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Abstract

Understanding the authentic nature and stability of a photocatalyst through di-

verse experiments and calculations is crucial for advancing environmental remediation.

In this study, we synthesized nano-sized DyFeO3 particles with a porous structure,

featuring an average pore size of 40 nm, to meticulously evaluate their photocatalytic

efficacy in degrading aquatic pollutants under solar irradiation. These nanoparticles

exhibit a direct band gap of 2.1 eV, rendering them well-suited for effective solar light

absorption. Additionally, the conduction band minimum (CBM) suggests potential

participation in reduction reactions, while the valence band maximum (VBM) is con-

ducive to oxidation reactions. To confirm the authentic catalytic efficiency of DyFeO3

photocatalysts, we assessed their ability to degrade both colored Rhodamine B (RhB)

and colorless antibiotic Levofloxacin (LFX). Notably, their photocatalytic performance

in decomposing the colorless pollutant LFX, alongside the colored RhB, eliminates any

potential influence of dye sensitization. Moreover, the presence of DyFeO3 in the solu-

tion medium decreased the activation energy of LFX degradation from 38.4 kJ mol-1
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K-1 to 34.1 kJ mol-1 K-1 , providing further evidence of their true catalytic function.

Furthermore, their apparent Quantum Yield (AQY) values of 28.94% and 32.83% for

RhB and LFX degradation, respectively, demonstrate superior solar energy harvesting

capability compared to commercially available TiO2. The high degradation efficiency,

high quantum yield, and excellent stability of single-structured DyFeO3 nanoparticles

indicate their considerable potential for large-scale production in photocatalytic and

related applications.

Introduction

The sustenance of human existence heavily relies on abundant access to uncontaminated wa-

ter. However, over time, clean water resources are depleting rapidly.1,2 Addressing this press-

ing challenge necessitates developing an efficient, environmentally friendly, and sustainable

system. In this context, photocatalysis emerges as a promising solution.3–5 Photocatalysts

capable of purifying water through this process utilize light energy to generate electron-hole

pairs, initiating redox reactions at their surface.3,5,6 This mechanism enables the degradation

of water pollutants. Utilizing sunlight as the primary light source is particularly advanta-

geous due to its abundance and cleanliness.6 With an annual irradiation of 3.85 yotta joules

(YJ) of energy on Earth’s surface, sunlight stands as an unparalleled renewable resource.7

Therefore, harnessing photocatalysts to degrade pollutants under sunlight exposure repre-

sents a sustainable and environmentally conscious method of water purification.

The performances and reliability of photocatalysis relies significantly on the right choice

of catalyst.5,8 A sustainable and reliable photocatalyst for solar light-driven photocatalytic

wastewater treatment must possess several essential characteristics to ensure efficient per-

formance. It should exhibit high photocatalytic activity, efficiently converting solar en-

ergy (UV and visible portion) into chemical energy for pollutant degradation.9–11 Stability

and durability of the catalysts in aqueous or other environments are paramount, ensur-

ing long-term performance without degradation or deactivation.12 Selectivity towards target
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pollutants, along with the minimal generation of harmful byproducts, is crucial to prevent

secondary environmental concerns.12 Finally, the ease of synthesis and integration stream-

lines the implementation into existing wastewater treatment infrastructure or novel systems,

thus facilitating the transfer of technology from the laboratory to real-life applications. By

encompassing these characteristics, the photocatalyst can effectively utilize solar energy to

degrade pollutants in wastewater, contributing to sustainable and eco-friendly water treat-

ment solutions. Conventional photocatalysts such as TiO2,13 ZnO,14 and SnO2 are widely

utilized, with TiO2 drawing particular interest due to its potential in solar light-driven

photocatalysis.13 However, its high optical bandgap of approximately 3.2 eV15 results in in-

efficiencies, limiting its ability to utilize visible light, which constitutes a substantial portion

of the solar spectrum.13,16 This limitation severely restricts its effectiveness. Currently, vari-

ous approaches, including doping,17 nanocomposite formation,18,19 molecular cross-linking,20

intricate structural design,21 and chemical modifications,22 are employed to enhance light

absorption. Nevertheless, these strategies often introduce complexity, reduce reliability, and

increase costs.

