
CO
RR

EC
TE

D
PR

OO
F

Electrochimica Acta xxx (xxxx) 143586

Contents lists available at ScienceDirect

Electrochimica Acta
journal homepage: www.elsevier.com/locate/electacta

Effective photoelectrocatalysis of levofloxacin antibiotic with
Ti/IrO2 Nb2O5 in environmental samples
Carlos H.M. Fernandes a, ⁎, Lorena A. Goulart b, Roger Gonçalves b, Géssica O.S. Santos a,
Maria V.B. Zanoni c, Lucia H. Mascaro b, Marcos R.V. Lanza a, ⁎
a Institute of Chemistry of São Carlos, University of São Paulo, 13566-590 SP Brazil
b Department of Chemistry, Federal University of São Carlos, 13560-970 SP Brazil
c Institute of Chemistry, São Paulo State University (UNESP), 14800-060 SP Brazil

A R T I C L E  I N F O

Keywords:
Real water
Iridium-Niobium-based electrode
Photoelectrocatalysis
Antibiotics
Pechini method
Advanced oxidation process

A B S T R A C T

This work reports the development and application of a highly efficient catalyst based on IrO2 and Nb2O5 for the
degradation of the antibiotic Levofloxacin (LFX) in simulated and real surface water samples. The IrO2 Nb2O5films, which were obtained by modified Pechini method, were deposited on a titanium substrate, leading to the
production of Ti/IrO2 Nb2O5 electrode. After being subjected to morphological, structural and electro-
chemical characterization, the Ti/IrO2 Nb2O5 electrode was applied for the degradation of LFX using differ-
ent processes, including electrolysis (EC) and photoelectrolysis (PhEC), and the results obtained were com-
pared to that of UV–Vis irradiation-based photolysis. The application of the PhEC process led to a relatively
higher and faster removal of LFX in the water matrices investigated, where 100% degradation rate and about
70% mineralization rate were obtained at the end of 1.5 h of treatment, compared to the individual photolysis
and EC processes. The results obtained from quenching tests showed that LFX degradation under the PhEC
process may be associated with the presence of active radicals, such as HO•, SO4

•− and O2
•−, in addition to the

e−/h+ pair formed with the incidence of light during treatment. Apart from excellent photoelectrocatalytic ac-
tivity and high stability, the Ti/IrO2 Nb2O5 electrode exhibited high electrochemically active surface area
(ECSA). The excellent results obtained from the application of the PhEC process in terms of TOC removal and
the remarkable catalytic properties of Ti/IrO2 Nb2O5 point to the high efficiency of the system proposed in
this study when applied for the treatment and removal of organic pollutants from real water samples.

1. Introduction

The prevalence and detection of pharmaceutical contaminants
(PCs), such as antibiotics, in aquatic systems is an issue of huge concern
worldwide [1]. These substances can reach aquatic environment
mainly by wastewater treatment plants (WWTPs), (which are not pri-
mary designed to treat such recalcitrant species that came from indus-
tries, hospital and households) and due to direct use of veterinary medi-
cine and in aquaculture leading to a great release of PCs in the environ-
ment [2,3]. A large quantity of these recalcitrant compounds is usually
found in an unmetabolized form [4]. Continuous exposure of drugs to
the aqueous environment, even at low concentration levels, has been
found to pose substantial and long-term risks to humans and animals
[5]. Seasonal variations also tend to affect the prevalence and concen-
tration levels of the pharmaceutical contaminants found in aqueous ma-

trices; the highest concentrations of these compounds are often de-
tected during the winter because of the increased consumption of medi-
cine during this period, as people are more prone to various diseases
[6–7].

The antibiotic levofloxacin (LFX) is considered an emerging pollu-
tant due to its low degradability in WWTPs, which makes it highly
prevalent in the aqueous environment [3]. Due to its wide spectrum of
activity and efficiency bacteria, LFX has been commonly applied for the
treatment of pneumonia, bacterial rhinosinusitis, bacterial exacerba-
tion of chronic bronchitis, bacterial prostatitis, pyelonephritis, urinary
tract infection, infectious diseases of the skin or skin structures, among
other diseases [8–9]. Owing to the widespread consumption of LFX and
its high toxicity, as well as its persistence in the environment coupled
with its possible endocrine disrupting effects, it is essentially important
to develop highly efficient methods that are capable of effectively re-
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moving this compound (and their toxicity) from real aqueous matrices
or converting to low toxicity and biodegradable by-products [2,10].

Over the past few decades, powerful advanced oxidation processes
(AOPs) and electrochemical advanced oxidation processes (EAOPs)
have been developed and applied for the removal of organic pollutants
from contaminated water and wastewater [11–12]. The use of this kind
of processes for the treatment of organic pollutants has sparked consid-
erable interest among researchers because their application leads to the
formation of highly oxidizing radicals, including hydroxyl (•OH,
E0 = 2.7 V vs normal hydrogen electrode [NHE]) and sulfate radicals
(SO4

•−, E0 = 3.1 V vs. NHE) [13]. Recently, sulfate radical-based AOPs
(SR-AOP) has been received great attention due to its high capability of
reaction with several organic compounds at nearly diffusion controlled
rates (comparable to •OH). In addition, since SO4

•− reacts with organics
through single-electron transfer, this leads to SO4

•− present a higher se-
lectivity to react with contaminant containing aromatic π electrons,
electron-rich groups, or unsaturated bonds, besides SO4

•− longer life-
time (30–40 μs) compared to •OH (20 ns) enables more stable mass
transfer and contact with contaminants allowing a more efficient degra-
dation.

