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The use of oxide photocatalysts for remeéving pollutants from the environment has
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always been regarded as a promising solution dnd, has attracted considerable attention. The
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current study investigates the bandgap engificering of (CeGdSmYZr)O; high-entropy oxide
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nanoparticles synthesized through a‘simple solution combustion technique. Different fuel-to-
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oxidizer ratios such as 0.06, 0.08, 1, 1.2, and 1.4 have been used to synthesize high-entropy
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(CeGdSmYZr)O2 oxide nanoparticles. Various characterization techniques including x-ray
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diffraction (XRD), field emission scanning electron microscopy (FESEM), transmission
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electron microscopy (TEM), UV-visible spectroscopy, surface area measurements, and
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photoluminescent spectroscopy (PL) were used to investigate the structural, morphological,
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optical, and luminescent properties. XRD results confirm the formation of single-phase fluorite
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oxide while the fuel-to-oxidizer ratio was found to have an impact on the bandgap and
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crystallite size. This tailoring of bandgap has been shown to reflect in the photocatalytic
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reduction of toxic Cr(VI). The results showed that the photocatalytic reduction of Cr(VI) was
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significantly enhanced with an increase in the fuel-to-oxidizer ratio and a Cr(VI) reduction of
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99.14 % was achieved involving 2 ml of formic acid. As a result, the findings of this study
could provide insights into the development of new high-entropy oxide photocatalysts for the

efficient reduction of toxic Cr(VI).

Keywords:

High-entropy oxide; Bandgap engineering; Photocatalyst; Cr(VI) reduction; Solution

combustion; Fuel-to-oxidizer ratio

1. Introduction:

The major portion of the earth is comprised of water that can be regenerated, disseminated,
distributed, and transported. These characteristics collectively add to water’s great value to
people. The groundwater and surface water resources/are crucial for a variety of activities,
including cattle development, energy generation, forestry, farming, aquaculture, seafaring,
recreation, and so forth. It is a remarkable gift fromnature to humanity that must be preserved.

Therefore, it is important to manage wateégtesources responsibly and sustainably.

It is unfortunate that the fast-growing major industries including pharmaceuticals[1],
pesticides[2], fertilizers[3], paper,[4] leather[5] pose a threat to the health and environment due
to the release of toxic chemicals and heavy metals. It is important to note that toxic heavy
metals released from the industries including Pb (II), Hg (II), Cd (IT), and Cr (VI), even at very
low concentrations, have the potential to disrupt normal metabolic processes[6-11]. Among
them, heavy metal ion hexavalent chromium (Cr(VI)) is generated primarily from industrial
processes such as electroplating, metal finishing, leather tanning, dyeing, and textile
production. According to the World Health Organization (WHO), Cr (VI) is classified as a
group 1 carcinogen[12]. Two types of oxidized chromium exist, namely hexavalent chromium

(Cr(VI)) and trivalent chromium (Cr(III)), the latter being less toxic than the former[8, 13]. The



O ~J o U b wdN

AT GITUITUIOTOTUTE D DS DD DWWWWWWWWWWNNNNONNNNNNNNRERERRE P B e
R WNHOWOW®O IR WNHOWOWO-JAUEWNHFOWOWOW-JANBEWNRFEOWOW®O-JOU®WNEROW®TJoUS WNRE O W

non-biodegradable characteristics of Cr(VI) in nature and its high mobility make it likely that

Cr(VI) will be mutagenic and carcinogenic to all living organisms.

The removal of toxic Cr(VI) from wastewater has been an extremely critical task in this
context. The removal of Cr(VI) from industrial wastewater can be accomplished using several
methods, including photocatalysis, electrocoagulation, microfiltration, ion exchange,
adsorption, and chemical precipitation[14-16]. Accordingly, it is generally considered that the
reduction of hexavalent Cr(V]) to its nontoxic counterpart Cr(III) would be a feasible solution
to this issue. Using a semiconductor-based photocatalyst, photocatalytic reduction overcomes
many of the limitations associated with using traditional treatment methods[16, 17]. There is a
high efficiency of photocatalytic reduction and a low energy use associated with this
technology. Due to its low cost and ease of application; this process makes it quite attractive

for the reduction of hazardous Cr(VI) to less toxi¢" Cre(II)[8, 17].

