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A B S T R A C T   

One of the important environmental challenges of the 21st century is the effective removal of pollutants from the 
aquatic environment. In this study, electrodeposited manganese oxides (MnyOx) films were applied as visible- 
light-driven photocatalyst for the removal and mineralization of Tetracycline (TC) antibiotics. The photo-
catalytic activity of as-deposited and annealed MnyOx was tested at different pH values using LED visible illu-
mination, resulting in 92.4 % of TC mineralization efficiency after 180 min for the best performing manganese 
oxide. Quenching experiments showed that hydroxyl radicals (•OH) are the main active species responsible for 
the TC degradation. The photocorrosion of MnyOx has been studied by quantifying the concentration of the 
dissolved manganese cations during the photocatalytic experiments. By comparing the catalyst mass loss with the 
% of TC mineralization, we revealed that the degradation of the oxide surface structure is the factor that, more 
than the photocorrosion, is limiting the photocatalytic activity of MnyOx films. Finally, the photocatalytic 
mechanism of TC mineralization is proposed based on the detection of the intermediates species of the miner-
alization process by High-Performance Liquid Chromatography Mass-Spectroscopy. The facile synthesis process 
and the superior mineralization rate can open up a new approach for the possible large-scale utilization of 
electrodeposited MnyOx films as an effective visible light photocatalyst.   

1. Introduction 

Nowadays antibiotics are widely used not only for human and ani-
mals medicine but also as additives in feedstuff industries. Tetracycline 
(TC) based antibiotics are the most common ones all over the world, 
accounting for about half of the global antibiotic production. However, 
TC is poorly adsorbed by animal metabolism and it is released into the 
environment in an active form. One of the serious problems related to its 
long-term presence in water and soil is the development of antimicrobial 
resistance in animals which potentially threatens ecosystem and human 
health [1–10]. The global antibiotic resistance problem has now reached 
an urgent point therefore research groups developed specific methods to 
efficiently remove TC from wastewater. These methods include: ultra-
sonic induced processes [11,12], electro-coagulation [13], advanced 
biological methods [14], adsorption [15–20] and photocatalytic 

degradation through advanced oxidation processes (AOP). Among them, 
photocatalytic AOP have attracted great interest thanks to their wide 
range of applications and high efficiency of pollutants mineralization. 
The generation of reactive oxygen species (ROS) such as hydroxyl rad-
icals (•OH) or superoxide radicals (•O2

–) during the AOP is mainly 
responsible for the degradation of refractive organic contaminants. 
Table S1 in the Supporting Information summarizes the principal studies 
dealing with the photocatalytic TC degradation, including key param-
eters such as photocatalyst type and dose, TC concentration, volume of 
reaction, pH, light source and intensity, and the results of the photo-
catalytic test in terms of percentage of TC mineralization in a deter-
mined amount of time. Most of the metal-based catalysts are 
unfortunately active only under ultra-violet irradiation, which repre-
sents only 5% of the sunlight radiation, and requires the use of high- 
energy consumption Xenon or UV lamps to be effective. To overcome 
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these problems, manganese oxides (MnyOx) have been considered as 
promising photocatalysts for the oxidative degradation of organic con-
taminants in wastewater due to the ease of synthesis, low-cost, non-toxic 
properties and strong adsorption and oxidation ability. Several in-
vestigations on the removal of aquatic pollutant by taking advantage of 
the high specific superficial area and the excellent adsorption properties 
of MnyOx-based photocatalysts have been reported [21–27]. However, 
to the best of our knowledge, none of these studies deal with the 
mechanism of TC mineralization and the photocorrosion-related prob-
lematic of MnyOx. In our previous study [28], we established a protocol 
for the reproducible preparation of MnyOx with different stoichiometry 
and tailored semiconducting properties by combining electrodeposition 
and thermal annealing processes. Electrodeposition is one of the most 
suitable techniques for industrial preparation of MnyOx since it requires 
low initial investments and provides high production rates offering 
control over the structure, composition and properties by simply 
adjusting parameters like applied potential, bath chemistry and tem-
perature. The thermal annealing allowed the transformation in a specific 
crystal structure which significantly affected the light absorption. As 
example, an enhancement in the charge separation properties, reflected 
by nearly 40 % reduction in the photoluminescence peak intensity was 
evidenced for thermally treated MnyOx in comparison with the as- 
electrodeposited samples. In addition, Tauc-plot analysis obtained 
from an UV–vis absorption spectra of MnyOx revealed an energy gap (1.8 
– 2.6 eV) suitable for visible light absorption. Based on these results, we 
report in this work the photocatalytic performances of as-deposited and 
annealed MnyOx for the removal and degradation of TC antibiotic from 
water using LED visible light illumination. We monitored the minerali-
zation of TC during 180 min by Total Organic Carbon (TOC) measure-
ments in different pH conditions. Hydroxyl radicals (•OH) and 
superoxide radicals (•O2