Recently, orthoferrite-based perovskite oxides—designated as AFeO3, with A represent-

ing elements like Ce,23 Sr,24 Bi,25 Sm,26 La,27 Pr,28 Gd,29 among others—have garnered

attention for their promising photocatalytic properties. These materials exhibit favorable

characteristics such as an appropriate bandgap, stability, high surface area, presence of oxy-

gen vacancies, porosity, and redox ability. Utilizing solar light, these orthoferrite-based per-

ovskite oxides demonstrate successful photocatalytic wastewater treatment.30 Among various

perovskite oxide materials, DyFeO3 has been extensively studied in spintronics applications

owing to its excellent magnetic properties, including a high Bohr magnetron value.31 How-

ever, despite possessing notable attributes such as a suitable band gap, oxygen vacancies,

and diverse oxidation states, DyFeO3 remains relatively unexplored as a promising candi-

date for applications beyond spintronics, especially in the fields of photocatalytic wastewater

treatment.
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In perovskite-structured materials like DyFeO3, oxygen vacancies, as an inherent char-

acteristic,32 play a crucial role in boosting charge separation, surface reactivity, electronic

properties, redox reactivity, and reducing recombination rates. Furthermore, the diverse ox-

idation states inherent in DyFeO3 perovskite oxide may endow it with versatile redox prop-

erties, facilitating the oxidation and reduction reactions crucial for pollutant degradation.33

Specifically, during photocatalytic processes, the varied oxidation states of dysprosium (Dy)

and iron (Fe) ions could create efficient electron transfer pathways, thereby promoting the

generation and transfer of reactive oxygen species (ROS) such as hydroxyl radicals (•OH-),

superoxide radical (•O2
-). These ROS are crucial intermediates in the degradation of organic

pollutants found in wastewater.

To accurately assess the photocatalytic performance of a catalyst using dyes under solar

light irradiation, it is crucial to meticulously consider several precautions. This is due to

the fact that numerous dyes possess the capability, upon photoexcitation, to introduce an

electron into the conduction band of a semiconductor. This characteristic finds extensive

application in dye-sensitized solar cells (DSSC), where dyes are combined with a photocata-

lyst typically comprising a semiconductor oxide. In this scenario, the dye absorbs radiation

rather than the semiconductor oxide.34 To ensure that the degradation is solely photocat-

alytic rather than dye-sensitized, it is necessary to evaluate the photocatalytic performance

using a colorless probe such as ciprofloxacin. Secondly, evaluating the activation energy

of pollutants is crucial for understanding the kinetic barriers involved in degradation reac-

tions, aiding in the selection of appropriate catalysts and reaction conditions to enhance

degradation efficiency. Thirdly, the catalyst must efficiently convert absorbed photons, par-

ticularly sunlight, into reactive species, indicating a high apparent quantum yield efficiency.

A high apparent quantum yield signifies a more efficient utilization of light energy, leading

to enhanced reaction rates and overall performance of the photocatalyst. In addition to

careful considerations during the photocatalytic process, post-photocatalysis characteriza-

tion involving structural, morphological, and chemical analyses is essential for evaluating
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catalyst stability and enhancing performance. These measures aid in the development of

more effective and sustainable photocatalytic systems. However, it is noteworthy that such

experiments and precautions have been insufficiently explored in numerous prior studies on

photocatalytic water treatment.

Therefore, in this investigation, we aimed to validate the genuine photocatalytic effi-

cacy of the DyFeO3 photocatalyst. We achieved this by observing the degradation of both

colored (Rhodamine B) and colorless (levofloxacin) pollutants, determining the activation

energy of RhB and LFX pollutants, quantifying the apparent quantum yield efficiency of

the DyFeO3 photocatalyst, and examining the stability and reusability of DyFeO3 photocat-

alysts through post-photocatalysis characterization using various techniques such as XRD

and XPS. Furthermore, to ascertain the practical utility of DyFeO3 nanoparticles, their ef-

ficiency in degrading LFX is compared with that of commercially available TiO2, a widely

used photocatalyst.

Materials preparation and experimental techniques

Materials

In this investigation, the following analytical grade reagents were used for materials synthesis:

Dy(NO3)3·5H2O (Sigma-Aldrich, 99.80%), Fe(NO3)3·9H2O (Sigma-Aldrich, 98.00%), citric

acid (C6H8O7), NH4OH, ethylene Glycol CH2OHCH2OH, Rhodamine B (RhB), levofloxacin

(LFX), titanium oxide (TiO2), isopropanol (IPA), acrylamide, K2Cr2O7, and EDTA – 2Na.

All chemicals were purchased from Sigma-Aldrich, Germany. These compounds were utilized

without undergoing any further purification.

Synthesis method characterization

DyFeO3 perovskite nanoparticles were synthesized using a sol-gel technique as shown in Fig.

S1. Synthesis and characterization techniques are described in detail in our recent article.35
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Photocatalytic characterization

Schematically a photocatalytic reactor setup for the pollutant degradation experiments was

shown in Fig. S2. The degradation process commenced with the dissolution of 1.2 mg

of Rhodamine B (RhB) in 100 ml of distilled water, followed by the measurement of its

absorbance spectrum through a UV-vis spectrophotometer (UV-2600, Shimadzu, Japan).