For the photocatalytic treatmentsef h€avy metals, such as Cr(VI), a number of
semiconductor photocatalysts are being,considered, including pristine oxides such as TiO»,
ZnO, CdS, and WO3[16, 17]. Various Strategies such as doping, and forming heterojunctions
were followed to improve the performance of the photocatalyst. Despite this, the technology
appears to have reached a saturation point in terms of creating a new photocatalyst,
necessitating the exploration of alternative photocatalysts. This has led to a great deal of interest
in high-entropy ceramics, due to their unique compositional and structural integrity in forming
single-phase solid solutions[18]. A high-entropy material is composed of five or more primary
elements which that been shown to possess exceptional optical properties and have the potential
to perform a wide range of functional applications[8, 19-23]. Despite this, there has been a
relatively limited use of high-entropy oxides in the field of photocatalysis, and further studies
are needed to open potential research applications[18]. This is especially true in the field of

wastewater treatment. In this regard, high-entropy ceramics are increasingly seen as an
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attractive alternative to traditional photocatalysts, with the potential to provide improved

performance.

In comparison to traditional nanomaterials, high-entropy oxides (HEO) offer a
promising alternative due to their tailored bandgaps, which have been achieved by varying the
composition of high-entropy oxides[8, 23, 24]. It has been demonstrated that compositional
variation can be used to engineer the bandgap of high-entropy oxides. An improvement in
photocatalytic properties was observed as a result of this[8]. Also, high-entropy oxides have a
number of multi-functional applications, including photocatalysts, sensors, and as a candidate
for light-emitting diodes[8, 20, 22, 23]. There is only one composition of high-entropy oxide
nanomaterial used in all of the above applications, indicating the broad application possibilities
of high-entropy materials. Additionally, it has been reperted that TiZrNbTaWO, high-entropy
oxides have 10 heterojunctions within the system¢'which improves the yield of oxygen during

photocatalysis which emphasizes the importance 0fhigh-entropy materials[25].

A number of factors influence’thie,photocatalytic activity of the photocatalyst, including
bandgap, crystallite size, bandgap position, recombination rate, etc[26, 27]. It is important to
note that the bandgap plays a key role in electron-hole pair generation, while the bandgap
position determines the pathway of photocatalytic reaction of dyes or heavy elements[16].
Consequently, it is possible to alter the bandgap and band edge position of a photocatalyst either
through doping or through the use of a composite, resulting in improved photocatalytic
performance[28, 29]. The above two approaches implement composition variation. It will
therefore be interesting to examine the bandgap tuning of a photocatalyst without altering its
composition or forming heterojunctions. It simplifies not only the synthesis process but also

reduces the number of elements involved in heterojunction formation.
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To achieve this bandgap variation in the synthesis step, a simple combustion technique
will be employed in the present investigation. Solution combustion is a versatile synthesis
technique explicitly used for the synthesis of metal oxides[30, 31]. A key advantage of
employing solution combustion technique is that the resulting oxides form a porous network,
which increases the surface area. This increased surface area facilitates the formation of
additional active sites improving efficient diffusion of heavy elements, eventually improving
the photocatalytic activity. Additionally, solution combustion techniques can be used to
generate materials with controlled porosity, which further enhances their catalytic activity. To
achieve this, the fuel-to-oxidizer ratio (F/O) was optimized during the combustion step[31].
The use of combustion synthesis has been reported in the literature to tailor the bandgap by
varying the F/O ratio[32]. It is therefore possible to engineer the band structure of high-entropy

oxides with tuneable properties, which will be essential for applications such as photocatalysis.

As a consequence, we are very interestéd iffunderstanding how the F/O ratio affects the
bandgap of (CeGdSmYZr)O; via solution’combustion synthesis. The obtained nanoparticles
will then be used as a photocatalyst'tofeduce Cr(VI) to Cr(IIl) using a UV-light source. To
have a complete understanding of the synthesized (CeGdSmYZr)O, oxide, several
photocatalytic reaction parameters, such as the photocatalyst dose, the Cr(VI) concentration,
and the hole scavenger were studied. As a result of this study, we aim to provide a guide for
creating other oxides using high-entropy concepts that may have potential applications in a

variety of different functional areas.

2. Experimental section

2.1. Materials and reagents

Cerium (III) nitrate hexahydrate (Ce(NO3)3*6H20, 99.9%), zirconium (IV) nitrate

dihydrate (Zr(NO3)2°2H20, 99%), gadolinium (III) nitrate hexahydrate (Gd(NOs3)3*6H20,
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99.99%), samarium(IIl) nitrate hexahydrate (Sm(NO3)3*6H20, 99.9%), yttrium(IIl) nitrate
hexahydrate (Y(NO3)3*6H20, 99.8%), glycine (NH2CH2COOH, 98.5%), and, formic acid
(HCOOH, 95%) was purchased from China. All the materials were marked with the analytical
grade and were used as received without any purification. The deionized (DI) water was used

for the synthesis.
2.2. Synthesis of (CeGdHfYZr)O: oxide nanoparticles

A simple solution combustion technique was used to prepare high-entropy (CeGdSmY Zr)O>
oxide[33]. Respective metal nitrates (0.001 M of each metal cation with a total metal
concentration of 0.005 M) and glycine were used as an oxidizer and fuel respectively. The
calculated amounts of fuel (Table S1) and oxidizer were dissolved in a minimal amount of
distilled water until a transparent solution was obtairied. For example, the reaction equation

occurring in the process for a F/O ratio of 1 can be,répresented as displayed in equation (1),