–) were determined as the reactive species 
affecting the TC photodegradation by quenching experiments and EPR 
measurements. The photocorrosion of the different manganese oxides is 
examined and future possible improvements of the photocatalysts 
durability are also discussed. Finally the TC degradation mechanism has 
been proposed based on the detection of intermediate products by 
HPLC-MS. These results provide a useful insight for the development of 
environmentally friendly manganese oxide-based photocatalytic 
systems. 

2. Material and methods 

2.1. Synthesis of MnyOx films 

The preparation of manganese oxide films with different stoichi-
ometry was made according to our previous work [28]. Briefly, MnyOx 
were synthetized by potentiostatic electrochemical deposition using a 
standard three-electrode electrochemical cell at room temperature. A 
deaerated electrolyte composed of 50 mM manganese acetate, MnAc2 
(Sigma Aldrich, > 98 %), and 100 mM sodium sulphate, Na2SO4 (Fluka, 
> 99.0 %) was used. A working electrode of Fluorine-doped Tin Oxide 
(FTO) covered glass (Sigma Aldrich, ~ 7 Ω/sq) was cleaned with soapy 
water and ultrasonicated for 10 min in deionized water, acetone and 
isopropanol prior the electrodeposition. A Pt wire and an Ag/AgCl 3 M 
KCl were used as counter and reference electrode, respectively. The 
electrodeposition was performed potentiostatically with an Autolab 
PGSTAT30 by applying a potential of 0.6 V or 1.0 V with a charge 
density of 2.0C/cm2. After electrodeposition, the deposited layer was 
cleaned in 50 ◦C distilled water and dried in air flow at room tempera-
ture. Finally, a thermal treatment at 450 ◦C (5 ◦C/min) for 1 h in air 
atmosphere was performed using a rapid thermal annealing equipment 
(Advanced Riko Mila 5050). 

2.2. MnyOx photocatalysts characterization 

Raman spectroscopy was used to investigate the chemical state of the 

as-deposited manganese oxides with a WITec Alpha 300 R confocal 
Raman microscope equipped with a 633 nm laser. The influence of the 
photocatalytic experiment on the morphology and the crystalline 
structure of MnyOx was characterized by field-emission scanning elec-
tron microscopy (FE-SEM, Hitachi S-4800) and X-ray diffraction (XRD, 
Bruker D8 Discovery diffractometer) in the Bragg–Brentano configura-
tion, Cu Kα radiation, respectively. The Brunauer–Emmett–Teller (BET) 
specific surface area was determined by the analysis of the nitrogen (77 
K) adsorption–desorption isotherms measured using a Micrometrics 
Tristar-II system. For the determination of the BET specific surface area, 
the MnyOx films were removed from the FTO-substrate and measured in 
form of powders. 

2.3. Photocatalytic activity of MnyOx films and TC degradation 
mechanism analysis 

The photocatalytic activity of MnyOx films was evaluated by degra-
dation of a 50 ppm tetracycline, TC (Alfa Aesar, > 96 %) containing 
solution during 180 min of LED visible light irradiation (Power = 24.8 
W, the wavelength domain is reported in Fig. S1 in the Supporting In-
formation). Temperature, photocatalyst dosage, volume of polluted so-
lutions, were fixed and maintained at 25 ◦C, 0.4 g/L, and 50 mL, 
respectively. The photocatalysts dose was determined by weighting the 
FTO-substrate before and after the electrodeposition of MnyOx process 
and the eventual annealing treatment. The pH of the solution was 
adjusted to 4 or 6. Photolytic experiments were first performed in 
absence of photocatalyst for 180 min in the same irradiation conditions. 
The photolysis of TC was monitored by UV–vis spectroscopy (Perki-
nElmer Lambda 900 UV spectrophotometer). Before the photocatalytic 
experiments, polluted solutions were magnetically stirred in dark con-
ditions for 1 h to reach the adsorption–desorption equilibrium. Addi-
tionally, 2.5 mL aliquots were collected for analysis at set time intervals 
during LED-light irradiation. Photocatalytic mineralization (i.e. degra-
dation of TC into intermediate compounds and subsequently into CO2 
and H2O) was also examined by comparing the total organic content 
prior to the start of irradiation and after stirring the pollutant solution 
for up to 180 min using a TOC analyzer (Shimadzu, model TOC-VCSH). 
To investigate the role of the reactive species involved in the photo-
catalytic process (i.e., hydroxyl radicals, oxygen superoxide and pho-
togenerated holes), the quenching of chemical selective radicals was 
performed. As an indicator, a pollutant solution of 50-ppm TC was used 
that contained (a) tert-Butanol (t-BuOH, Sigma-Aldrich, > 99.5 %), a 
quencher of hydroxyl radicals, (b) p-benzoquinone (PBQ, Sigma- 
Aldrich, > 98 %), a quencher of superoxide radicals, or (c) ammonium 
oxalate monohydrate (AO, Sigma-Aldrich, > 99 %), a quencher for 
photogenerated holes, which were independently added up to a con-
centration of 1 mM. The electronic spin resonance (ESR) spectra of 
DMPO (5,5-dimethyl-1-pyrroline N-oxide), a spin trapping reagent uti-
lized to capture the superoxide (O2