Among the wide range of EAOPs reported in the literature, photo-
electrocatalysis (PhEC) has been found to produce excellent results
when applied for the removal of organic compounds; these outstanding
results are attributed to the direct and/or indirect degradation mecha-
nisms that occur in the treatment process and which involve the forma-
tion of charges and oxidants with the incidence of light [14]. As pointed
out in the literature, the main limitation of the PhEC process lies in the
material employed as photocatalyst. There has been an increasingly
growing interest among researchers regarding the use of photoanodes
with high stability, good electrical conductivity, and high photocat-
alytic activity as photocatalysts in the PhEC process as a way of circum-
venting this underlying constraint and boosting the efficiency of the
process.

Mixed metal oxides, including iridium oxide (IrO2) and ruthenium
oxide (RuO2), have become widely employed as catalytic materials in
electrochemical oxidation processes due to their high oxidation capac-
ity and good conductivity [15–16]. It should be noted however that due
to their high price, RuO2 and IrO2 have often been applied in combina-
tion with other cheaper metal oxides in order to reduce the material
costs [17–20]. Niobium and tantalum oxides are usually employed in
combination with catalytic oxides to increase the mechanical stability
of the electrodes [21–22]. Considering that Brazil is one of the largest
producers of niobium ore, this makes the production of Nb-based mate-
rials highly viable in the country [15,23]. Niobium pentoxide (Nb2O5)is a transition metal oxide and an n-type semiconductor with a band gap
of about 3.4 eV; this oxide has attracted considerable attention among
researchers due to its high catalytic performance and good stability in
aqueous media [24–26]. When applied in small quantities in combina-
tion with other semiconductor oxides, Nb2O5 can dramatically increase
the photocatalytic activity of these materials [27–28]. Unlike other
semiconductor oxides, such as TiO2, ZnO, and WO3, which have been
long explored as photocatalytic materials, the highly promising Nb2O5photocatalytic material has only been recently explored as a photocata-
lyst despite possessing good catalytic properties.

Taking the above considerations into account, the present study
sought to investigate the photoelectrocatalytic activity of electrodes
based on IrO2 and Nb2O5 and their application for the degradation of
LFX in different water matrices. Specifically, we employed advanced
oxidation (AO) technologies for the treatment of real water, as the ap-
plication of these AO processes helps demonstrate the great potential
and efficiency of the treatment technique proposed in this study. The
results obtained from this study show that the combined application of
IrO2 and Nb2O5 leads to the formation of electrodes with high stability
and excellent photocatalytic activity which promote the effective
degradation of recalcitrant pollutants in real samples.

2. Experimental

2.1. Chemicals

All the chemicals, including citric acid (CA - a.r. Synth), ethylene
glycol (EG - a.r., Synth), K2IrCl6.xH2O (a.r. Sigma-Aldrich),
NH4NbO(C2O4)2 (a.r., Sigma-Aldrich), oxalic acid (a.r., Synth), HCl
(a.r., JT Baker), H2SO4 (Merck), Na2SO4 (Merck) and Levofloxacin
(Sigma-Aldrich), employed in the experiments were used as received
and without further purification. All solutions were prepared using
deionized water (Millipore Milli-Q system with a resistivity of 18.2 MΩ
cm).

2.2. Synthesis of the proposed electrodes

The Ti/IrO2 Nb2O5 electrodes were prepared by the modified Pe-
chini method, as described in our previous study [15]. Initially, Ti
plates (99.7%, 1 cm × 1 cm) were treated by sandblasting, followed
by chemical etching in boiling solutions of HCl (1:1 w/w) and then in
oxalic acid (10% w/w) for 30 min. The substrates were then rinsed
with deionized water and dried with N2 gas flow. In the meantime, a
resin containing CA, EG, and metal salts was prepared by initially dis-
solving citric acid in ethylene glycol at 60 °C. To this mixture, a certain
amount of the metal salt (K2IrCl6.xH2O and NH4NbO(C2O4)2) was
added in order to obtain a final molar ratio of 1(Ir(0.40)/Nb(0.60)):4
(CA):16(EG) and produce the nominal composition of the desired
IrO2 Nb2O5 films. After the complete dissolution of the metal salts,
the resulting solution was brush-painted on the Ti substrate. After that,
the electrodes were initially treated at 130 °C for 30 min and later at
250 °C for 10 min. Finally, the electrodes were treated again at 500 °C
for 10 min to eliminate all organic polymers and promote the forma-
tion of the desired oxides. These procedures (i.e., from brush-painting
to the heat treatments) were repeated 10 times before further charac-
terization or application of the Ti/IrO2 Nb2O5 electrodes for the
degradation of levofloxacin.

2.3. Electrode characterization

Morphological and structural characterizations of the
Ti/IrO2 Nb2O5 electrodes were carried out using the following ana-
lytical methods: i) scanning electron microscopy with field emission
gun (FEG-SEM Zeiss model Supra 35VP) equipped with a high-
resolution secondary electron detector (in-lens detector), operating at
6.0 kV with a point-to-point resolution of 3.8 nm; and ii) X-ray diffrac-
tion (XRD) using RU200B Rigaku Rotaflex, under a step scan mode in
the scanning range of 20° to 60°, with CuKα 1.5406 Å radiation.

Electrochemical characterizations were carried out using a conven-
tional three-electrode cell composed of Ti/IrO2 Nb2O5 employed as
the working electrode, with 1 cm2 of exposed geometric area. The Ag/
AgCl (saturated) electrode and Pt plate were used as the reference and
counter electrodes, respectively, and H2SO4 and K2SO40.5 mol L − 1

were employed as supporting electrolyte. The voltammetric experi-
ments were performed in the range of 0.15 to 1.15 V, with a scan rate
of 50 mVs−1.