= Ce(NOs)s + 2 Zr(NOs); + = GaAN 0334 = Sm(NO3); + 2 Y(NOs); +

252
5

Ny + =2

28 C,H;NO, + 150, — 18(CeGdSmYZr)0, + 56 CO, + -

H,0 (1)

The solution is then transferred in a pre-heated hot air oven at 130 °C until all the water gets
evaporated resulting in a gel-like appearance. To initiate the combustion, the beaker containing
the gel is kept on a hotplate maintained at a set temperature of 320 °C. This action leads to the
combustion of gel resulting in a large evolution of gases transforming gel into a porous powder.
The obtained powder is then calcined in a muffle furnace at 500 °C for 2 hours in order to
eliminate unreacted fuel and carbon residues during the combustion step. The powders after
the calcination step are then used as such for further characterization and photocatalytic
investigations. The prepared (CeGdHfYZr)O> samples were named as HEC-0.6, HEC-0.8,
HEC-1, HEC-1.2, and HEC-1.4 for the sample prepared from corresponding F/O ratio 0.6, 0.8,

1, 1.2, and 1.4 respectively.
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2.3. Characterization

The crystallinity of the prepared HEO was investigated using XRD (Rigaku Ultima IV,
Rigaku) using Cu-K, radiation (A = 1.54 A) from 20-80° with a scan speed of 1° per minute.
Rietveld refinement analysis was performed using the Fullprof program and the Williamson-
Hall (W-H) analysis was done to assess the contribution of crystallite size and the lattice strain
in xrd peak broadening. FESEM images were captured using a JEOL (JEOL JSM-7001F,
JEOL) microscope operated at 20 kV. TEM image and SAED pattern were captured using a
JEOL microscope (JEOL JEM-2100, JEOL) operated at an acceleration voltage of 175 kV. The
optical properties were investigated using a UV-visible spectrophotometer (Shimadzu UV-
2700) in both absorbance and reflectance modes. The elemental composition of the synthesized
HEO was calculated using an inductively coupled plasmia -optical emission spectrometer (ICP-
OES 700 series, Agilent). Fourier-transform idfrased Spectroscopy (FTIR) studies were
performed on the powders using Shimadzu IR Affinity-1S. Sample preparation for the FTIR
studies involves the preparation of the pellet by mixing the powder photocatalyst and KBr

(1:100 weight ratio). Data was collected/in transmittance mode from 400-4000 cm™.

2.4. Photocatalytic reduction of Cr(VI)

The synthesized (CeGdHfY Zr)O> nanoparticles were used to investigate the reduction of toxic
Cr(VI). The photocatalyst setup consists of a glass beaker in which 50 ml of 50 ppm Cr(VI)
solution was added. To the above solution, 10 mg/L catalyst and 500 pl of formic acid were
added and stirred continuously in the dark to attain adsorption-desorption equilibrium. After
60 min of stirring in the dark, the solution was further irradiated using a UV-light (100 W)
having a wavelength of 365 nm. In all the cases, the distance between the light source and the
photocatalyst reaction solution was maintained at 50 mm. Aliquots are drawn from the reaction

mixture at regular intervals, and centrifuged to separate the photocatalyst from the solution.
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The supernatant solution was then analysed using a UV-visible spectrophotometer. The current
study investigates a complete set of experimental variables such as the effect of photocatalyst
concentration, Cr(VI) concentration, hole scavenger, recyclability, and stability of the

photocatalyst.

3. Results and discussions

To understand the effect of fuel to oxidizer ratio on the phase and structural evolution of high-
entropy (CeGdSmYZr)O2 oxide, we have used glycine as a fuel. The combustion-synthesized
high-entropy oxides prepared by varying F/O ratio was studied using an X-ray diffraction and
its corresponding X-ray pattern was displayed in Fig. 1(a). All the samples prepared using
various F/O ratios exhibit x-ray reflections similar to cubic fluorite structure (ICDD PDF card
no: 01-073-6318)[8]. In addition, other reflectionssare not observed in all the synthesized
samples other than cubic fluorite structure indicating the formation of a single-phase solid
solution. To confirm the formation of single-phase high-entropy oxide of the synthesized
powder, Rietveld refinement was pefformedron the x-ray patterns using a Fullprof program and
the result is presented in fig. 1(b-f). It is evident that the x-ray patterns fit well with the cubic
fluorite model (Fm-3m) confirming the single-phase solid solution. The x-ray fitting parameter
using Fullprof software is presented in table 1. An observable x-ray peak shift towards lower
angles is observed in the samples with increasing F/O ratio. As a result, the lattice parameter
of the oxide increases with increasing the F/O ratio. For a fuel lean (0.6) condition, a lattice
parameter of 5.366 [ is obtained, while a lattice parameter of 5.407 [] for fuel-rich (1.4)
condition is calculated. In addition, the x-ray peak broadness increases with increasing F/O
ratio which indicates the formation of smaller crystallite size at fuel-rich conditions. The
possible reason for the small crystallite size with increasing F/O ratio is due to the excess fuel
restricting the nucleation growth[34]. Similarly, at higher F/O ratios, a significant amount of