•− ) and hydroxyl radicals (•OH), and 
TEMP (2,2,6,6-tetramethyl-4-piperidinol), utilized to trap singlet oxy-
gen (1O2) were recorded using a Bruker 300E ESR spectrometer. High- 
Performance Liquid Chromatography Mass-Spectroscopy (HPLC-MS) 
was used to determine the photocatalytic degradation intermediates of 
TC (Waters Xevo G2-XS QToF system). The mobile phase was a 0.1% (v/ 
v) formic acid aqueous solution. Elution was conducted at a flow rate of 
0.2 mL min− 1 and the injected volume was 2 μL. The linear gradient 
elution was changed from 90% formic acid aqueous solution and 10% of 
acetonitrile to a final 10% formic acid aqueous solution and 90% of 
acetonitrile within 4 min. An electrospray ionization source (capillary 
voltage, 4.0 kV; gas (N2) flow rate; gas temperature, 300 ℃) in a positive 
ion mode was used for MS. To investigate the MnyOx photocorrosion, the 
total concentration of manganese ions in solution was determined using 
inductively coupled plasma-mass spectrometry (ICP-MS) measurements 
(PerkinElmer NexION 350D). 
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3. Results and discussion 

3.1. Electrodeposited MnyOx film characterization 

Our previous study [28] established how to exert a precise control 
over the MnyOx phase and morphology by adjusting the deposition pa-
rameters, especially by means of the applied potential. The as- 
electrodeposited manganese oxides were X-rays amorphous, while two 
different crystalline phases, Mn3O4 and Mn2O3, were obtained after the 
thermal treatment depending on the applied potential. In particular, the 
same heat treatment leads to the crystallization of a Mn3O4 phase when 
0.6 V electrodeposition process was performed at 0.6 V or Mn2O3 when 
the applied potential was 1.0 V. This has been confirmed also by X-ray 
diffraction (XRD) and cross-sectional transmission electron microscopy 
(TEM) investigation through high-resolution TEM images, energy 
dispersive X-ray (EDX) color maps and selected-area electron diffraction 
(SAED) characterizations. However, given the initial amorphous nature 
and the high similarity between X-ray photoemission spectra (XPS) of 
Mn(II) and Mn(III) oxides, the determination of the stoichiometry of as- 
electrodeposited manganese oxides is still problematic. In this work, 
Raman spectroscopy was implemented to investigate the local chemical 
structure of the as-deposited amorphous manganese oxides. In Fig. 1, the 
Raman spectra of the 0.6 V and 1.0 V as-deposited manganese oxides 
together with the reference spectra of MnOOH powder and FTO-glass 
substrate are reported. The first-order vibrational energies of the refer-
ence MnOOH powder are labelled in the Raman spectrum a). Both the 
as-deposited manganese oxides show very similar Raman vibrational 
bands, with the only main difference being the band signal at ≈ 640 
cm− 1, attributed to the presence of Mn3O4 phase. The shift in the 
wavenumber of the two main bands (500 – 560 cm− 1) with respect to the 
MnOOH powder is instead attributed to the effect of the Jan-Teller 
distortion, which is dominant in Mn(III) oxides [29,30]. 

To implement the Raman characterization with the previously 

reported XRD, XPS and cross-sectional TEM investigations [28], the 
chemical structures of the different manganese oxides are summarized 
as a function of the synthesis route in Table 1. 

