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ARTICLE INFO ABSTRACT

Keywords: In the herein report, we synthesized ZnO thin films doped with manganese (Mn). We studied the
Environmental remediation ] impact of Mn doping loads (1 %, 3 %, 5 % wt.) on physicochemical properties of the compounds.
Heterogeneous photocatalysis Furthermore, we presented the photocatalytic efficiency in removal of methylene blue dye. The
ZnO s a3 . . . .
Metal-dopin structural assay indicated ZnO conserve the wurtzite crystalline structure after dopant insertion.
Thin ﬁlmr; & Furthermore, the crystalline size of catalysts was reduced after dopant incorporation. The SEM

analysis showed a change in surface morphology after modification of ZnO thin films. Further-
more, Raman spectroscopy verified the Mn insertion inside the ZnO lattice. After the doping
process, band gap was reduced by 16 %, in comparison to bare ZnO. After the photocatalytic test,
the doped catalysts showed better performance than bare ZnO in removing MB. The best test
showed a kinetics constant value of 2.9 x 10~ min ! after 120 min of visible irradiation. Finally,
the Mn(5 %):ZnO thin film was suitable after five degradation cycles, and the degradation process
efficiency was reduced by 32%.

1. Introduction

In the last decades, water remediation using heterogeneous photocatalysis (HP) has grown due to its efficacy in removing emerging
pollutants (e.g., pharmaceuticals, pesticides, fertilizers, and dyes) [1-3]. The HP physical process relies on semiconductor activation
by electromagnetic radiation absorption, then the electrons and holes can be generated, after that the reactive oxidative species (ROS)
can be produced on catalyst surface, and these ROS can degrade emerging pollutants [4]. Nowadays, TiO5 is the main photocatalyst
studied for environmental applications [5,6].

The HP degradation tests are commonly performed in suspension (e.g., catalysts as nano-powders in suspension); however,
practical problems can arise (e.g., separation of the semiconductor after the degradation process is finished). This is a drawback when
HP are incorporated in a continuous flow system [7,8]. However, anchoring the semiconductor to a surface (e.g., thin films, coatings)
can solve these problems. The semiconductors can be deposited as thin films by various methods, namely: (i) physical (e.g.,
pulsed-laser deposition [9], sputtering [10], reactive evaporation [11], thermal evaporation [12] and, atomic layer deposition [13],
ultrasonic and microwave-assisted methods [14]); (ii) chemical (e.g., electrochemical [15], chemical vapor deposition [16], SILAR
technique [17], chemical bath deposition (CBD) [18], and sol-gel method [19]).

Hassan et al. reported that about 190 semiconductors have been studied to develop photocatalytic applications. Fig. 1 compares the
band gap value of various semiconductors against a normal hydrogen electrode (NHE) [20]. Among these semiconductors, ZnO is
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Fig. 1. Band gap semiconductors against NHE redox potential.

commonly used in HP due its physical and chemical properties (e.g., stability, low toxicity, mobility of charge carriers) [21]. However,
this semiconductor is effective in photocatalytic application only at the ultraviolet range of the electromagnetic spectrum [22]. Various
strategies have been applied to solve these issues, such as: (i) quantum dots [23]; (ii) heterojunctions with other semiconductors [24];
(iii) (iv) sensitization [25-27]; (v) composites with inorganic compounds [28]; surface plasmon resonance [29] and (vi) doping and
co-doping [30]. Among these strategies, the doping method is implemented to change band gap values (E) and catalytic properties of
semiconductors [31].