carbon formation is observed which is evidenced by the nature of the resultant powders (Fig.
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To explore the morphological structure of combustion-synthesized high-entropy
(CeGdSmYZr)O; oxides, FESEM was performed and displayed in fig. 2. It is observed that all
the high-entropy samples show a porous network of interconnected particles. This is due to the
nature of the synthesis method used[36, 37]. In a solution combustion technique, a large volume
of gases spontaneously evolve during the combustion step, resulting in the formation of pores
between the nanoparticles creating a porous network, which are useful in catalysis
applications[37]. Porous nanostructures increase the number of active sites for catalytic
reactions and therefore improve the reaction kinetics by making industrial dyes and toxic

metals more accessible.
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Fig. 2: (a-e) FESEM image of high-entropy oxides prepared using different F/O ratios (0.6,

0.8, 1, 1.2, and 1.4 respectively).

HRTEM images were captured for the best-performing catalyst (HEC-1.4) to investigate the
nature of nanoparticles in the nanometer scale which is displayed in fig. 3(a). The HRTEM
images of the powder sample are visualized as tiny nanoparticles in agglomerated form. The
average particle size of 2.6 nm (d-spacing = 0.33 nm) is obtained which is similar to the values
calculated from the xrd pattern. In addition, the SAED pattern (Fig. 3(b)) was captured to check
the crystal structure of nanoparticles. The SAED patterns form diffused rings and are indexed
to (111), (200), (220), and (311) planes of cubic fluorite structure. The obtained results are in
line with the xrd results confirming the formation of single-phase high-entropy oxides. The
elemental composition estimated from the ICP-OES i§ presented in table S2. All the metal
cations are present in near equimolar composition with a'deviation attributed to the purity of

the initial salts used.

d(111)=0.33 nm
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Fig. 3: (a) HRTEM image and (b) SAED pattern of HEC-1.4 powder. The black circles in the

HRTEM image denote pores present as a result of combustion synthesis.

Photocatalytic performances are greatly influenced by the optical properties of the
nanomaterials. Therefore, UV-visible spectroscopy is used to investigate the optical properties
of high-entropy (CeGdSmYZr)O, oxides and the corresponding absorption spectra are
displayed in fig. 4(a). The optical spectra of all the samples exhibit strong absorbance in the
ultraviolet region which corresponds to the O* and Me*"** charge-transfer transitions[23]. The
indirect bandgap energies of HEO were calculated using the Kubelka- Munk (K-M) function,
F(R) by plotting hv versus (F(R)* hv)?. The band gap values were calculated by extrapolating
the linear part of the graph (F(R)* hv)"? = 0 as shown in fig.4(b). It was observed that with an
increase in F/O ratio, the onset of absorption is blue-shifted, thereby increasing their bandgap.
In semiconductor nanomaterials, the wavelength of the UV absorption edge is highly dependent
on the particle size. Whenever the particle size'is,confined to the sub 10 nm scale, the band gap
energy increases causing the absorption edge of the interband transition to be blue-shifted[23].
These results are in good agreementswith the crystallite size calculated from the x-ray
diffraction pattern (Table 1). Consequently, it is possible to tailor the optical bandgap by
varying the synthesis conditions, and the synthesized HEO was further been employed as a

photocatalytic material for the reduction of Cr(VI).

Table 1: Summary of various parameters calculated from Rietveld refinement, W-H plot,

and UV-visible absorption spectra.