The morphology factor for the anode obtained was determined by
the methodology proposed by Da Silva et al. [29]. CV measurements
were performed in the capacitive potential range of 0.3 to 0.5 V vs
Ag/AgCl/KClsat, where the electrical double layer was charged to allow
the certification of the capacitive current density (jc) - which is consid-
ered the final 20% of the capacitive potential range (which was 0.46 V
in this case).

To evaluate the electronic properties of the electrodes, impedance
spectroscopy measurements were carried out using 0.5 mol L − 1 K2SO4as supporting electrolyte at 1.10 V, from 10 kHz down to 10 mHz, with
perturbation of 10 mVrms. In addition, Mott-Schottky curves were gen-
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erated from the impedance data at different polarization potentials to
evaluate the major charge carriers of the materials. Electrochemical
measurements were carried out using AUTOLAB potentiostat/galvanos-
tat PGSTAT-30 (EcoChemie, Utrecht, Netherlands) with FRA2 module
and NOVA 2.1 software. The photocatalytic activity of the proposed
electrodes was measured using Vapour Metallic Lamp, 150 W (HQI-TS
Osram).

2.4. Levofloxacin (LFX) degradation assays

The treatment processes, namely, photolysis (pH), electrochemical
(EC) method, and photoelectrochemical (PhEC) method, targeted at the
degradation of the LFX antibiotic were executed in a glass reactor
(150 mL) with the UV–Vis lamp (125 W) positioned in the center.
Ti/IrO2 Nb2O5 was used as the anode, saturated Ag/AgCl/KCl as the
reference electrode, and Pt plate as the auxiliary electrode. The effect of
the current density (6.0 and 12.5 mA cm−2) on the degradation of
20 mg L − 1 LFX was evaluated using 0.5 mol L − 1 Na2SO4 solution for
90 min. All experiments were performed under magnetic stirring.
Aliquots of the LFX solutions were taken at a regular interval to follow
the progress of the degradation assays; the aliquots were filtered using
0.45 µm filter and employed for further analysis. To investigate the ef-
fect of the water matrix and the real applicability of the system devel-
oped, the Ti/IrO2 Nb2O5 electrode was used for the degradation of
LFX (20 mg L − 1) spiked in a real natural water matrix (river water).
The real river water was collected from the University of São Paulo
(USP) - Brazil (−21.999120345468054, −47.87738515302277), and
the main characteristics are shown in Table 1. The addition of sulfate
salt (by K2SO4) to the real water matrix was conducted before degrada-
tion experiments to increase the electroconductivity.

2.5. Specific energy consumption

The specific energy consumption per unit TOC mass (ECTOC) was cal-
culated for the PhEC process applied at different current densities using
Eq. (1) below:

(1)

Where Ecell is the average cell potential (V), I is the applied current
(A), t is the electrolysis time (h), P is the nominal power of the UV–Vis
lamp (W), Vs is the solution volume (L), and (ΔTOC)exp is the TOC re-
moval rate (g L − 1).

2.6. Analytical methods

The analysis related to LFX removal was conducted by high-pressure
liquid chromatography (HPLC) using Shimadzu Prominence HPLC,
model LC-20AT (UV-DAD detector) and Phenomenex® Luna C18 col-
umn (250 mm × 4.6 mm, 5 μm) at 40 °C. The mobile phase employed
consisted of acetonitrile and water with 0.5% formic acid (50/50) and

Table 1
. Characteristics of the real river water used in the present study.
Parameters Value

Na+ (mg L − 1) 1.08 ± 0.014
Ca2+ (mg L − 1) 1.34 ± 0.081
Mg2+ (mg L − 1) 0.832 ± 0.04
Cl− (mg L − 1) 0.09 ± 0.015
NO2

−(mg L − 1) 0.30 ± 0.024
SO4

2− (mg L − 1) 0.65 ± 0.120
TOC (mg L − 1) 1.49 ± 0.021
Conductivity (μS cm−1) 5.06 ± 0.019
pH 6.97

elution mode at 0.5 mL min−1. The injection volume applied was 20 µL
and the LFX concentration was detected at 295 nm, with a retention
time (tr) of 4.0 min.

The concentration of total organic carbon (TOC) was monitored us-
ing Shimadzu TOC-Vcpn equipment; this was done by collecting 10 mL
of the final and initial solutions. The analysis of TOC was carried out af-
ter mixing a diluted volume of the treated sample with 6 mol L − 1 phos-
phoric acid and sodium thiosulphate (30% m/v) solutions aimed at de-
termining the inorganic and total carbon concentrations, respectively.
TOC is obtained by subtracting the value of inorganic carbon (IC) from
that of total carbon(TC) (i.e.,TOC = TC – IC); the value obtained helps
to measure the CO2 generated.

To assess the effect of oxidizing species on the photoelectrochemical
degradation of LFX, photoelectrolysis tests were performed under the
following quenching conditions, with the addition of equimolar
amounts of the materials (5 mmol L − 1): tert‑butanol (t-BuOH),
methanol (MeOH), formic acid (FA), benzoquinone (BQ) and silver ni-
trate (AgNO3) for •OH, SO4

•−, h+, O2
•− and e−, respectively.

