates for 
3% diluted H2O2 alone (𝑘 = 28.6⋅10−4 min−1) and for 0.47 g·L1 2Fe and eq-HEO PC loading and 3% diluted H2O2 
(𝑘 = 27.7⋅10−4 min−1). 

In the presence of the other PCs, the use of H2O2 as promoter for the MB photodegradation leads to 
comparable performance (Figure 5d). After 230 min of reaction, the residual MB concentration is still above 70%. 
The non-linear trend of the degradation curve suggests the occurrence of a saturation effect, which appears to begin 
approximately 50 min after the onset of the photodegradation process. Since the OV concentration in these PCs 
ranges from 22 to 33.5 at.%, it is argued that this parameter is not the main factor governing their photocatalytic 
performance in MB degradation. 

To understand the cause of the saturation, the photodegradation of MB obtained using 430 µL of H2O2 (3% dil.) 
alone is considered (Figure 5e). In this case, the photodegradation rate rapidly approaches zero (45% MB residue 
after 110 min of UV exposure), without saturating (Figure 5f). Therefore, it is supposed that the saturation effect 
relies with the high density of lattice defects in the PCs and, possibly, with the presence of a secondary RS oxide 
phase. To get a deeper insight onto the role of defects, a HEO based on the same metal combination, with similar 
architecture, larger grains (61 nm against 5–9 nm) and comparable OV concentration (33 at.%) [27,30] is used as 
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a PC for the photodegradation of MB (eq-HEO). As illustrated in a previous work [29], this sample, prepared via 
the same synthesis route and calcination at higher temperature (800 °C for 2 h), consists of a single pure-spinel 
phase. Under the same conditions, the degradation curve of eq-HEO shows a linear time dependence, with a 
residual amount of MB equal to 36% after 230 min of UV exposure. Nonetheless, the photodegradation of MB 
shows faster kinetics in the presence of H2O2 alone. 

Kato et al. [40] have pointed out that OVs can play an ambivalent role in photocarrier dynamics, either 
promoting or suppressing carrier recombination. The key factor is the defect density: when defects are sparsely 
distributed, trapped electrons must migrate over long distances via sequential hopping and tunnelling mechanism 
before recombining with holes, which slows down recombination. Conversely, in the case of densely distributed 
defects, the probability of hopping and tunnelling processes increases and the trapped electrons can easily transfer 
between nearby trap states, thereby facilitating recombination. 

In the investigated HEO PCs, the temperature of post-spinning thermal treatment determines both their 
crystalline phase and morphological features, and in turn the density and nature of lattice defects. Dangling bonds 
at the grain boundaries (GBs) act as traps and promote recombination processes. In eq-HEO, the higher calcination 
temperature leads to improved crystallinity and larger grains, thus reducing the density of GBs. On the contrary, 
in the other HEOs, the low calcination temperature limits the growth of grains (≤9 nm), resulting in a very high 
density of GBs and a plethora of defects easily accessible on their surface [41]. The latter situation, which favors 
recombination, accounts for the poor photocatalytic performance of 2X HEOs. On the contrary, the lower GB 
density in eq-HEO enables more efficient photocarrier separation and ultimately enhances the MB degradation 
efficiency. The interplay between grain size and GB defect distribution is illustrated in more details in the 
Supplementary Information (Figure S2). 

Finally, the worse degradation efficiency of eq-HEO PC and 3% diluted H2O2 compared to H2O2 alone can 
be attributed to the turbidity of the solution in the presence of the catalyst, which hinders the penetration of light 
(Figure S3) and, consequently, reduces the photoexcitation rate. 

4. Conclusions 

Cr–Mn–Fe–Co–Ni-HEOs, prepared via electrospinning and calcination in air at 400 °C for 2 h, are evaluated 
as photocatalysts for the degradation of methylene blue in 15 µM aqueous solution under UV irradiation. Despite 
their promising physicochemical properties (multigap systems consisting of densely packed ultra-small grains, 
with very large density of grain boundaries and copious oxygen vacancies on their surface), they exhibit poor 
catalytic performance. After 170 min UV exposure, with PC loadings in the 0.30–0.96 g·L−1 range, the residual 
MB amount is still between 94 and 88%. 

For a fixed PC loading (0.47 g·L1), the addition to the MB/water solution of H2O2 at different dilutions (30 
and 3%) leads to a moderate improvement regardless of the HEO composition. After 230 min UV exposure, with 
3% diluted H2O2 the residual MB concentration decreases to 71%. Under the same conditions, by far better results 
are obtained using Cr–Mn–Fe–Co–Ni-HEO calcined at higher temperature, consisting of larger grains (61 nm 
against 5–9 nm). This finding proves that the high density of GBs and the plethora of defects on the surface of the 
former PCs favor recombination, whereas the lower GB density in the latter enables more efficient photocarrier 
separation and ultimately enhances the MB degradation efficiency. In addition to the GB defects, the turbidity of the 
solution in the presence of the PC can hinder the penetration of light and, consequently, reduce the photoexcitation 
rate. In 2X HEOs, the small size of the PC grains boosts both causes of poor photocatalytic performance. 

The presented results could be useful for the rational design of the photocatalysts. However, since 3% diluted 
H2O2, alone, is here found to be able to effectively and rapidly degrade the dye, when hydrogen peroxide is added 
to promote degradation, great care should be taken in assessing the real role of the catalyst. 

Supplementary Materials 

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/2603 
021516388964/PS-25110099-SM.pdf. Figure S1: Reflectance spectra of investigated HEOs. Figure S2: GB 
density as a function of size of HEO nanoparticles. Figure S3: UV-Vis absorbance spectra measured on two 
aqueous solutions with the same load (0.235 g L−1) of 2Fe and eq-HEO PCs. 
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