Different transition metals have been employed to dope ZnO [32-35]. Manganese, an abundant element on Earth (i.e., it is second
only to iron among the transition elements in abundance) and it is unexpensive compared to other transitions elements; besides, this
element is an essential element for many biological process [36,37]. Furthermore, the ion Mn(II) radius is smaller than that of Zn(II),
making the doping process easier. Mn-doped ZnO has been successfully prepared by different techniques (e.g., RF Magnetron sput-
tering [38], solution combustion technique [39], sol-gel [40], ultrasonic spray pyrolysis [41], spray pyrolysis [42] and co-precipitation
[43]). Among these synthesis procedures, the sol-gel method at low temperatures is very attractive because it is inexpensive, and its
implementation does not demand difficult experimental conditions as physical methods do [44]. The doping process as an alternative
for modifying the chemical and photophysical properties of semiconductors is a common method used in HP applications, the doping
process is determined by experimental condition (e.g., reagent concertation, pH, temperature, stirring) [45]. Das et al. verified an
enhancement of removal efficiency of ZnO as result of doping with manganese [46]. Qi et al. studied the performance of ZnO after
doping it with five metals using the solvothermal method. In their study, the Mn-doped ZnO samples reached the second-best pho-
todegradation value [35]. Other type of dyes are studied as pollutant models; Singh et al. degraded methyl orange using ZnO doped
with manganese as photocatalyst [47]. Insertion of Mn inside the oxide semiconductor lattice can change their physical and chemical
properties (e.g., structural, morphological, optical), and all these changes can modify the photocatalytic properties of semiconductor
towards lower energy (e.g., visible region of spectrum).

In this contribution, we reported the impact of Mn-doping process in physical and photocatalytic properties of ZnO.

2. Materials and methods
2.1. Synthesis and characterization of the catalysts

We utilized sol-gel technique to obtain both bare ZnO and doped materials. Details of the synthesis process in a previous report
[48]. To obtain Mn-doped ZnO powder, Mn2* ions were added during ZnO synthesis using MnSO4 (Merck) as manganese source. The
doping loads of ZnO were set at 1.0%, 3.0%, 5.0 % wt. Details of quantification Mn loads in the supporting information. We utilized
soda-lime glass substrate (2 cm x 2 cm) to immobilize powders using the Doctor Blade method. Procedural details can be reached in a
previous report [49]. The physical chemical properties were determined through Raman spectroscopy, Diffuse Reflectance, X-ray
diffraction and scanning electron microscopy for using DXR device equipped with a 780 nm laser, Thermo Scientific Evolution 220
spectrophotometer, X-ray diffractometer Shimadzu 6000 (Cu Ka radiation) and SEM instrument model QUANTA FEG 650 respectively.

2.2. Photocatalytic study

The thin films (0.100 g catalysts) were immersed into 50 mL of aqueous solution ([MB] =10 mgL_l, pH =7.0) in a batch reactor for
60 min at 100 rpm. After that, the reactor was irradiated using visible radiation for 120 min (we used a Light Emitted Diode tape as
electromagnetic source, cold white light at 17 W). The amount MB was quantified by spectrophotometry (calibration curve fitting R =
0.998). We applied the Langmuir-Hinshelwood kinetics fitting to study the photocatalytic process according to Ref. [50]:

[MB], = [MB] e " (€}

where [MB], is methylene blue concentration of at every time during the photocatalytic process, (t) corresponds to time of irradiation,
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Fig. 2. Raman spectrum of the catalysts fabricated.
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Fig. 3. (a) XRD patterns for the catalysts’ thin films, showing planes of each signal (JCPDS No. 36—1451); (b) Comparison of plane (101).

kqp is the kinetic constant (min~ ).
3. Results and discussions (1)