The surface morphology is one of the key factors affecting the cata-
lytic performances. In Fig. 2, the SEM images of the different manganese 
oxides show the typical nanoflakes-like morphology in all the MnyOx 
structures. At higher potential (Fig. 2 c) the nanoflakes are finer, ac-
cording to the faster nucleation rate with respect to the nuclei growth, 
while at 0.6 V (Fig. 2 a) a coarser petal-shaped flakes morphology is 
developed. The effect of the annealing treatment on the surface 
morphology is almost negligible, although a subtle densification in the 
morphology is appreciated, as illustrated in Fig. 2 b) and d). 

BET analysis was conducted to determine the morphological prop-
erties (effective surface area, porosity) of the different MnyOx, N2 
adsorption–desorption isotherms. Table 2 shows the values of the BET 
specific surface area (SBET), the pore volume (Vpore), and the average 
pore diameter (Dpore). The specific surface area of Mn2O3 films (78 
m2g− 1) is higher than that obtained for Mn3O4 (51 m2g− 1). Note that 
larger specific surface areas are beneficial for providing abundant re-
action sites and thus facilitating the adsorption of a higher amount of 
pollutant molecules on the catalyst surface. Without forgetting that 
many other factors could have a more pronounced influence on the 
photocatalytic degradation of TC, as mentioned later in this paper. 

Fig. 1. Raman spectra of: a) MnOOH powder; b) 0.6 V as-deposited manganese 
oxide; c) 1.0 V as-deposited manganese oxide; d) FTO-glass substrate. 

Table 1 
Summary of the manganese oxides chemical structures depending on the syn-
thesis conditions (applied potential and annealing treatment). The chemical 
structure of the annealed manganese oxides was determined by XRD, XPS and 
cross-sectional TEM investigation in ref. [28].  

Applied potential As-deposited Annealed 

0.6 V MnOOH Mn3O4 

1.0 V MnOOH Mn2O3  

Fig. 2. SEM images of MnyOx films: a) 0.6 V as-deposited; b) 0.6 V annealed; c) 
1.0 V as-deposited; d) 1.0 V annealed. Scale bar: 1 μm. 

Table 2 
Morphological characteristics of annealed films.  

Applied 
potential 

Material SBET 

(m2g¡1) 
Vpore 

(cm3g¡1) 
Dpore 

(nm) 

0.6 V MnOOH (as 
deposited) 

51  0.32 32 

Mn3O4 (annealed) 60  0.31 29 
1.0 V MnOOH (as 

deposited) 
67  0.11 4 

Mn2O3 (annealed) 78  0.09 4  
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3.2. MnyOx photocatalytic activity and photocorrosion analysis 

The UV–vis absorption peak of a TC solution (50 ppm) in absence of 
MnyOx photocatalyst was monitored for 180 min during LED visible light 
irradiation, revealing a negligible photolysis of the refractive pollutant 
(Fig. S2, Supporting Information). 

Prior starting the photocatalytic experiment, the pH 4 and pH 6 so-
lutions with TC and MnyOx photocatalyst films were magnetically stirred 
for 60 min in dark conditions to establish the adsorption–desorption 
equilibrium of TC on the surface of MnyOx films. Table 3 summarizes the 
percentage values of TC adsorption at the adsorption–desorption equi-
librium for the different samples and pH conditions. 