Subsequently, 40 mg of DyFeO3 nanoparticles photocatalyst was introduced into 50 ml of

the RhB solution, and the mixture was stirred in the dark for an hour to establish an

adsorption-desorption equilibrium between the photocatalyst and RhB. The photocatalytic

reaction was initiated by exposing the solution to a 500 W Hg-Xn lamp with an irradiance of

100 mW cm-2 in the solar spectrum. After 30 minutes of illumination, 4 ml of the suspension

was extracted and centrifuged at 6500 rpm for 2 minutes. The absorbance spectrum of the

resulting mixture was then measured to determine the concentration of the remaining RhB.

This cyclic process was repeated over 4 hours at 30-minute intervals.

For Levofloxacin (LFX) degradation, a solution was prepared by dissolving 1 mg of LFX

in 100 ml of distilled water. Subsequently, 20 mg of DyFeO3 nanoparticles photocatalyst was

added to 50 ml of the LFX solution, and the ensuing procedures mirrored those described

for RhB degradation.

Active species trapping experiments were conducted under solar illumination, incorpo-

rating four distinct scavengers: hydroxyl (•OH-), superoxide radical (•O2
-), electrons (e-),

and holes (h+). The impact on degradation efficiency was assessed by introducing 1.5 mM

of isopropanol (IPA), acrylamide, K2Cr2O7, and EDTA – 2Na as quenchers for •OH-, •O2
-,

e-, and h+, respectively.

In the determination of activation energy experiment, a 1 mg LFX solution was created in

100 ml distilled water, with 10 mg of DyFeO3 nanoparticles added to 25 ml of the LFX solu-

tion. After stirring in the dark for an hour, achieving an adsorption-desorption equilibrium,

the solution was exposed to a solar simulator. The absorbance spectrum was measured after

30 minutes of illumination at different temperatures. Additionally, the process was repeated

6

https://doi.org/10.26434/chemrxiv-2024-qcf03-v2 ORCID: https://orcid.org/0009-0003-9726-4095 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-qcf03-v2
https://orcid.org/0009-0003-9726-4095
https://creativecommons.org/licenses/by-nc-nd/4.0/


without the addition of DyFeO3 nanoparticles to the LFX solution.

Results and discussion

Structural, morphological and chemical state analysis

In our recent publication,35 the powder X-ray diffraction (XRD) analysis of DyFeO3 unveiled

an orthorhombic crystal structure within the pnma space group,36 indicating its nanoparticle

formation with a crystallite size of approximately 48.72 nm.

Furthermore, examination of the surface morphology through field emission scanning

electron microscopy (FESEM) and transmission electron microscopy (TEM) confirmed the

successful formation of nano-sized DyFeO3 particles characterized by a porous structure, with

an estimated pore size of approximately 40 nm. X-ray photoelectron spectroscopy (XPS)

analysis of the DyFeO3 nanoparticles revealed the presence of Dy4+, Dy3+, Fe2+, Fe3+,

and O2- ions, which contribute to increased redox activity, facilitating enhanced pollutant

degradation.37–40 Notably, deconvolution of the high-resolution O-1s XPS spectra exhibited

two distinct peaks at 529.53 and 531 eV, corresponding to metal-oxygen bonds and oxygen

vacancies, respectively, with molar ratios of 61.33% and 38.67%.40 Oxygen vacancies, stem-

ming from missing oxygen atoms in the lattice, are induced by the mixed oxidation states

of transition metal ions (Fe2+ and Fe3+) and rare earth ions (Dy3+ and Dy4+), contribut-

ing to improved charge carrier generation and transfer.32 This phenomenon augments the

photocatalytic activity of DyFeO3, holding significant promise for various applications.

In the synthesis of DyFeO3 nanoparticles via the sol-gel method utilizing ethylene gly-

col as a chelating agent results in the formation of a porous structure due to the thermal

decomposition of ethylene glycol, which creates internal pressure leading to void formation,

while calcination at 750◦C and controlled N2 atmosphere further enhances pore formation

and oxygen vacancy generation, crucial for the porous structure of DyFeO3.41–43 Notably,

these structural features may collectively enhance the catalytic performances of DyFeO3
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nanoparticles.
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Figure 1: The optical properties and band edge characteristics of DyFeO3
nanoparticles were investigated for their potential applications in solar-driven
degradation of organic pollutants in wastewater. The Tauc plot (a) reveals a direct
band gap of 2.1 eV, rendering the nanoparticles suitable for efficient solar light absorption.
The inset in (a) displays normalized optical absorption spectra, with distinct peaks at dif-
ferent wavelengths indicating variations in the oxidation states of elements within DyFeO3

nanoparticles. Mott–Schottky plots (b) at different frequencies affirm the n-type semicon-
ductor behavior of DyFeO3, establishing a flat band potential of -1.90 V with respect to an
Ag/AgCl electrode. The electronic band structure schematic (c) illustrates a substantial
conduction band minimum (CBM), indicating the potential for oxygen reduction reaction
(ORR), and a positive CBM, suggesting suitability for oxidation reactions. These attributes
collectively contribute to the nanoparticles’ efficacy in pollutant degradation within wastew-
ater treatment processes

Optical characterization

The optical properties and band edge characteristics of DyFeO3 nanoparticles were examined

to evaluate their potential for solar-driven degradation of organic pollutants in wastewater.