3.1. Spectroscopic assay

Three vibrational modes have been reported for ZnO, of which only two are Raman-active modes [51]. Fig. 2 shows Raman spectra
for the catalysts. Results show typical signals for the ZnO semiconductor, where normal modes at 97.4, 437.0, and 581.1 cm™*
correspond to Egy, Eop and Ay, respectively [52]. Fig. 2 shows two new optical modes at 274.4, and 512.6 cm ™2, some authors assigned
these signals to introduction of nitrogen inside the ZnO lattice [53,54]. Other reports suggest these signals can appear without presence
of nitrogen. Friedrich et al. suggested the presence of interstitial Zn (Zn;) when those vibrational modes appear in spectrum for using
Raman spectroscopy with ab initio calculations on ZnO layers [55,56]. Wang et al. reported that such signals can be induced by ZnO
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Table 1
Results of X-ray analysis for catalysts.
Catalyst Crystalline size (nm) e x1073 Ae (%) 5 x10'* (lines/m?)
ZnO 34.9 0.9987 - 8.2
Mn(1 %):ZnO 31.4 1.1107 11.2 10.15
Mn(3 %):ZnO 29.8 1.1701 17.16 11.26
Mn(5 %):ZnO 31.5 1.1074 10.89 10.09

Fig. 4. Scanning Electron Microscopy images: (a) ZnO; (b) Mn(1 %):ZnO; (c) Mn(3 %):ZnO and, (b) Mn(5 %):ZnO (x 26000).

defects (e.g., Zn;) [57]. No signals corresponding to the MnOy, phase are observed in the Raman spectrum [58]. However, new phonon
bands appear in Fig. 2 for doped ZnO samples (green dot line in Fig. 2) which are characteristic of spinel structure ZnMnyOy. It is
possible this phase ZnO-Mn could be generated on thin films surface [59,60].

3.2. Structural characterization

Fig. 3(a) shows the structural characterization. Results shows that ZnO was polycrystalline, and the peak located at 20 = 36.27
corresponds to the preferential plane growth (PPG) (101), in addition, the X-ray pattern shows typical signals for ZnO, and all these
reflections correspond to the wurtzite phase with hexagonal crystalline structure [61]. After the doping process, the X-ray of Mn-doped
ZnO showed the same signals as those of bare ZnO. Fig. 3(a) does not show other signals corresponding to MnOx phases. However,
most diffraction patterns decreasing the intensity signal of the PPG after the doping process, (Fig. 3(b)); this result suggests that the
ions of the metals could have managed to replace Zn(II) inside ZnO lattice. Similar results were reported before for Zn; ,Mn;O [62-64].
This behavior has been associated to a change in oxygen vacancies (VO) and a change in crystalline size [65]. The VO was reported for
Mn-doped ZnO coatings deposited by pulsed laser [9,66]. We determined the crystalline properties of materials according to equation
(eq. (2)) [671]:

D Ca
pcos@

2

This is the Scherrer’s equation, where D is the crystalline domain size,  is the full width at half maximum of X-ray peak (FWHM) for
the highest peak (101), A is the X-ray wavelength (A = 0.15406 nm), 0 is the Bragg angle, and C is the correction factor (0.9 in this
calculation) [68]. Furthermore, we determined the dislocation density (5, eq. (3)) and the microstrain value (g, eq. (4)) for catalysts,
according to this equation [69]:
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Fig. 5. (a) Reflectance spectra of the catalysts; (b) KM function of the catalysts.

Table 2
E, value and photocatalytic results of the catalysts.
Thin film Band gap (eV)? kep x107% (min™") half-life time(min) Degradation (%)
ZnO 3.11 0.2 3465 2.5
Mn(1 %):ZnO 3.04 1.8 385 20.9
Mn(3 %):ZnO 2,82 2.1 330 23.7
Mn(5 %):ZnO 2.62 29 239 32.6
1
6=— 3
D
* cos 0
£= b 7 4