Although deposited layers prepared at 1.0 V had larger specific 
surface areas than those prepared at 0.6 V, the surface with the highest 
adsorption capacity of TC was prepared at 0.6 V after annealing treat-
ment. Heat treatment, and the consequent formation of crystalline 
Mn3O4 (0.6 V) and Mn2O3 (1.0 V) phases, leads to an increase of 
approximately 18% and 16% of the specific surface area, while the 
adsorption of TC is multiplied by approximately 2.7 times, at pH = 4.0, 
for deposits prepared at 0.6 V and approximately 3.1 times, at pH = 6.0, 
for films prepared at 1.0 V. Importantly, samples prepared at 0.6 V, both 
before and after annealing treatment, showed a higher capacity of 
adsorption at pH = 4, while in the case of deposits prepared at 1.0 V, the 
affinity between the surface of the photocatalyst and the TC is greater at 
pH = 6. It is known that the pH of the reacting media has a significant 
impact on the pollutants degradation mechanisms, as it affects the sur-
face charge properties of both pollutant and photocatalyst [23,24,31]. In 
this work, the pHs of the reaction solution have been chosen based on 
the point of zero charge (pzc) of the MnyOx photocatalyst and the pKa 
values of the TC pollutant. The protonation-deprotonation equilibrium 
of different Tetracycline functional groups depends on the pH: TC is fully 
protonated at pH ≈ 2, while it exists in a zwitterionic or anionic form in 
the pH range 3.3 – 7.0 or at pH > 7.7, respectively. Considering that 
manganese oxides have a pzc around pH 3.3, the choice of 4 and 6 pH 
media ensures an effective adsorption of the zwitterion pollutant on the 
negatively charged surface of the photocatalyst. On the other hand, the 
choice of a pH lower than 3.3 (where both MnyOx and TC are positively 
charged on the surface) or a pH higher than 7.0 (where both MnyOx and 
TC are negatively charged on the surface) would have prevented the 
adsorption of the pollutant on the photocatalyst. After reaching the 
adsorption–desorption equilibrium, the photocatalytic activities of 
MnyOx oxides were evaluated by degrading a 50 ppm tetracycline so-
lution with 0.4 g/L photocatalyst dose at room temperature and pH 4 or 
6 under LED visible light irradiation. LED lights are up to 80% more 
efficient than traditional lighting such as Xenon and UV lamps and draw 
a much lower energy consumption [10]. 2.5 mL aliquots of polluted 
solutions were collected at set time intervals during the photocatalytic 
experiment for monitoring the TC mineralization by total organic car-
bon (TOC) measurements and the photocorrosion of the catalyst. In 
Fig. 3a)–b) is reported the variation with time of the TOC content 
normalized by the initial total organic carbon amount (TOC0) for pH 4 
and pH 6 solutions for the manganese oxides prepared at 0.6 V and 1.0 

V, respectively. Additionally, the percentage of TC mineralization has 
been determined for each different experimental conditions, as shown in 
Fig. 3c)–d). It is important to note that some intermediate products of 
the pollutant degradation process might be equal or even more harmful 
than the initial organic pollutant. For this reason, the total percentage of 
pollutant mineralization is considered as the most relevant parameter 
describing the effective photocatalytic activity of a material. Both the 
TOC/TOC0 and the TC mineralization analysis highlight the superior 
performances of the 1.0 V annealed Mn2O3 at pH 6. In detail, 92.4 % of 
TC mineralization was achieved after 180 min of LED visible light 
irradiation by Mn2O3, making it one of the best performing photo-
catalyst compared to other TC degradation studies (see Table S1 in the 
Supporting Information). The evaluation of TC mineralization percent-
ages for the various MnyOx photocatalysts operating in different pH 
conditions leads to the following considerations:  

I. For both applied voltages (0.6 V or 1.0 V), the annealed MnyOx 
exhibited the highest photocatalytic activity towards the minerali-
zation of TC in a pH 6 TC solution. 

II. Under the same experimental conditions, manganese oxides elec-
trodeposited by applying 1.0 V have better photocatalytic perfor-
mances than those electrodeposited at 0.6 V. 

The photocorrosion of the different manganese oxides have been 
monitored during the photocatalytic mineralization of TC by ICP-MS 
determination of manganese concentration in solution at pH 4 and 6 
and reported in Fig. 3e)–f). Values of low photocorrosion are obtained in 
the same conditions that yielded a high photocatalytic activity of the 
manganese oxides: 1.0 V deposition potential, implementation of 
annealing treatments and pH 6 solution. To further investigate the fac-
tors affecting the photocatalytic activity, the percentage of mass loss at 
the end of the photocatalytic experiment was determined for all the 
different MnyOx photocatalysts and is reported in Fig. 4 together with 
the percentage of TC mineralization. 

It is evident that the amount of dissolved photocatalysts is not the 
only responsible for the different photocatalytic performances of the 
MnyOx films. Indeed, the same 2.1 % of mass loss was measured for the 
0.6 V annealed manganese oxide (at pH 6) and the 1.0 V annealed 
manganese oxides (at pH 4), while the TC mineralization was 67.6 % 
and 37.2 %, respectively. This suggests that other factors, such as the 
oxide surface microstructure degradation, might play a major role to-
wards the photocatalytic activity. To further corroborate this concept, 
the influence of the photocatalytic experiments on the surface 
morphology and the crystalline structures of MnyOx has been investi-
gated by FE-SEM and XRD. No relevant surface morphological changes 
were observed at the micrometer scale after the photocatalytic process 
by FE-SEM. To assess the structural modification induced by the pho-
tocatalytic process, X-ray diffractograms of the different manganese 
oxides before and after 180 min exposure to solution and LED-light 
irradiation are reported in Fig. 5. The following observation can be 
made: b) and f) diffractograms reveal the appearance of a broad peak at 
31.6◦, assigned to the MnOOH phase, after the photocatalytic experi-
ment performed on the 0.6 V and 1.0 V as-deposited samples, respec-
tively. The detection of MnOOH is consistent with the previous recorded 
Raman spectra of the amorphous manganese oxides (Fig. 1) suggesting a 
partial crystallization of the amorphous MnOOH matrix without a 
change in the oxide stoichiometry. This might be due to the dissolution 
of the amorphous MnOOH matrix and subsequent re-deposition of 
corrosion products of the same phase in a low crystalline state. A similar 
process has been already observed and reported a long time ago for other 
metal-oxide like Al2O3 [32]. Both d) and h) diffractograms denote a 
decrease in the peak intensity for the annealed crystalline structure 
samples deposited at 0.6 V Mn3O4 and 1.0 V Mn2O3, respectively. This 
manifests surface chemistry modifications with subsequent amorphiza-
tion of the respective initially crystalline structure. Additionally, traces 
of MnOOH are detected in the X-ray diffraction patterns h) for the 