These attributes were assessed using Tauc and Mott-Schottky methodologies, with the out-

comes depicted in Fig. 1. The distinct absorption characteristics observed in the wavelength

range of 200 nm to 590 nm, as illustrated in the inset of Fig. 1(a), signify the transi-

tion of photoexcited electrons from the valence band (VB) to the conduction band (CB), a

characteristic behavior commonly associated with semiconductor materials. Note that the

prominent peaks within that wavelength range correspond to the electron transition from

the valence band to the conduction band of Dy, Fe, and O atoms. The direct band gap of

2.1 eV for DyFeO3 nanoparticles was determined via a Tauc plot44 analysis.
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To experimentally obtain band edge positions, Mott–Schottky45 analysis was carried out

at various frequencies, and the results are depicted in Fig. 1(b). In Fig. 1(b), the quasi-linear

behavior and the negative x-intercept value of −1.90 V vs. Ag/AgCl in the Mott-Schottky

analysis for DyFeO3 nanoparticles, irrespective of frequency (200-1500 Hz), suggests that

DyFeO3 is the n-type semiconductor.46,47 This result implies that the majority of carriers in

DyFeO3 are electrons. Moreover, the frequency independence of the flat band potential could

be attributed to a uniform carrier density and the relative absence of frequency-dependent

phenomena, highlighting the robust electronic properties of DyFeO3.

Utilizing the Mott-Schottky plot’s x-intercept and the band gap information obtained

from the Tauc plot, we determined the valence band maximum (VBM) and conduction band

minimum (CBM) positions for DyFeO3 as 0.297 V and −1.803 V vs. NHE, respectively,

which is displayed in Fig. 1(c). The flat band potential (Efb) is established at -1.90 V

(as shown in Fig. 1(b)) for DyFeO3 nanoparticles ∼ Ag/AgCl based on the Mott-Schottky

formula.48,49 This value is subsequently transformed to -1.703 V versus the normal hydrogen

electrode (NHE) using the equation ENHE = EAg/AgCl + 0.197V.47,49 In the realm of n-

type semiconductors, Efb exhibits a close association with the conduction band (CB) and

tends to be approximately 0.1 V more positive than its conduction band potentials (ECB).49

Consequently, the calculated ECB for DyFeO3 nanoparticles is roughly estimated to be -

1.803 V (∼ NHE). The graphical representation in Fig. 1 visually supports these outcomes

concerning Eg, EVB, and ECB, showcasing a coherent alignment with the expression: EVB =

ECB + Eg.49 The elevated CBM of −1.803 V indicates that DyFeO3 nanoparticles have

potential involvement in reduction reactions, notably the oxygen reduction reaction (ORR).46

In the context of ORR, wherein oxygen (O2) is reduced to superoxide (O−
2 ) through electron

acceptance, the standard redox potential for O2/O−
2 is approximately 0.28 V vs. NHE.

However, the positive VBM value implies the existence of hole states in DyFeO3’s valence

band, suggesting favorability for participating in oxidation reactions, such as OH−/OH. This

dual propensity of DyFeO3 nanoparticles indicates the potential redox reaction, which may
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greatly enhances the photocatalytic pollutant degradation process.
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Figure 2: The photocatalytic efficacy of DyFeO3 nanoparticles was evaluated and
compared to that of the commercially available TiO2 photocatalyst. (a) Under Hg-
Xe lamp (500 W) illumination, DyFeO3 nanoparticles demonstrated superior photocatalytic
degradation of industrial dye (RhB) and pharmaceutical antibiotic (LFX) compared to TiO2.
(b) Pseudo-first-order kinetic fitting revealed a significantly faster degradation rate for RhB
and LFX in the presence of DyFeO3 nanoparticles compared to TiO2 photocatalyst.