3. Results and discussion

3.1. Morphological characterization

Fig. 1a shows the SEM image of the Ti/IrO2 Nb2O5 electrode ob-
tained by modified Pechini method. One will observe that the
Ti/IrO2 Nb2O5 film exhibits a considerable number of flaws and
cracks which are an intrinsic feature of the method [30]. Furthermore,
it is possible to perceive, with the help of mapping images, good cov-
erage and homogeneous dispersion of the different oxides. Fig. 1b
shows XRD patterns of the Ti/IrO2 Nb2O5 electrode, where one can
observe the presence of IrO2 (green symbols) and Nb2O5 (blue ym-
bols) on the mixed oxides film. The assignment of the peaks to the
oxide diffractograms was performed using the ICSD Database. One
can possibly observe the characteristic peak of IrO2 (PDF Card No.
15–0870) in rutile-like structure and the peaks series that are typi-
cally characteristic of an orthorhombic Nb2O5 (PDF Card No.
30–0873). Additional peaks related to the titanium support can also
be identified; these peaks occur due to the penetration of X-ray
through the thin oxide surface.

3.2. Electrochemical characterization

Fig. 2a-b shows the cyclic voltammograms obtained for the
Ti/IrO2 Nb2O5 electrode in 0.5 mol L − 1 K2SO4 and H2SO4 as sup-
porting electrolytes, at scan rate (v) of 50 mV s − 1. Looking at Fig. 2a-
b, one will notice the presence of two oxidation (I/II) and reduction
(III/IV) processes in the voltammograms of Ti/IrO2 Nb2O5 in the acid
medium (Fig. 2a). These processes that occur at 0.60 and 0.95 V corre-
spond to the surface transitions of Ir, which consist of Ir (III)/Ir(IV) and
Ir(IV)/Ir(V), and the redox pair [31]. In addition, the presence of these
redox processes can be attributed to the kind of oxides obtained from
the preparation of the electrode, which, in essence, may appear as a di-
rect consequence of the method applied and the preparation conditions
involved [32]. On the other hand, in the K2SO4 neutral medium, one
will notice that these peaks are no longer evident. As well known in the
literature, the redox potential is a measure of the activity of electrons,
and it is related to the pH. Thus, for these iridium-based electrodes, a
change of the pH to 6 provokes a corresponding change in the redox
peak potential. It is also worth noting that in presence of sulfate anions
the increase in the pseudocapacitive behavior is observed which also
can contribute to overlap the oxidation and reduction peaks, that pre-
sents a lower current.

The photocurrent property of the modified electrodes was evaluated
in both dark conditions (in the absence of irradiation) and under irradi-
ation with UV–Vis lamp (Fig. 3a). The results obtained from this analy-
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Fig. 1. SEM micrographs, with element mapping in details (a) and (b) X-ray diffractograms of the Ti/IrO2 Nb2O5 electrode.

Fig. 2. Cyclic voltammograms of the Ti/IrO2 Nb2O5 electrodes obtained from the application of (a) 0.5 mol L − 1 H2SO4 and (b) 0.5 mol L − 1 K2SO4 as supporting
electrolytes; scan rate (v) = 50 mV s − 1.

sis showed a slight increase in the current below 0.95 V and a non-
negligible increase mainly at around 1.1 V; in view of that, the poten-
tial of 1.1 V was chosen for the conduct of the electrochemical imped-
ance spectroscopy analysis as this was the electrode potential employed
in the electro and photoelectrodegradation processes. The impact of ir-
radiation can be observed in the Nyquist plots shown in Fig. 3b; these
plots represent the magnitude of impedance of the electrodes polarized
at the chosen potential [33]. In the present study, Nyquist plots were
obtained at the anodic oxygen evolution reaction (OER) onset potential
(determined as 1.1 V vs Ag/AgCl). Looking at the Nyquist plots, the
spectra can be found to be characterized by a well-developed semi-
circle, which is typical for OER charge transfer processes. It should be
noted that the size of the semi-circle decreases when the electrodes are
subjected to illumination; this outcome points to a significant improve-
ment in the process involving the charge transfer in OER [33–34]. The
values obtained by adjusting the data using the equivalent circuit repre-
sented in the inset of Fig. 3b are summarized in Table 2.

A careful analysis of the values obtained from the adjustment of the
data shows that there was a 50% decrease in the resistance to charge

transfer when the Ti/IrO2 Nb2O5 electrode was irradiated with
UV–Vis light; this outcome shows that the anode exhibited a better
performance under illumination r than in the dark. Moreover, due to
the charge carrier movement, there was also a non-negligible improve-
ment in the circuit parameters related to the properties of the electrode
material - mainly its resistance. The real capacitance values were ob-
tained by converting the constant phase element (CPE) data and the n
associated with this circuit element and showing that the charge sepa-
ration observed both at the electrode interface in the double layer and
internally is attributed to the different movements of the charge carri-
ers.

Fig. 3c shows the band diagram scheme assembled based on infor-
mation obtained by Mott-Schottky and Uv-Vis spectra by diffuse re-
flectance, which is better described in the Supplementary Information.
Herein, it is possible to observe that the hybrid materials possibly gave
rise to a heterojunction with a relative band position intermediate be-
tween the pure materials. Furthermore, such a diagram will guide fu-
ture discussions.
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Fig. 3. Cyclic voltammograms obtained for the Ti/IrO2 Nb2O5 electrode using 0.5 mol L − 1 K2SO4 as supporting electrolyte in the presence and absence of
UV–Vis illumination, with υ = 50 mV s − 1 (a); Nyquist plots (b); Band diagram scheme (c).