Table 3 
Percentage of TC adsorption in dark conditions after 60 min of magnetic stirring.  

Applied voltage (V) Synthetic conditions pH TC adsorption (%) 

0.6 As-dep. 4 3.4 ± 0.1 
6 1.2 ± 0.1 

Annealed 4 9.1 ± 0.2 
6 6.1 ± 0.2  

1.0 As-dep. 4 1.7 ± 0.2 
6 1.8 ± 0.2 

Annealed 4 3.1 ± 0.2 
6 5.5 ± 0.2  
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Fig. 3. Degradation of TC and MnyOx photocatalysts’ photocorrosion measured during the 180 min photocatalytic experiment (50 ppm TC solution with 0.4 g/L 
photocatalyst) under LED visible-light irradiation. All the measurements have been performed for the 0.6 V and 1.0 V as-deposited and annealed manganese oxides in 
condition of pH 4 and 6. a) - b) Total organic carbon content normalized by the initial total organic carbon amount. c) - d) Percentage of TC mineralization. e) - f) ICP- 
MS measurements of the total manganese cations concentration in solution. 
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deposited layer at 1.0 V subsequently annealed, revealing an oxide to 
hydroxide transformation of the compound by re-deposition of previ-
ously dissolved manganese species. Regarding the bump at 20–25◦ in the 
b), f) and h) diffractograms, we speculate its presence related to the 
presence of residuals organic compounds from the photocatalytic 

experiment. No structural modifications were observed in the FTO-glass 
substrate (diffractograms i-j). 

The poor catalytic performances of amorphous as-deposited man-
ganese oxides are therefore explained on the basis of a more critical 
microstructural degradation of the surface as well as a lower efficiency 
of light absorption. The same concepts also justify the superior perfor-
mances of 1.0 V compared to 0.6 V MnyOx, in accordance with our 
previous characterization of the oxide microstructural and semi-
conducting properties [28]. Our previous work [28] showed that the 1.0 
V annealed Mn2O3 (the best performing sample in terms of photo-
catalytic activity and photocorrosion resistance) possesses the lowest 
band gap (1.8 eV) compared to the 1.0 V as-deposited (2.3 eV) and the 
0.6 V as-deposited or annealed (2.5–2.6 eV) manganese oxides. 
Considering that the visible domain extends in the energy interval 
1.8–3.2 eV (which corresponds to the wavelength range 700–380 nm), 
the red-shift in the band gap is extremely beneficial for the absorption of 
light in the whole visible range by the photocatalyst. Photoluminescence 
(PL) measurements provided useful additional information about the 
electron-hole recombination in the semiconducting MnyOx photo-
catalyst. A low photoluminescence peak intensity indicates a low direct 
recombination in the semiconductor and thus better catalytic efficiency. 
Annealed MnyOx revealed a reduction of up to 40% in the PL intensity 
with respect to the as-deposited MnyOx counterpart. The 1.0 V annealed 
Mn2O3 showing the lowest PL intensity among all the other manganese 
oxides. Therefore, the highest photocatalytic activity of 1.0 V annealed 
Mn2O3 is explained on the basis of the synergy between: 1) larger visible 
light harvesting capability; 2) higher separation efficiency of photo-
generated electron-hole pairs; 3) lower photocorrosion and degradation 
of the oxide surface microstructure (amorphization) during the photo-
catalytic process. Finally, the pH of the reaction media must also be 

Fig. 4. Comparison of the photocatalytic performances of MnyOx with respect 
to the percentage of photocatalyst mass loss after the 180 min photocatalytic 
experiment (50 ppm TC solution with 0.4 g/L photocatalyst) under LED visible- 
light irradiation. 