Photocatalytic performances evaluation

To assess the solar light-driven efficiency of synthesized DyFeO3 nanoparticles for photo-

catalytic degradation, their performance was evaluated and compared with the industrially
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prevalent TiO2 photocatalyst under identical conditions. The corresponding experimental

setup is schematically shown in Fig. S2. To authentically assess the photocatalytic impact

of DyFeO3 nanoparticles under simulated solar irradiation, we investigated the degradation

rates of both a colored pollutant, Rhodamine B (RhB), and a colorless pollutant, levofloxacin

(LFX). This approach allows us to discern the distinct photocatalytic responses influenced

by the inability of colorless LFX to sensitize a photocatalytic reaction under solar illumi-

nation. Absorbance curves in Fig. S3(a,b) revealed a time-dependent reduction in peak

intensity with a hypsochromic shift, indicating the degradation of RhB and LFX under the

UV-vis spectrum with the presence of DyFeO3 photocatalyst.47 The photocatalytic efficiency

of DyFeO3 nanoparticles to degrade the industrial dye (RhB) and pharmaceutical antibiotic

(LFX) is evaluated using the following equation:19,50

Photocatalytic degradation (%) =
(
C0 − C

C0

)
× 100 (1)

Here, C0 is the initial concentration of the pollutant, while C represents the concentration of

the remaining pollutant at a particular time of irradiation. The C/C0 time plot depicted

in Fig. 2(a) reveals that DyFeO3 exhibited significant degradation efficiencies, reaching

85.9% for RhB and 88.% for LFX., surpassing the performance of TiO2, which exhibited

a 67% degradation rate for LFX. This enhanced photocatalytic activity in DyFeO3 can be

attributed to its oxygen vacancies, porous structure, and favorable band edge positions.

Further kinetic analysis employing a pseudo-first-order kinetics model where the experi-

mental data were subjected to a fitting approach utilizing a pseudo-first-order model based

on the following equation:19,50

ln

(
C0

C

)
= kt (2)

Here, k is the reaction rate constant, while t is the irradiation time. The value of k was

calculated from the slope of ln(C0/C) vs. t graph. The findings were illustrated in Fig.

2(b), which revealed markedly elevated rate constants (k) for the degradation of RhB and
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LFX in the presence of the DyFeO3 photocatalyst compared to the degradation of LFX with

the TiO2 photocatalyst. The superiority of our porous structure DyFeO3 photocatalyst is

demonstrated by comparing its performance with previously studied perovskite photocata-

lysts, as outlined in Table S1.

Figure 3: Schemetic representation of the influence of activation energy in the
pollutant degradation process. The effect of activation energy on the degradation of
the pharmaceutical antibiotic LFX is illustrated both in the absence (a) and presence (b)
of DyFeO3 nanoparticles as a photocatalyst. Notably, the DyFeO3 photocatalyst effectively
lowers the activation energy required for LFX degradation, leading to a substantial increase
in the degradation process compared to the scenario without the photocatalyst.

Activation energy calculation

To explore the kinetics of LFX degradation, we determined the activation energy using the

following Equation for LFX degradation both in the absence and presence of the DyFeO3

photocatalyst, which is illustrated in Fig. 3(a,b).51,52

ln(k) = ln(A)− Ea

RT
(3)

Here, A is the pre-exponential factor, R is the molar gas constant (J mol-1 K-1), and T is

the Kelvin temperature. The value of activation energy (Ea) was calculated by the slope of

ln(k) vs. 1
T

graph. The corresponding graphs for this analysis are elaborated in the supple-
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mentary information (Fig. S4). In the absence of DyFeO3, the activation energy is higher

(38.61KJ mol−1 K−1), requiring more thermal energy for the formation of radicals and sub-

sequent degradation of LFX. However, in the presence of DyFeO3, the activation energy

decreases to 34.47KJ mol−1 K−1, indicating the true catalytic role of DyFeO3 nanoparticles.

In essence, DyFeO3 functions as a mediator for photoinduced electron transfer, thereby am-

plifying the generation of superoxide and hydroxyl radicals. These radicals play a crucial

role in the oxidative degradation of LFX. This aligns with the principle that catalysts of-

fer alternative reaction pathways with reduced activation energies,53,54 facilitating a more

efficient degradation of LFX through radical-mediated processes.

Apparent Quantum Yield (AQY) calculation

To quantitatively assess the photocatalyst’s efficiency apart from reaction rate constants, the

apparent quantum yield (AQY) was determined via the following Equation and is presented

in Fig. 4(a).50,55–57

Apparent Quantum Yield (AQY) =
Number of degraded molecules
Number of incident photons

× 100 (4)

The AQY values for DyFeO3 in the degradation of RhB and LFX were found to be 28.94%

and 32.83%, respectively, outperforming TiO2 with an AQY of 28.6% for LFX degradation.