Table 1 lists the crystalline parameters for all catalysts after applied equations (2)—(4). After ZnO was doped with Mn, the PPG was
reduced, and the peaks exhibited significant broadening. Such large XRD line broadening in Mn-doped ZnO indicates formation of
lattice defects in the thin films [58]. Despite that, signals corresponding to MnOx did not appear in Fig. 3(a). During the chemical
synthesis procedure, the chemical phase ZnM504 could be generated on thin films surface (as Raman’s results suggested). Due to
reduced load inside ZnO thin films (1.0-5.0 wt%) in the X-ray patterns only change the width of PPG (Fig. 3(b)), the ZnM204 has a
strong signal at 20 = 36.4°, this signal corresponds to plane (211) JCPDS file No. 77-0470 [70]. If ZnM50y4 is present in a very small
load the signal could be overlapped by the PPG ZnO wurtzite peaks (20 = 36.27°). Independently of the metal load the crystalline size
of thin films was reduced (Fig. 3(b) and Table 1). The differences in the radius between Mn(II) (67 p.m.) and Zn(II) (74 p.m.) can
explain this behavior [71]. Table 1 indicates that, regardless of the metal load, the strain of thin films increases between 10.8 and
17.16%, and the dislocation density of the thin films increases between 23 and 37%. The increase in strain is according with increasing
of 3, higher strain values suggests higher lattice defects in ZnO [69].

3.3. Morphological study

The SEM images for bare ZnO (Fig. 4(a)) and ZnO doped with three Mn load (4(b):1 %, 4(c):3 % and 4(d):5 % wt.). Results shows
bare ZnO is composed of microaggregates (~200 nm) composed of quasi-spherical ZnO nanoparticles (~50 nm); thin films shows of a
dense packing of particles. Results shows the surface morphological properties were affected by modification process [72]. The Mn(1
%):ZnO surface consists grains with spherical shape (around ~100 nm). The Mn(3 %):ZnO and Mn(5 %):ZnO thin films are composed
of nanorods. Fig. 4(a) - 4(d) shows significative differences in the surface morphology after doping. This behavior indicates the Mn
dopant affects the growth mechanism of ZnO thin films [73].
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Fig. 7. (a) [MB],/[MB], vs. time of visible irradiation on the thin films. (b) Langmuir-Hinshelwood fitting.

3.4. Optical characterization

The optical characterization results for the catalysts are shown in Fig. 5(a). ZnO shows a high reflectance at the visible range
spectrum. This result agrees with the largest band gap (E,) of ZnO [74]. Results show that the reflectance films was reduced with the
increasing metal amount (Fig. 5(a)). The metal dopant incorporated in the crystal semiconductor can reduce the energy required for
the optical transition [75]. Fig. 5(b) shows Kubelka—Munk (KM) model for the catalysts [76]. Furthermore, Table 2 lists the E; for all
materials. The estimated Eg for bare ZnO was 3.11 eV, which is a value in line with previous reports [77]. For doped ZnO, the E; was
smaller than for the bare ZnO (see Table 2), furthermore, the E; decreased as the dopant’s metal content increased. Mn?" has a smaller
ionic radius (67 p.m.) than Zn?* (74 p.m.), Mn2* can replace Zn®" inside ZnO. During the doping process, the free Mn?* in the lattice of
ZnO was able to create an excited state, and the reduction in the E; doped thin films could be associated to d-d transition from valence
band of ZnO to excited states of Mn>" [78-80]. Finally, the decreas in the Eg4 value could be the result of VO increasing inside the ZnO
lattice after the doping process [81].

Optical characterization is an important property of semiconductors, especially to develop applications in heterogeneous photo-
catalysis. Fig. 6 shows the relationships among crystalline size, microstrain, and band gap. These results suggest a ratio between
decreasing of E; and mean crystalline size with the increasing in microstrain. The increase in microstrain can be associated to the
Manganese load inside the catalyst after modification. This effect changes the crystal size (section 3.2.) and, the lattice parameters
across ZnO favored the generation of strain due to the differences between the atomic radius of both elements [82]. The increase in the
manganese amount inside the ZnO lattice actives and amplifies the defects in the semiconductor lattice [57].
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3.5. Photocatalytic study