Lattice b
Size*  Lattice Bandgap Evs Ecs
Sample parameter
ind (0
(nm)  strain® (%) &) (eV)  (eVVsNHE) (eV Vs NHE)
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5.366 +
HEC-0.6  3.59 0.7 3.08 2.519 -0.560
0.001
5392+
HEC-0.8  4.56 0.49 3.12 2.545 -0.574
0.0004
5376 £
HEC-1 3.19 0.69 3.18 2.583 -0.596
0.001
5373 £
HEC-1.2 294 0.87 3.21 2.597 -0.612
0.001
5.407 £
HEC-1.4  2.68 0.75 324 2.610 -0.629
0.001

? values obtained from Williamson-Hall plet

®calculated from K-M plot
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Fig. 4: (a) UV-visible spectra of high-entropy (CeGdSmY Zr)O: oxides prepared using various

F/O ratios via solution combustion and (b) its corresponding K-M plot to estimate the bandgap

values.
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The specific surface area measurements of synthesized photocatalyst was performed and the
isotherm is displayed in fig. S3. Due to the nature of the pores created during the solution
combustion synthesis, type IV BET isotherm is usually observed[38, 39]. The calculated
specific surface area along with the pore volume and pore diameter is tabulated in Table S3.
The sample HEC-1.4 has the larger surface area of 37.6 m?/g and the lowest being HEC-0.6
with a surface area value of 32.1 m?/g. This is due to the smaller crystallite size of HEC-1.4

compared to HEC-1.6 sample.
3.1 Photocatalytic reduction of Cr(VI) by (CeGdSmYZr)O: nanoparticles

To study the photocatalytic activity of high-entropy (CeGdSmYZr)O: oxide nanoparticles,

Cr(VI) was selected as a model pollutant in the presént mavestigation due to its toxic nature.
3.1.1 Effect of F/O ratio

The influence of F/O ratio emsthe, photocatalytic performance of synthesized high-
entropy (CeGdSmYZr)O> oxide on theseduction of Cr(VI) was evaluated and the UV spectra
are presented in fig. S4 and In(Co/C) plots in fig. S5. Typically, the absorption spectrum shows
an absorption maximum at 350 nm which indicated the presence of Cr(VI) species in the
reaction. In the presence of UV-light illumination and photocatalyst, the peak absorption
intensity of Cr(VI) gradually declined, indicating a decrease in the concentration of the heavy
Cr(VI) metal. This is due to one electron transfer mechanism occurring in the photocatalytic
reaction where Cr(V]) is reduced to Cr(II) [8, 40]. According to the Langmuir-Hinshelwood
(L-H) model, the relationship between the initial Cr(VI) concentration and reduction rate
explains the photocatalytic reaction kinetics. In general, it is the relationship between the
degradation rate (r) and the concentration of reactants in water at a given time (C), which is

expressed as (equation (2)),
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dC _ KyKg4C
dt 1+Kq4C

2)

where K, is the rate constant and Kaq is the adsorption equilibrium constant. When the
concentration of the reactant is low, the reaction can be considered to be a first-order kinetic

model and equation (1) is simplified as in equation (3),

C
In (?O) = K Kot = Kgppt 3)

where Co denotes the initial Cr(VI) concentration, and Kapp is the rate constant.

Similarly, the Cr(VI) reduction efficiency at any time by the high-entropy

(CeGASmYZr)O, oxide photocatalyst was calculated from (equation (4)),

Cr(VDlo—[Cr(VD]e

Cr(VI) reduction (%) = . Cr @D
0

«100 (4)

where [Cr(VI)]o and [Cr(VI)]: represents theconcentration of Cr(VI) at time 0 and time
t respectively. Based on the obtained resultS\(Fig. 5(a)), the performance of high-entropy oxide
photocatalysts vary and show diffetentikinetics of Cr(VI) reduction. The Cr(VI) reduction
increases from 21.75 % to 36.25 % with samples prepared with increasing F/O ratios of 0.6
(HEC-0.6) and 1.4 (HEC-1.4) respectively (Fig. 5(b)). Photocatalysts prepared under fuel-rich
conditions (HEC-1.4) show greater Cr(VI) reduction due to their smaller crystallite size. It is
also evident from the BET measurements that HEC-1.4 has a larger surface area (table S3), and
pore volume (0.118 cm?/g) which further increases Cr(VI) adsorption facilitating faster
reduction. For further studies on photocatalytic Cr(VI) reduction, the HEO sample prepared
using F/O ratio of 1.4 was used (HEC-1.4). A control experiment was conducted in order to
determine the necessity of a photocatalyst and an illumination source for a photocatalytic
reaction to happen. Fig. S6 shows the absorption specta in the absence of photocatlysts and UV

light source respectively. The results indicate that in absence of any one of the two, the reaction
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was marginal highlighting the necessity of photocatalyt and UV-light source in the reduction

of Cr(VI).
100 4
—=— HEC-06
s HEC-D.8 (b)
+— HEC-1 20 | -9
* s s— HEC-1.2 & _
ik \\\ B W =—HEC-14 | § _— .
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Fig. 5: (a) Plot of C/Cy of Cr(VI) photoreduction using high-entropy (CeGdSmY Zr)O: oxide
photocatalyst prepared using various F/O ratio and (b) its corresponding Cr(VI) reduction (%)

and rate constant values. (Catalyst: 10 mg/L , Cr(VI): 50 ppm , and formic acid: 500 ul)