This higher AQY in DyFeO3 is attributed to its ability to minimize electron-hole recom-

bination rates, which indicates its superior solar energy harvesting capability. In terms

of practical applicability, the reusability of DyFeO3 was scrutinized through four consecu-

tive cycles of photocatalysis (Fig. 4(b)), with each cycle having a 240-minute irradiation

time. Notably, the degradation efficiency remained consistently high, affirming the effective

reusability of DyFeO3.
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Figure 4: Energy efficiency and reusability of DyFeO3 photocatalyst. (a) The high
Apparent Quantum Yield (AQY) values established that, under similar conditions, DyFeO3

nanoparticles exhibited photocatalytic activity either comparable to or surpassing that of
TiO2.(b) The DyFeO3 photocatalyst demonstrates superior reusability, a superiors attribute
with significant implications for its commercial feasibility and sustained practical application.

Active species trapping experiments

Which of the charge carriers such as the electron or hole of the DyFeO3 photocatalyst

is responsible for the degradation of RhB and LFX was investigated by scavenger experi-

ments19,47,50,55,58 including K2Cr2O7 (e- scavenger), EDTA 2Na (h+ scavenger), IPA (OH·

scavenger), and acrylamide (O2
- scavenger) scavengers, and the results are shown in Fig.

5(a,b). The findings from the selective scavenger experiments provide valuable insights
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Figure 5: Effect of reactive species on the degradation of pollutants. The impact
of various scavengers (K2Cr2O7, EDTA, IPA, acrylamide) on the degradation process of
(a) RhB and (b) LFX in the presence of DyFeO3 nanoparticles was investigated, providing
insights into the photocatalytic degradation mechanism, where both electrons and holes
contribute, with holes being identified as the predominant reactive species governing the
degradation of RhB and LFX.

into the mechanisms underlying the photocatalytic degradation of Rhodamine B (RhB)

and Levofloxacin (LFX) using DyFeO3 nanoparticles. In the absence of any scavenger, the

degradation efficiencies of RhB and LFX are notably high, indicating the inherent photo-

catalytic activity of DyFeO3. However, the introduction of specific scavengers targeting

different charge carriers reveals distinct roles of electrons and holes in the degradation pro-
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cess. Firstly, the decrease in RhB and LFX degradation in the presence of K2Cr2O7, an

electron scavenger, suggests that electrons play a crucial role in initiating the degradation

reactions. This finding aligns with the proposed involvement of DyFeO3 nanoparticles in

reduction reactions, particularly the oxygen reduction reaction (ORR), facilitated by the

elevated conduction band minimum (CBM). The scavenging of electrons by K2Cr2O7 likely

interrupts the reduction of oxygen species and subsequently reduces the efficiency of RhB

and LFX degradation. Conversely, the presence of EDTA 2Na, acting as a hole scavenger,

leads to a notable decrease in RhB and LFX degradation, indicating the importance of

holes in oxidation reactions. The positive valence band maximum (VBM) of DyFeO3 implies

the existence of hole states, suggesting favorability for participating in oxidation reactions,

such as the oxidation of OH- to OH·. The scavenging of holes by EDTA 2Na likely hin-

ders the oxidation reactions, thereby reducing the degradation efficiency of the pollutants.

Additionally, the involvement of hydroxyl radicals (OH·) in the degradation process is evi-

dent from the decreased degradation efficiency of RhB and LFX in the presence of IPA, an

OH· scavenger. Hydroxyl radicals are highly reactive species generated from the reaction

between photogenerated holes and water molecules or hydroxide ions. The scavenging of

OH· by IPA inhibits their participation in the degradation of pollutant molecules, leading

to a reduction in degradation efficiency. Furthermore, the presence of acrylamide as an O−
2 ·

scavenger also results in decreased degradation efficiency of RhB and LFX, indicating the

involvement of superoxide radicals (O−
2 ·) in the degradation process. Superoxide radicals

can be generated through the reduction of oxygen by electrons in the conduction band of

DyFeO3 nanoparticles. The scavenging of O−
2 · by acrylamide interferes with their role in

oxidizing organic pollutants, thereby reducing the efficiency of RhB and LFX degradation.

Overall, the scavenger experiments collectively substantiate a comprehensive understanding

of the photocatalytic degradation mechanism, where both electrons and holes contribute,

with holes being the predominant reactive species in governing the degradation of RhB and

LFX.
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Figure 6: Schemetic representation of the operational mechanism of photocataly-
sis The proposed pollutant degradation principle by DyFeO3 nanoparticles is schematically
depicted. Sunlight absorption by the nanoparticles generates electron-hole pairs, initiating
redox reactions with water and oxygen to yield superoxide (O2

-) and hydroxyl (•OH) free
radicals. These radicals facilitate the breakdown of organic pollutants into simpler, less
harmful compounds.