Fig. 5. X-ray diffractograms before and after 180 min of photocatalytic experiment (50 ppm TC solution with 0.4 g/L photocatalyst, pH 6 under LED visible light 
irradiation. a) - b) 0.6 V as-deposited, c) - d) 0.6 V annealed, e) - f) 1.0 V as-deposited and g) - h) 1.0 V annealed manganese oxides. i) FTO-glass substrate. Reference 
X-ray diffractograms are illustrated for MnOOH (star), Mn3O4 (square) and Mn2O3 (circle). 
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taken into consideration. Based on the Pourbaix diagram for the MnO2- 
H2O system [33], it is expected a greater stability of MnyOx at pH 6 than 
at pH 4, thus also explaining the better photocatalytic performances 
(this being relevant as most of real waters show near neutral pH values). 
Similar pH-dependent results have been obtained in ref. [23]. The 
dissolution of solid manganese oxide into manganese cations (mostly 
Mn2+, according to the Pourbaix diagram) happens also as a result of the 

interaction with the TC pollutant, emphasizing the role of MnyOx as 
oxidizing agent [34]. Interestingly, the presence of Mn2+ in solution 
might even be beneficial: for example, Chen et al. demonstrated that 
dissolved Mn2+ cations promote TC degradation in presence of O2 in 
alkaline conditions. Besides, using electrodeposited MnyOx films, Mn2+

cations could be re-oxidized and deposited in form solid MnyOx by 
repeating the electrodeposition process described in Section 2.1. These 
considerations reveal possible pathways for the further development of 
MnyOx photocatalysts with extended durability achieved by recon-
ditioning the electrode using the anodic electrodeposition process. 

3.3. Determination of the reactive radical species 

The identification of the most relevant active species involved during 
the TC mineralization was conducted by selective quenching of chemical 
radicals. In each of these experiments, a different quencher (either tert- 
Butanol - t-BuOH, p-benzoquinone - PBQ, or ammonium oxalate mon-
ohydrate - AO) was added to the polluted solution in presence of the 1.0 
V annealed Mn2O3 photocatalyst. The percentage of TC mineralization 
obtained after 180 min under LED visible light irradiation in presence of 
each quencher is reported in Fig. 6. 

The addition of t-BuOH (scavenger of hydroxyl radicals, •OH) in the 
reaction system significantly inhibited the TC degradation, while PBQ 
and AO (scavengers of superoxide radicals, •O2, and holes, h+, respec-
tively) had less influence on the photocatalytic performances of the 1.0 
V annealed Mn2O3 photocatalyst. 

These results suggest that under these photocatalytic conditions, the 
hydroxyl radicals are the dominant active species responsible for the TC 
degradation. However, from Fig. 6, it can also be recognized that the 
presence/absence of superoxide radicals and holes has a non-negligible 

Fig. 6. Quenching of active species during the photocatalytic degradation of TC 
solutions (50 ppm, pH 6) by 1.0 V annealed Mn2O3 photocatalyst (0.4 g/L) after 
180 min under LED visible light irradiation. 

Fig. 7. ESR spectra of a-d) DMPO-•O2; e-h) DMPO-•OH; i-l) TEMP-1O2 with 0.6 V and 1.0 V as-deposited and annealed photocatalysts during LED visible light 
irradiation. 
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effect on the photolysis process. ESR spin-trap experiments were carried 
out in DMPO and TEMP to further investigate the role of •O2, 

•OH and 
singlet oxygen (1O2), respectively. The ESR spectra for as-deposited at 
0.6 V or 1.0 V and annealed manganese oxides are reported in Fig. 7. The 
following characteristic signals have been identified: a) and d) •O2, 4 
peaks with 1:1:1:1 intensity ratio; e) and h) •OH, 4 peaks with 1:2:2:1 
intensity ratio; i) and n) 1O2, 3 peaks with 1:1:1 intensity ratio. There-
fore, all of these species were produced during the photocatalytic 
experiment and played a major role in the photodegradation process. 
The presence of singlet oxygen supports evidence of a non-radical 
pathway for the TC degradation. 