3.1.1 Effect of catalyst loading

It is generally believed that the reaction #até)in‘a system is influenced by the concentration of
catalysts used in it. To investigate this, different initial photocatalyst concentrations were used
for Cr(VI) reduction and the corresponding photoreduction activity including UV-visible
spectra, In(Co/C) plots is shown in fig. 6, fig. S7, and fig. S8 respectivly. It is observed that,
the percentage removal of Cr(VI) increases with an increase in photocatalyst dosage until
optimal photocatalyst concentration of 100mg/L. For a photocatalyst concentration of 25 mg/L,
the Cr(VI) reduction of 40.75 % was achieved which increased to 61.46 % for a catalyst loading
of 100 mg/L. Increased active sites are responsible for the improved Cr(VI) reduction in the
system. Unfortunately, the Cr(VI) reduction is hindered when the catalyst concentration was
above 100 mg/L where the least Cr(VI) reduction of 33.17 % was achieved for a catalyst dosage
of 500 mg/L. At higher concentrations, the interaction of incident photons with the catalyst is
hindered due to the scattering of light photons and poor light penetration through the catalyst

surface. Incident photons when interacting with photocatalyst create an electron-hole pair
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which is responsible for Cr(VI) reduction. As a result, catalyst overdose hinders this process
which significantly decreases the overall Cr(VI) reduction kinetics. The optimum amount of

catalyst was therefore determined to be 100 mg/L based on the perspective of cost-

effectiveness.
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Fig. 6: (a) Effect of photocatalyst concentration ot Cr(VI) photoreduction and (b) its

corresponding reduction (%) and rate constant valuess (Cr(VI): 50 ppm , and formic acid: 500
pl)

3.1.2 Effect of initial Cr(VI) concentration

The performance of the photocatalyst must be evaluated at various Cr(VI) concentrations since
industrial wastewater always contains various Cr(VI) concentrations and varies based on the
type of industry. Therefore, the effect of the initial Cr(VI) concentration and its reduction
efficiency by high-entropy oxide nanoparticles was investigated (fig. 7 and fig. S9) and
In(Co/C) plots in fig. S10. It is evident that the photocatalyst performance was better untill a
Cr(VI) concentration of 50 ppm and with a further increase in Cr(VI) concentration, the
photocatalytic performance plummeted. It is likely that the reduced activity is due to the
availability of excess Cr(VI) ions but the number of active site of the photocatalyst is limited
which further delays Cr(VI) reduction. A greater percentage of light is intercepted before

reaching the catalyst surface, resulting in a decreased photoreduction of Cr(VI)[41]. This
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decrease in light availability leads to a decrease in the rate of reaction. Also, it is important to
consider the amount of light available for the reaction when considering the environmental
impact of Cr(VI) reduction. Therefore the synthesized photocatalyst displays better Cr(VI)
reduction only at optimal concentrations and could not perform well at higher Cr(VI)
concentrations. This could be improved by employing other strategies and could be a potential

research direction.
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Fig. 7: (a) Effect of initial Cr(VI) concentration and (b) its corresponding photoreduction (%)

and rate constant values. (Catalyst: 100 mg/L and formic acid: 500 pl)
3.1.3 Effect of hole scavenger

In general, the electron-hole recombination rate of semiconductor photocatalyst affects
the photocatalyst performance especially in Cr(VI) reduction. Faster electron-hole
recombination delays the reaction kinetics and this situation can be overcome by either forming
heterojunctions or by the addition of hole scavengers. Formic acid is generally used as a hole
scavenger which prevents electron-hole recombination[8, 16, 42, 43]. By trapping holes,
formic acid inhibits the instant recombination of electrons and holes generated during photon
interaction with the photocatalyst, increasing the concentration of available free electrons. As
a result, the free electrons available in the conduction band of the semiconductor photocatalyst

take part in the catalytic reduction of Cr(VI). In a study, addition of formic acid along with
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Ag>S/RGO/AgzPO4 photocatalyst improved the Cr(VI) reduction because formic acid inhibits
the recombination between photoinduced charges[44]. Similarly, the role of formic acid as a
hole scavenger was explored in ZnFe>O4 aerogel photocatalyst[45]. During the photocatalytic
reaction, formic acid absorbs the photogenerated holes and forms «CO;" thereby improving the
Cr(VI) reduction. As a result, the present study examined the role of formic acid in the
reduction of Cr(VI). Fig. 8 shows the effect of initial formic acid concentration on
photocatalytic Cr(VI) reduction along with UV-visible spectra and In(Co/C) plots (fig. S11 and
S12). The Cr(VI) reduction is dependent on the concentration of formic acid which relates to
the increased hole scavenging ability. Interestingly, near complete Cr(VI) reduction (99.14 %)
was achieved when 2 ml of formic acid was added to the photocatalytic reaction with a rate
constant of 0.0389 min™'. To compare the current photocatalyst performance, table 2 displays
the list of recently reported photocatalysts on Cr(VI) reduction. In most cases, the system
comprises heterojunctions formed from metalsjroxides, and carbon. But the performance of our
photocatalyst which does not contain ady neble metals or heterojunction performed better in
terms of Cr(VI) reduction. Future, investigations will focus on improving the material's