Table 2
. Impedance data obtained from the adjustment of the parameters.
Conditions Rct (Ω) Cdl (mF) Rmat (Ω) Cmat (µF) Kct (s − 1) χ2

Dark 85.0 12.1 0.156 30.1 9.69 × 10−2 4.35 × 10−4

UV–Vis 41.2 9.74 0.0514 24.7 3.14 × 10−1 7.44 × 10−4

One remarkably important parameter that needs to be evaluated in
a catalyst material meant for electrochemical applications is its specific
surface area. When one varies the potential of an electrode at a given
scan rate, the measured electrical current is found to be directly propor-
tional to the electrode surface exposed to the electrolyte [35]. With the
dramatic advancement in nanoengineering and the availability of a
wide range of synthesis techniques that can be used to obtain mixed ox-
ide-based electrodes, one can increase the surface area of an electrode
so that the geometric area of the flat electrode is substantially different
from the electrochemically active area. Thus, determining the active
surface area of an electrode becomes essentially important when one
seeks to evaluate its catalytic performance.

As widely reported in the literature, the electrochemically active
surface area (ECSA) can be determined via the application of a wide
range of methods [36–37]. In this work, ECSA was measured using
cyclic voltammetry, with cycles in the non-faradaic region of potentials

(at −0.40 V vs Ag/AgCl) at varying scan rates (5 to 75 mV s − 1). The in-
set in Fig. 4a shows the CVs obtained at the different scan rates investi-
gated. The double layer electrical capacitance (Cdl) of 2.78 e − 1 F cm−2

was obtained from the linear slope corresponding to the evolution of
the non-faradaic current density at the scan rates investigated - see Fig.
4a. Based on the value of Cdl and considering the standard flat area of
capacitance (Cs) of 40 μF cm−2, the ECSA of Ti/IrO2 Nb2O5 was esti-
mated from the Eq. (2) below [38–40]:

(2)

The results obtained from this calculation showed that the ECSA of
the Ti/IrO2 Nb2O5 electrode was approximately 695.0 per ECSA cm−2

- see Table 3. For comparison purposes, Sun et al. (2021) obtained
ECSA/cm2 of 287.71 for thermally decomposed IrO2–containing mixed
oxide electrodes - (Ir0.4Pr0.4Si0.2)Ox [39]. Xiong et al. (2020) obtained
ECSA/cm2 of 350.0 for Zr0.3Ir0.7O2 electrode which exhibited high cat-
alytic activity [41]. The Ti/IrO2 Nb2O5 electrode prepared in this
work recorded about twice the ECSA value obtained in the aforemen-
tioned studies; this result points to the outstanding catalytic activity of
the proposed Ti/IrO2 Nb2O5 electrode and a greater exposure of its
active sites. As mentioned above, the morphology of the
Ti/IrO2 Nb2O5 electrode was characterized by a film with several
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Fig. 4. Relationship between capacitive current density (average) at +0.40 V and different scan rates applied (5 – 75 mV s − 1) for the ECSA analysis (a) and varia-
tion of capacitive current density (jc) as a function of scan rate (ν) (5 – 75 mV s − 1 and 100 – 300 mV s − 1) for the morphology factor analysis (b); supporting elec-
trolyte: 0.5 mol L − 1 K2SO4. Cyclic voltammograms obtained for the Ti/IrO2 Nb2O5 electrode before and after accelerated lifetime/stability test using 0.5 mol L − 1

H2SO4 as supporting electrolyte (c); and Nyquist plots using 0.5 mol L − 1 K2SO4 as supporting electrolyte (d), with υ = 50 mV s − 1.

Table 3
. Impedance data obtained from the adjustment of the parameters.
Conditions Rct (Ω) Cdl (mF) Rmat (Ω) Cmat (µF) Kct (s − 1) χ2

Before ALT 85.0 12.1 0.156 30.1 9.69 × 10−2 4.35 × 10−4

After ALT 168 1.16 116 × 101 142 5.36 × 10−3 3.45 × 10−4

cracks and deformations. Clearly, the presence of these many cracks
and deformations in the proposed electrode leads to an increase in its
surface area and a resulting increase in its active area compared to
electrodes with flatter surfaces. Based on the cyclic voltammograms,
one can obtain valuable information regarding the degree of rough-
ness of the electrode surface by calculating the morphology factor
[29]. Based on the methodology proposed by Da Silva et al. [29], one
can construct a graph correlating the variation in capacitive current
density (jc) with the scan rate (ν) (Fig. 4b). As can be observed, there
are two different regions on the graph (a common behavior of highly
rough films). These regions can be associated with the reactions that
take place on the surface of the electrode at different scan rates; at low
scan rates, all the active sites on the electrode surface are noticeably
accessible (i.e., both internal and external sites), whereas, at high scan
rates, these reactions take place only at the external sites, which are
more accessible. Thus, the morphology factor (φ) can be obtained by
means of the ratio between the most difficult-to-access region and the
easiest-to-access region and the total accessible active sites, as shown
in Eq. (1) below, where Cd,I, and Cd correspond to internal differential
capacitance and total differential capacitance, respectively.

(1)

Since φ values vary from 0 to 1, values approaching 0 indicate that
the internal sites present negligible contribution to the total capaci-
tance, while values close to 1 point to a significant contribution of the
internal active sites on the total capacitance of the electrode. The Cd,Cd,i and Cd,e and φ values obtained are shown in Table 3.

Based on the results obtained from the calculation of the morphol-
ogy factor (φ = 0.47), we noted that the active sites on the
Ti/IrO2 Nb2O5 electrode are uniformly distributed on the anode sur-
face.