Photocatalysis mechanism

Fig. 5 illustrates the schematic representation of the photocatalytic mechanism47,59 facil-

itated by solar irradiation, outlining the process by which DyFeO3 nanoparticles degrade

Rhodamine B (RhB) and levofloxacin (LFX) in water. Upon exposure to solar radiation,

DyFeO3 absorbs photons with energies equal to or greater than its band gap, leading to

the excitation of electrons from the valence band (VB) to the conduction band (CB). This

excitation creates electron-hole pairs, where electrons are promoted to the CB while holes

are left in the VB.

DyFeO3 + hν → DyFeO∗
3

DyFeO∗
3 → DyFeO3 + e− + h+
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Here, e− represents the excited electron in the conduction band, and h+ the hole in

the valence band. The excited electron (e−) and hole (h+) are involved in redox reactions.

Electrons in the conduction band can reduce molecular oxygen (O2) to form superoxide

radicals (O−
2 ·), while holes in the valence band can oxidize water (H2O) to create hydroxyl

radicals (OH·).

e− + O2 → O−
2 ·

h+ + H2O → OH ·+H+

The degradation mechanism of Rhodamine B (RhB) and levofloxacin (LFX) during pho-

tocatalysis relies on the interplay of superoxide (O−
2 ·) and hydroxyl (OH·) radicals with

the pollutant molecules. Superoxide radicals (O−
2 ·) and hydroxyl radicals (OH·), known for

their robust oxidizing properties, engage in electron transfer reactions with RhB and LFX

molecules, initiating a series of molecular transformations. As photocatalysis proceeds, su-

peroxide and hydroxyl radicals catalyze the abstraction of electrons from RhB and LFX,

resulting in the formation of RhB cations (RhB+) and LFX cations (LFX+). These newly

formed cations, inherently reactive, undergo subsequent degradation or chemical modification

pathways, facilitating the conversion of RhB and LFX into smaller, less complex molecules.

This stepwise degradation process ultimately leads to the efficient removal of RhB and LFX

contaminants from the aqueous solution. The comprehensive breakdown of RhB and LFX

demonstrates the efficacy of photocatalysis as a sustainable method for water purification,

offering a promising avenue for addressing environmental pollution challenges.

RhB + O−
2 · → RhB+ + O2

RhB + OH· → RhB+ + OH−
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LFX + O−
2 · → LFX+ + O2

LFX + OH· → LFX+ + OH−

The high degradation efficiency of DyFeO3, as evidenced by the significant removal percent-

ages of Rhodamine B (RhB) and levofloxacin (LFX), suggests that the rate of electron-hole

e− + h+ → recombination

recombination is low. This phenomenon can be explained by several factors inherent to the

DyFeO3 photocatalyst, which contribute to the effective utilization of photoinduced charge

carriers. Oxygen vacancies provide favorable sites for trapping and immobilizing photoex-

cited electrons, preventing their rapid recombination with holes. By serving as effective

charge carriers, these vacancies facilitate the separation of electrons and holes, minimizing

their encounter and subsequent recombination. This enhanced charge carrier separation in-

creases the likelihood of electrons participating in redox reactions on the material’s surface,

leading to improved overall photocatalytic activity. Additionally, the energy levels of the

conduction band and valence band of the DyFeO3 nanoparticles align favorably with the

oxidation potential of hydroxyl free radical (1.8 to 2.7 V NHE) and reduction potential of

superoxide free radical (-0.16 V NHE) by the following relation:

ECB − Ered > EVB − Eox

This alignment promotes effective charge transfer without rapid recombination. On the

other hand, the increased surface area within the porous morphology creates more active

sites, allows efficient access of reactants to catalytic sites, and acts as a natural barrier

for the recombination of electron-hole pairs. Furthermore, the pores serve as conduits for

redox species diffusion, facilitating their movement to the surface and active participation in

degradation reactions.
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Post-cycle characterizations

To evaluate the structural stability of DyFeO3 nanoparticles following four cycles of photo-

catalysis, X-ray diffraction (XRD) spectra were recorded and subjected to Rietveld refine-

ment analysis (Fig. S5(a,b)). The XRD analysis indicates that after four cycles of photo-

catalysis, the degree of crystallinity of DyFeO3 nanoparticles decreases, while the shape and

position of the XRD peaks remain unchanged. This observation suggests that the overall

structure of DyFeO3is relatively stable under the photocatalytic conditions tested. However,

the decrease in crystallinity could be attributed to various factors such as surface recon-

struction, particle agglomeration, or the formation of defects during photocatalysis. Despite

the decrease in crystallinity, the retention of peak shape and position implies that the basic

crystal structure of DyFeO3 is maintained, which is crucial for its photocatalytic activity.