photocatalytic properties. This is an open and interesting problem for researchers to address.
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Fig. 8: (a) Effect of formic acid on the photocatalytic reduction of Cr(VI) and (b) its

corresponding reduction (%) and rate constant values. (Catalyst: 100 mg/L and Cr(VI): 50 ppm)



O ~J o U b wdN

OO U OTUTOOTE DS B DEDSSEWDWODWWWWWWWWRNNNNRONNNNNNRER R PR PR
R WNHOWOW®O IR WNHOWOWO-JAUEWNHFOWOWOW-JANBEWNRFEOWOW®O-JOU®WNEROW®TJoUS WNRE O W

Table 2. Comparison of photocatalytic reduction of Cr(VI) with different catalyst with our

synthesized high-entropy oxide photocatalyst.

Catalyst Catalyst Irradiati Cr(VI) Photore % Rate Referen
concentr on concentr duction Cr(VI) constant ce
ation source ation time reductio (min)

n

0D/2D 600 300 W 20mg/L 40 min 99.94 0.0952 [46]

CeO2/Cd mg/L Xenon

S lamp

CeO2 333 250 W 20mg/L 60 min 94.1 0.0434 [47]

nanorods mg/L Xenon

/SnlnaSg lamp

CQDs/H 200 Xenon 10 mgAl 60 min 88 - [48]

BWO-18 mg/L lamp

Ag NPs- 500 500 W S5mg/L 90 min 94.4 - [49]

modified mg/L Xe lamp

C—

TiO2/Cdo

5ZnosS

Fe;O3@ 1000mg/ 100 W 20ppm 150 min 100 - [50]

BOCl1 L visible

light
BixMoOs 2000 300 W 50mg/L 150 min 100 0.0135 [51]
/ZnO mg/L (Xe
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lamp,

A>400n

m)
Ceo2Gdo. 500 Sunlight 100 ppm 90 min 100 00175 [8]
2HfooLao. mg/L
221020;
GdooHfo, 500 Sunlight 100 ppm 100 min 100 00168  [8]
2Lao2Yo2 mg/L
710202
(CeGdS 100 100 W 50 ppm 120 min ~ 99.14 0.0389 This
mYZr)O mg/L UV-light work
2 (365 nm)

3.1.4 Mechanism of photocatalytic reduction of toxic Cr(VI)

To investigate the photocatalytic niechanism, it is necessary to find the band edge positions of
the photocatalyst which determines the reaction kinetics. Based on the reported literature, the
valance band (Ev) and conduction band (Ecg) position of high-entropy (CeGdSmY Zr)O, oxide
photocatalyst was calculated and displayed in Table 1. Clearly, the conduction band position of
HEC-1.4 is more negative when compared to other samples which emphasizes the higher

photocatalytic reduction of Cr(VI).

Fig. 9 depicts the overall photocatalytic mechanism of Cr(VI) reduction by the high-entropy
(CeGdSmYZr)O; oxide photocatalyst. When the photocatalyst is irradiated with a light source
whose energy is higher than the bandgap energy, an electron-hole pair is generated (equation
(5)). The energy absorbed by the photocatalyst ejects the electrons (e”) from the valance band

(VB) and the electrons of this type are highly reactive, mobile, and unselective, migrate to the
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conduction band (CB) of the photocatalyst. This migration of electrons creates a positive hole
species (h") in the VB of the photocatalyst. Meanwhile, water molecules interact with the holes
and produce "OH and H' as displayed in equation (6). Photocatalysts based on semiconductors
have limitations in terms of faster electron-hole pair recombination. As a result, the
performance of the photocatalysts is limited and the effective method of preventing this is to
use a hole scavenger such as formic acid. Formic acid when added reacts with the holes
available in the valance band and hydroxyl radicals to produce reactive *CO> thereby
suppressing the electron-hole recombination (equation (7)). In the meantime, the main
chemical species of Cr(VI) at acidic pH values exist as HCrO4™ in the reaction solution[52].
This reaction pathway is plausible due to the lower redox potential E°(+CO> /CO2) = —-1.9 V
vs. NHE compared to Cr(VI), E(HCrO4 /Cr*") = 1.33 V vs. NHE. Consequently, the electrons
in the conduction band are more readily available’ for €r(VI) reduction thus increasing the
reduction pathway for Cr(VI). Moreover, thefredox‘potential of Cr(VI) is more positive than

the CB position of the photocatalyst faeilitating'efficient electron transfer to Cr(VI) (equation

(8)).