Since mixed metal oxide (MMO) electrodes are required to last for
many years when employed in real applications, it is of crucial impor-
tance to determine the lifetime of the electrodes obtained through the
implementation of accelerated stability tests. In these tests, high cur-
rent densities are applied, and the potential response is monitored; an
abrupt increase in potential indicates the deactivation of the anode. In
the present study, the Ti/IrO2 Nb2O5 electrode was subjected to dras-
tic electrolysis conditions (current density: 400 mA cm2; supporting
electrolyte: 0.5 M H2SO4), referred to as the accelerated lifetime test
(ALT). The results obtained showed that the Ti/IrO2 Nb2O5 electrode
lasted 79.5 h under these drastic conditions. To gain a better under-
standing of the deactivation mechanism, CV and EIS measurements
were performed for the electrode after the accelerated lifetime/stabil-
ity test.

The results obtained showed that the voltammetric charge de-
creased by 85%; this result shows that the deactivation mechanism of
the Ti/IrO2 Nb2O5 electrode occurred via two ways: i) through the
detachment of the oxide layer due to the intense generation of oxygen
bubbles, and ii) through the formation of an isolating layer of TiO2because of the continuous dissolution of RuO2 species, since 15% of
the coating remains on the electrode after deactivation [42]. The de-
activation mechanism is commonly related to the morphology of the
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coatings since more compact coating prevents the penetration of elec-
trolyte through the surface of the catalytic layer and reaching the Ti
substrate. The Nyquist plots obtained for the anodes after deactivation
pointed to a significant increase in the semicircle diameter; in other
words, there was an expected increase in Rct due to the considerable
reduction of the electrocatalytic activity stemming from both the pro-
gressive dissolution of ruthenium and the formation of TiO2 insulating
layer. Having a comprehensive understanding of the mechanisms in-
volved in the deactivation of an anode is essentially crucial because
the electrocatalytic capacity of the anode is tested over time; this is
especially the case when one takes into account the addition of a sta-
bilizing metal oxide (in the present study, Nb2O5 plays this role)
(Table 4).

3.3. Degradation assays

Fig. 5 shows the% of TOC removal and the decay of LFX concen-
tration at the current density of 12.5 mA cm−2 based on the applica-
tion of the Ti/IrO2 Nb2O5 electrode under the pH, EC and PhEC
techniques in 90 min of treatment. In the irradiated process (pH and
PhEC), a UV–Vis lamp was employed. The type of treatment process
employed was a determining factor when it comes to the efficient re-
moval of the LFX compound. The application of the EC process pro-
moted the lowest LFX degradation rate. Although MMO-type elec-
trodes generally present high catalytic activity when applied for the
degradation of organic compounds in electrolysis, in these systems,
high current densities are commonly used [15,43]. In our present
work, the electrolysis were conducted at relatively lower current den-
sities compared to those applied in studies reported in the literature;
the application of lower current densities may have led to a relatively
lower generation of reactive oxygen species, which hindered the di-
rect degradation of LFX. In view of that, the EC technique yielded rel-
atively lower LFX degradation rate (<10%) and EC kinetic constant

Table 4
. Results related to the electrochemically active surface area (ECSA), rough-
ness factor and total differential capacitance (Cd,t), external capacitance
(Cd,e) and internal capacitance (Cd,i), and the accelerated lifetime test (ALT)
for the Ti/IrO2 Nb2O5 anode.
Electrode ECSA/cm2 Cd,t(F)

Cd,e(F)
Cd,I(F)

ϕ ALT q*(before
ALT)

q*(after
ALT)

Ti/IrO2Nb2O5

695.0 40.82 21.48 19.34 0.47 79.5 1681.5 254

(0.0010 min−1). Furthermore, EC did not promote antibiotic mineral-
ization, as observed in the% TOC removal – see Fig. 5b.

On the other hand, both the pH and PhEC techniques promoted total
degradation of the LFX antibiotic after 90 min of treatment. The PhEC
technique recorded a slightly higher LFX degradation rate compared to
the pH technique. The apparent LFX degradation rates obtained from
the application of the techniques were 0.1209 min−1 and 0.0816 min−1

for PhEC and pH, respectively; this result points to the synergistic effect
between UV–Vis irradiation and the current density applied to the
Ti/IrO2 Nb2O5 electrode. Although the pH process also promoted
the total degradation of the LFX antibiotic in 90 min, the% TOC re-
moval obtained from the application of this process (50%) was twice
the value obtained for the pH process (24%); essentially, this result
shows that although light irradiation promotes the breakdown of the
molecule of interest, it may also lead to the formation of recalcitrant
intermediates, which are difficult to remove. Similar behavior was re-
ported by Goulart et al. (2021) when the authors employed a photoac-
tive Ti/MMO/ZnO anode for LFX degradation; according to the au-
thors, although the application of the pH treatment process promoted
a high LFX degradation rate (67%) after UVC light irradiation, the
process promoted only 6.0% TOC removal at the end of the treatment.
In this same work, the authors showed that the application of the
PhEC process with Ti/MMO/ZnO electrode promoted 100% degrada-
tion of LFX, with 38% TOC removal; furthermore, relatively less
degradation products were formed under the PhEC process compared
to the pH process [43]. Several studies reported in the literature have
shown that the application of the PhEC process results in fast and
highly efficient removal of organic compounds, with the formation of
few organic intermediates and short chain acids of easy mineralization
[44–45]. Thus, the application of the PhEC process for the treatment
of organic compounds generally leads to higher TOC removal rates
compared to the EC and pH processes.