B e f o r e  p h o t o c a t a l y s i s

B e f o r e  p h o t o c a t a l y s i sB e f o r e  p h o t o c a t a l y s i s B e f o r e  p h o t o c a t a l y s i s
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Figure 7: Chemical state analysis of DyFeO3 nanoparticles after 4 cycles photo-
catalysis. High resolution XPS specta of (a) Dy 3d, (b) Fe 2p and (c) O 1s. XPS analysis
of DyFeO3 nanoparticles post-four cycles of photocatalysis reveals stable bulk composition
and oxidation states of Dy, Fe, and O, while showing a notable increase in oxygen vacancies
relative to metal-oxygen bonds on the surface. This suggests enhanced surface reactivity,
potentially improving the photocatalyst’s performance, alongside its structural robustness
and chemical stability.

The stability and effectiveness of a photocatalyst rely not only on its crystallinity but also
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on its surface chemistry and electronic structure, which can significantly influence its catalytic

activity. Hence, an XPS analysis of DyFeO3 nanoparticles post four cycles of photocatalysis

was conducted, as depicted in Fig. 7, to glean insights into its surface characteristics and

chemical states. The XPS analysis provides insights into the surface composition and chemi-

cal states of the elements present in the DyFeO3 photocatalyst. The absence of a shift in the

binding energy of various oxidation states of Dy, Fe, and O after four cycles of photocatalysis

indicates that the chemical environment of these elements remains largely unchanged. This

suggests that the bulk composition and oxidation states of Dy, Fe, and O within the photo-

catalyst are stable under the photocatalytic conditions. However, the observed changes in

the O 1s XPS spectrum (Fig. 7(c)) are particularly noteworthy. Before photocatalysis, the

O 1s spectrum showed peaks corresponding to metal-oxygen bonds and oxygen vacancies,

with molar ratios of 61.33% and 38.67%, respectively. After four cycles of photocatalysis,

these ratios shifted to 42.11% and 57.89%, respectively. This change indicates a significant

increase in the proportion of oxygen vacancies relative to metal-oxygen bonds on the surface

of the DyFeO3 photocatalyst following photocatalysis. Oxygen vacancies are known to play

a crucial role in photocatalytic processes, as they can act as active sites for adsorption and

reaction of molecules involved in photocatalytic reactions.60 The higher proportion of oxygen

vacancies suggests an enhanced surface reactivity of the photocatalyst, which could poten-

tially lead to improved photocatalytic performance.60,61 Overall, the characterization results

suggest that DyFeO3 possesses promising attributes as a photocatalyst, including structural

robustness, chemical stability, and surface reactivity.

Conclusions

In conclusion, our investigation into porous DyFeO3 nanoparticles as a photocatalyst demon-

strates their significant potential for diverse applications in environmental remediation and

sustainable energy development. The porous structure and inherent oxygen vacancies of

DyFeO3 serve crucial roles in amplifying surface area, promoting efficient charge separation,
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and thereby augmenting photocatalytic performance. Notably, the as-synthesized DyFeO3

photocatalyst demonstrates noteworthy efficiency in degrading both colored and colorless

probe pollutants, highlighting its versatility. Moreover, DyFeO3’s presence in aqueous so-

lutions reduces activation energy, facilitating pollutant degradation and bolstering overall

reaction kinetics. These attributes feature the intrinsic photocatalytic nature of the catalyst,

distinct from mere dye-sensitization effects. The observed superior degradation rates and

apparent quantum yields further highlight DyFeO3’s proficiency in harnessing solar energy,

offering a promising avenue for addressing environmental challenges. Importantly, post-

photocatalysis XPS analysis of the material reveals an enhancement in oxygen vacancies,

suggesting the dynamic behavior of DyFeO3 nanoparticles during catalytic processes. This

increase in oxygen vacancies enhances photocatalytic efficiency by trapping electrons and

mitigating recombination rates. Finally, the authentic nature, stability, and reusability of

single-structured DyFeO3 nanoparticles as a photocatalyst affirm their commercial viability

and sustainability, positioning them as promising candidates for large-scale environmental

remediation initiatives.
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TOC Graphic

Porous dysprosium orthoferrite (DyFeO3)
nanoparticles exhibit promising potential in
environmental remediation as a highly efficient
and stable photocatalyst, boasting a direct band
gap of 2.1 eV, favorable band edge positions
facilitating dual involvement in reduction and
oxidation reactions. Notably, DyFeO3 demon-
strates superior apparent quantum yield values
compared to conventional photocatalysts like
TiO2, showcasing remarkable solar energy har-
vesting capability and catalytic efficiency, while
also significantly reducing the activation energy,
affirming its genuine catalytic activity in pollu-
tant degradation processes.
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