(CeGdSmMYZr)O> + hv = hyg* + ecs” 5)
H,0 + hys" > "OH + H' (6)
HCOOH + ‘OH > ‘CO»™ + H;0" (7)
HCrO4 + 7H' + 3ecs™ > Cr** + 4H,0 8)
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Fig. 9: Photocatalytic reduction mechanism ofﬁig-entropy (CeGdSmYZr)O, oxide
photocatalyst for the reduction of toxic C %ss toxic Cr(III) in the presence of formic

acid.

To investigate the recombinationQ:haviour of all the synthesized high entropy
(CeGdSmYZr)O» oxide photocatalyst, PL spectra were recorded and is depicted in Fig. 10. The
intensity of PL emission determines the separation ability of photoexcited electron—hole (e -
h") pairs which is a crucial factor in determining the reaction kinetics[18]. The PL emission
spectrum was maximum for the HEC-0.6 sample representing a faster recombination rate. PL
emission intensity was affected by synthesis conditions, with sample HEC-1.4 having the least
PL emission intensity. Therefore, in the case of the HEO-1.4 sample, delayed (e -h") pair

recombination improved the photocatalytic reduction of Cr(VI).
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Fig. 10: Photoluminescence emission spectra of different high-entropy (CeGdSmY Zr)O>
oxide samples.

It is important to consider the stability of a photocatalyst when determining its efficiency and
cost-effectiveness. The performance and stability of a high-entropy (CeGdSmYZr)O> oxide
photocatalyst was evaluated over a period of 5 cycles’and the result was presented in fig. 11(a)
and (b). Following the first run, the high-entropy (CeGdSmY Zr)O, oxide photocatalyst was
separated from the reaction solution by centrifuge and washed with distilled water. The washed
photocatalyst was used as such for'the subsequent cycles without drying. The photocatalyst
performed better in all five consecutive cycles and the Cr(VI) reduction fell by 9.66 % at the
end of the fifth cycle. This decline is due to the loss of photocatalyst during the recovery step
which involves washing. Apart from this, to check the phase stability of the recycled
photocatalyst, xrd analysis was carried out and the result is displayed in fig. 11(c). The xrd
results confirm the presence of single-phase cubic fluorite oxide without any phase separation
which possesses excellent phase and structural stability. In addition, FTIR spectra were
recorded on the freshly prepared and spent photocatalyst (Fig. 11(d)). It is evident that both the
spent and new photocatalysts exhibit similar vibrational behaviour and no additional vibrations

are barely visible.
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Fig: 11. (a) Recyclability test for the photoeatalytic reduction of Cr(VI) solution using
(CeGASmMYZr)O, catalyst illuminated, under UV-light source and (b) its corresponding
reduction (%) and rate constant valuesy(Catalyst: 100 mg/L; Cr(VI): 50 ppm; Formic acid: 2

ml), (c) XRD pattern of spent catalyst and (d) FTIR spectra of fresh and spent catalyst.

The xrd and FTIR results confirm the high stability and structural integrity of the
prepared high-entropy (CeGdSmYZr)O> oxide photocatalyst. Hence, based on the results of
the present study, the photocatalyst could be applied to other applications, such as hydrogen

production, or as a catalyst in other chemical reactions.
4. Conclusion

A reusable high-entropy (CeGdSmYZr)O: oxide photocatalyst was prepared using a simple
solution combustion synthesis. Various (CeGdSmYZr)O; oxide samples were prepared by

varying the fuel-to-oxidizer ratio. All synthesized high-entropy (CeGdSmY Zr)O> oxides form
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a single-phase pure structure in a cubic fluorite structure. All the samples exhibit a porous
structure and based on the synthesis conditions; the photocatalytic reduction of Cr(VI) is
affected. Better Cr(VI) reduction is achieved for samples prepared at fuel-rich conditions
(HEC-1.4) due to the small crystallite size and high surface area values. Moreover, the
performance of the photocatalyst is dependent on several parameters while the concentration
of formic acid enhances Cr(VI) reduction. This is possible due to the suppression of holes
present in the photocatalyst valance band. The current (CeGdSmY Zr)O2 photocatalyst is both
chemically and structurally stable making it a suitable photocatalyst material. Apart from the
photocatalytic properties, the high entropy oxide can be used as a UV-blocker due to its high

spectral absorbance in the UV region.
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