To evaluate the effect of current density on LFX removal, the pro-
posed Ti/IrO2 Nb2O5 electrode was evaluated based on the applica-
tion of the PhEC process at the current density of 12.5 mA cm–2 and at a
lower current density (6.0 mA cm–2) in 90 min. As can be seen in Fig.
6a, the application of both current densities

(12.5 mA cm−2 and 6.0 mA cm−2) led to similar results in terms of
the decay of LFX concentration as a function of time, where the com-
pound was found to have been completely degraded at the end of the
treatment. It is worth noting however that the application of the PhEC
process at the current density of 6.0 mA cm–2 promoted a 15% increase
in TOC removal compared to the PhEC process applied at 12.5 mA cm–2

in 90 min of treatment – see Fig. 6b. At lower current densities, one ob-

Fig. 5. Effect of the application of photolysis (pH), electrolysis (EC) and photoelectrolysis (PhEC) on the degradation of 20 mg L − 1 of LFX in 0.5 mol L − 1 of
K2SO4 using Ti/IrO2 Nb2O5 electrode (a) and TOC removal (b). Conditions applied: j = 12.5 mA cm−2; time/duration = 90 min.

7



CO
RR

EC
TE

D
PR

OO
F

C.H.M. Fernandes et al. Electrochimica Acta xxx (xxxx) 143586

Fig. 6. Effect of current density (j = 6.0 and 12.5 mA cm−2) on the degradation of 20 mg L − 1 of LFX with electrolysis time, based on the application of the photo-
electrocatalytic treatment using Ti/IrO2 Nb2O5 electrode in 0.5 mol L − 1 K2SO4 (a), and TOC removal (b); energy consumption (in kWh per gram of TOC re-
moved) (EC) at different current densities (c); and the analysis of the effects of quenching agents (5.0 mmol L − 1) on the PhEC of LFX – HO•(T-BuOH), SO4

•−(MeOH),
h+ (FA), O2

•− (BQ) and e− (AgNO3) (d).

serves a decrease in the formation of oxygen on the electrode surface
[46], and this tends to increase the exposure of the catalyst sites of the
Ti/IrO2 Nb2O5 electrode, leading to an increase in the antibiotic re-
moval rates. As can be observed in Fig. 6c, the application of the cur-
rent density of 6.0 mA cm–2 resulted in a relatively lower specific en-
ergy consumption per unit mass TOC (ECTOC) – 43.7 kWh g-TOC−1,
compared to the current density of 12.5 mA cm–2 (56.4 kWh g-TOC−1).
Thus, 6.0 mA cm–2 was chosen as the optimal current density for the
conduct of the PhEC treatment using the /IrO2 Nb2O5 electrode.

Some trapping agents were employed in order to help distinguish
the free radical species derived from the application of the
Ti/IrO2 Nb2O5 electrode in the PhEC advanced oxidation process
for the degradation of LFX. Thus, in essence, the trapping/quenching
agents were primarily employed in order to determine the mecha-
nisms involving the degradation of LFX. As can be seen in Fig. 6b, the
trapping/quenching agents (also referred to as scavengers) capture
HO•, SO4

•−, h+, O2
•− and e−using (T-BuOH), (MeOH), (FA), (BQ) and

(AgNO3), respectively. For illustration purposes, methanol (MeOH)
was used as a quenching agent for HO• and SO4

•−. MeOH reacts with
HO• and SO4

•− at rates of 1.0 × 109 and 2.5 × 107 M − 1 s − 1, re-
spectively [47,48]. Isopropanol (T-BuOH) was added into the mixture
as HO• scavenger [48]. Finally, BQ was used to capture superoxide
anion radical O2

•−. FA was used as h+ trapping agent, while AgNO3was used to capture e. As demonstrated in Fig. 6d, the addition of T-
BuOH, MeOH, FA, BQ and AgNO3 into the reaction medium led to a
decrease in LFX removal from 100% to 88%, 87%, 80%, 20% and
75%, respectively; this outcome points to the production of HO•,

SO4
•−, h + O2

•− and e−. O2 single electron reduction process (Eq.(2))
has the potential to produce O2

•−. Indeed, O2
•- is produced according

to the reaction described in Eq. (3). O2
•− in turn generates 1O2 (Eq.

(2) – (3)).The addition of excess T-BuOH into the medium leads to a
decrease in LFX removal from 100% to 88%; this result is clearly in-
dicative of the presence of HO• within the process. The HO• present
in the treatment process mainly originates from the reactions in Eq.
(4) and (5) below [41]. Thus, the degradation of LFX in the PhEC
process involves several different routes; these routes include the re-
actions involving radical species (SO4

•−, HO•, and O2
•−) and those in-

volving non-radical (1O2) species.

O2 +e−→ O2
•− (2)

S2O8
2−+HO2

−→ SO4
2− +SO4

•−…+…O2
•−+H+ (3)

H2O + MeOx electrode →MeOx electrode (HO•) + H+ + e− (4)
SO4

•− + H2O…→ H+ + SO4
2− + HO• (5)

Although the LFX oxidation mechanism involves different species of
radicals formed during PhEC with Ti/IrO2 Nb2O5, according to the
scavenger experiments, the superoxide radical was the one that had the
greatest influence on the treatment. The formation of O2

•− may be re-
lated to the galvanostatic nature of the treatment, which promotes the
formation of a large amount of O2 at the photoanode. During PhEC,
electrons from the semiconductor surface reduce O2 to superoxide, this
species being mainly responsible for the degradation of LFX. Due to the
large amount of superoxide formed, the contribution of other oxidizing
species to the photocatalytic process can be inhibited. It is known that a
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Fig. 7. Results obtained from the thorough photoelectrocatalysis (PhEC) treatment conducted based on the application of the proposed Ti/IrO2 Nb2O5 electrode
for the degradation of 20 mg L − 1 of LFX in 0.5 mol L − 1 K2SO4 (synthetic sample) and in real sample (a); TOC removal in synthetic sample and real sample (b).
Conditions applied: j = 6.0 mA cm−2; treatment time: 360 min.

good photocatalyst in the presence of O2, in addition to forming hy-
droxyl radicals, also promotes the formation of O2

•−, with high oxidiz-
ing power, through the donation of electrons [49].