Based on the quenching experiments and ESR results, a possible 
mechanism for the generation of the reactive radical species under 
visible light irradiation of MnyOx is proposed (Fig. 8). The band gap of 
MnyOx (1.8–2.5 eV [28]) allows the absorption of visible light, which 
lead to the promotion of electrons in the conduction band (CB) and the 
simultaneous formation of holes in the valence band (VB). Photo-
generated electrons might react with dissolved/adsorbed O2 to form •O2. 
The main role of superoxide radicals is expected to be the formation of 
•OH upon reaction with water protons due to the low oxidation power of 
•O2 compared with •OH. On the other hand, •OH are also generated via 
water hydrolysis by photogenerated h+. As a consequence, the 

Fig. 8. Proposed mechanism for the generation of hydroxyl radicals by visible 
light irradiation of MnyOx. 

Fig. 9. Proposed photocatalytic degradation pathway of TC.  
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photocatalytic activity of the different MnyOx is directly dependent on 
the ability of •OH generation, which is then reflected in the light ab-
sorption and the electron-holes pairs recombination processes. Based on 
photoluminescence measurements [28] and the above mentioned re-
sults, the superior photocatalytic performance of annealed MnyOx is also 
attributed to the formation of crystalline structures that ensure better 
light harvesting properties (band gap reduction) and a prolonged life-
time of photogenerated e-- h+ pairs. 

3.4. TC degradation mechanism 

To gain a deeper understanding of the photomineralization process 
of TC on MnyOx photocatalyst surfaces using visible LED light, the 
presence of intermediate products during degradation of TC was 
detected and identified by HPLC–MS analysis. The initial strong signal of 
mass/charge (m/z) at m/z = 444 corresponds to TC. The detected in-
termediates are generated mainly through demethylation, dehydrox-
ylation, deamidation, and ring-opening reactions. Based on the 
identified degradation molecules, two justifiable TC degradation path-
ways were proposed and depicted in Fig. 9. For pathway I, hydroxylated 
product P1 (m/z = 460) is formed via an electrophilic addition of –OH; 
this is followed by the successive demethylation of the amine group, 
resulting in product P4 (m/z = 432), which is subsequently decomposed 
into product P6 (m/z = 375) by breaking the cyclic hydrocarbon 
structure. This is in agreement with previously reported studies 
[23,35,36]. In pathway 2, the intermediate P2 (m/z = 426) is formed by 
TC dehydration, which is further oxidized via deamidation, demethy-
lation, and dehydroxylation, resulting in the formation of the in-
termediates P3 (m/z = 383), P5 (m/z = 395), and P6 (m/z = 375). 
Further oxidation reactions by hydroxyl radicals, including C-C bond 
breakage, lead to the mineralization of these TC intermediates to shorter 
carboxylic acids chains and finally to complete mineralization. 

4. Conclusion 

In this work, we applied electrodeposited MnyOx films as visible- 
light-driven photocatalyst for the removal and mineralization of TC 
antibiotics. The morphological properties were characterized by SEM 
denoting a nanoflake-like surface morphology and BET analysis evi-
denced a large specific surface area (51–78 m2g− 1), both beneficial for 
catalytic applications. The highest percentage of TC degradation (92.4 
%) was obtained with the 1.0 V annealed Mn2O3 at pH 6 after 180 min of 
LED visible light irradiation. We determined multiple factors affecting 
the photocatalytic activities of MnyOx films, here summarized as follows:  

1) Microstructural stability. XRD analysis revealed that during the 
photocatalytic process the MnyOx surface suffered from amorphiza-
tion of the crystalline structure as well as dissolution / re-deposition 
of MnOOH phase. In this context, the development of a crystalline 
structure after the annealing and the near neutral pH conditions (pH 
6) are beneficial to reduce the surface degradation and the photo-
corrosion of MnyOx films. 

2) Ability of •OH radicals generation. Quenching experiments demon-
strated that •OH radicals are the main active species responsible for 
the degradation of TC. The mechanism for the generation of the 
reactive radicals has been proposed based on the EPR analysis and 
our previous investigation on the semiconducting properties of 
electrodeposited MnyOx films [28]. The generation of •OH radicals is 
dependent on the visible light harvesting ability and the separation 
efficiency of photogenerated electron-hole pairs, both enhanced by 
the crystalline structure of 1.0 V annealed Mn2O3. 

Finally, we proposed a TC degradation pathway based on the 
detection of the intermediates products during the mineralization pro-
cess of TC by HPLC–MS analysis, proving at the same time the absence of 
stable harmful side-products. The presented findings shed a light on the 

correlation between the corrosion mechanism and the surface oxide 
reactivity of different MnyOx films, which serves as a basis to develop 
new strategies to improve the photocatalytic performances and the 
photocorrosion resistance of manganese oxides-based catalysts. 
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