3.4. Thorough degradation of LFX in synthetic and real water matrices

The aqueous matrix used in the degradation process plays a very im-
portant role in terms of the efficiency of photoelectrocatalysis. With
that in mind, in order to investigate the application potential of the
treatment process developed in the present study, river water samples
spiked with 20 mg L − 1of LFX (real sample) were subjected to PhEC
treatment using the Ti/IrO2 Nb2O5 electrode, under previously opti-
mized conditions for 360 min, and the results obtained were com-
pared to those of the PhEC treatment process executed in 0.5 mol
L − 1 K2SO4 (synthetic sample) – see Fig. 7. As can be observed in Fig.
7a, the degradation of LFX in the real river water sample occurred at a
relatively slower rate compared to the synthetic water sample. In
30 min of treatment, for example, about 95% of the pollutant was re-
moved from the synthetic sample, whereas only 72% was removed
from the real sample; also, a PhEC treatment period of approximately
300 min was required to obtain a total degradation of the compound
in the real aqueous matrix. Furthermore, for the synthetic sample,
TOC removal rate of around 70% was obtained in 60 min of PhEC
treatment, whereas a PhEC treatment period of 360 min was required
to obtain this same TOC removal rate in the real sample.

Kronka et al. (2022) also observed a decrease in the rate of organic
pollutants removal when they applied EAOPs for the treatment of real
aqueous samples [50]. In the aforementioned study, the authors em-
ployed the photoelectron-Fenton process with gas diffusion electrode
(GDE) based on AuNPs, ZrO2, and carbon black for the degradation of
carbaryl pesticide (CBR) in both synthetic and real urban sewage sam-
ples. According to the authors, CBR degradation occurred 1.6 times
faster in the synthetic medium compared to the real sample; further-
more, the authors also observed the same trend in terms of TOC re-
moval, where about 82% and 71% of TOC was removed in the synthetic
and real urban sewage samples, respectively, after 60 min of electroly-
sis [50]. Interestingly, Frontistis et al. (2017) reported to have obtained
different results when they compared the removal of the pollutant ethyl
paraben in sulfate medium and real effluent medium based on the ap-
plication of electrolysis with DDB electrodes; the authors observed a
relatively faster removal of the organic compound in the real effluent
matrix compared to the sulfate medium [51]. The authors of the afore-
mentioned study attributed the results they obtained to the formation

of other oxidizing species, in addition to hydroxyl radicals and sulfate
ions, which were generated from the various anions present in the
wastewater [51].

Regarding photocatalytic systems, some studies have reported that
the photocatalytic efficiency of these systems can significantly decrease
when they are applied for pollutants degradation in the presence of in-
organic ions [52–53]. This behavior is mainly attributed to the adsorp-
tion of ions on the surface of the photocatalyst, in addition to the elimi-
nation of oxidizing radicals by salts and organic matter present in real
water matrices [54–55]. Furthermore, the presence of natural organic
matter (NOM), derived from the decomposition of plants, for example,
can compete with LFX for oxidants, and this may explain the decrease
in the rate of degradation of this compound in real water sample (river
water). Although the degradation and mineralization rate of LFX was
found to be slower in the real sample, it is noteworthy that the applica-
tion of the PhEC treatment process using the Ti/IrO2 Nb2O5 electrode
resulted in LFX removal efficiency similar to that obtained for the syn-
thetic sample at the end of the treatment process; this result clearly
points to the application potential of proposed technique when applied
for LFX treatment in real samples.

4. Conclusion

Based on the results obtained in this study, we present the following
conclusions:

- The Ti/IrO2 Nb2O5 electrode, which was successfully prepared
in this study using a quick, simple synthesis procedure (modified
Pechini method), exhibited excellent photocatalytic properties.

- Apart from the high stability proven by the lifetime tests
conducted, the Ti/IrO2 Nb2O5 electrode exhibited a relatively
higher electroactive area (calculated by means of ECSA) compared
to stable mixed oxide-based electrodes previously reported in the
literature.

- The results obtained from the degradation assays conducted in
the study showed that the application of the Ti/IrO2 Nb2O5electrode under the PhEC process led to more efficient LFX
removal and mineralization (70%) compared to the single EC
(6%) and pH treatment processes (20%); this outcome points to
the great synergistic effect between the light incidence and the
electrode polarization.

- Furthermore, the application of lower current densities in the
Ti/IrO2 Nb2O5–based PhEC treatment process led to the
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enhancement of LFX degradation, with low energy consumption.
By studying the action of the scavengers, the degradation process
involved in the PhEC treatment technique was clearly elucidated.
The findings of the study showed that the application of the PhEC
process led to the formation of different radical species, including
SO4

•−, HO•, and O2
•−, as well as photogenerated species – such as

the e−/h+ pair, on the electrode surface; this result points to the
complex process involving the degradation of LFX.

- Finally, the application of the Ti/IrO2 Nb2O5 anode –based
PhEC treatment technique promoted high rates of LFX removal in
both synthetic and real natural water samples; this result points
to the versatility of the electrode and the applicability of this
system for the effective treatment of organic pollutants in
environmentally relevant water matrices.

- Considering the high efficiency of Ti/IrO2 Nb2O5 in the
removal of organic pollutants by applying current density, LFX
degradations will be further investigated under controlled
potential, since in this condition the oxidation of water to oxygen
can be avoided, favoring the removal of TOC, resulting in a
decrease in the energy consumption of the treatment.
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