Prior to starting the photodegradation process, reaching the adsorption-desorption on the ZnO surface is required. The adsorption-
desorption equilibrium process has been little investigated in photocatalytic studies. In our case, all the samples reached the
adsorption-desorption equilibrium at darkness after 60 min. This result is significant because it verifies the need to establish an initial
time prior to the photocatalysis process, ensuring that the adsorption-desorption equilibrium is reached. Fig. 7(a) shows the plot of
[MB]¢/[MB], vs. time of visible irradiation on catalysts, and the Langmuir-Hinshelwood fitting (eq. (1)) is shown in Fig. 7(b). Table 2
lists kinetics parameters after applying the fitting kinetic model. Mn-doped ZnO showed larger efficiency in MB degradation than bare
ZnO did (see Table 2). The reduction in the band gap value and the crystalline size can explain these results. The insertion of Mn?* ions
can reduce the rate growth of ZnO nanoparticles, generating a smaller particles size (larger surface area), favoring degradation of MB
[83]. Furthermore, the reduction in Eg allows that radiation with lower energy values can activate the semiconductor. Fig. 7(a) shows
that bare ZnO was not active during visible irradiation. However, the intra-band transitions generated after the doping process reduced
the Fermi level of ZnO allow to Mn-doped ZnO be photocatalytic active at the visible range. Mn(5 %):ZnO has the smallest Eg (2.62 eV)
and the highest kg value (2.9 x 1073 min’l), and the rate of this test was 10 times faster than that for bare ZnO. According to Table 2,
the half-life time for the Mn(5 %):ZnO thin films will be 239 min under visible radiation. This is one of the main characteristic
modifications of semiconductors because ZnO is not active under visible irradiation. In this case, the main source of energy is visible
light (unexpensive and abundant), a critical requirement in the implementation of green strategies of remediation. The kg, values
reported (Table 2) are suitable as compared to previous reports. Pérez-Gonzales et al., reported kg, = 9.9 x 10~% min~! in photo-
degradation of MB using Ag-loaded TiO>-ZnO thin films as photocatalyst [84]. Park et al. reported kg, = 18 x 1073 min~! in the
removal of 2,4-dinitrophenol on ZnO functionalized with carbon [85]. Tiirkyilmaz reported kg = 7.5 X 1073 min~?! in photo-
degradation of tartrazine using ZnO doped with Fe [86]. In a previous study, our group reported kg = 7.2 x 1073 min~! in photo-
degradation of MB using ZnO doped with Co [87]. Jayswal reported kqp = 21.2 X 1072 min~! in removal of Rhodamine-dye using
SnS/ZnO heterojunction [88]. Although the kg, values reported in this work are smaller than those reported by other authors, we stand
out because in most of those reports the use of the catalyst in suspension affected the implementation of HP in a continuous flow
system.

Fig. 8 shows the stability results of the Mn(5 %):ZnO thin films after 5 consecutive photocatalytic cycles. The thin films showed
suitable stability, and photocatalytic activity decreased by 32 % after 5 photocatalytic cycles using the same thin films. This behavior is
a consequence of both: (i) the physical and chemical stability of the ZnO and (ii) the deposition of the semiconductor as a thin film on a
stable substrate (soda-lime glass).

4. Conclusions

We obtained bare ZnO and Mn-doped ZnO (1 %, 3 %, 5 % wt.). We determined physical and chemical properties of the catalysts.
Characterization techniques verified the Mn doping process. Results showed a reduction in Eg when the catalysts were doped, and the
application of the Scherer equation on XRD patterns indicated a reduction in the crystalline size after the doping process. The
increasing in microstrain and decreasing in the band gap value was related with the Mn load inside the ZnO lattice after modification.
Mn-doped ZnO showed larger efficiency than ZnO MB removal. The Mn(5 %):ZnO thin films showed the greatest reduction in Eg (2.62
eV) and the highest kg, value (2.9 x 1073 min~Y). Finally, recyclability test suggests that Mn(5 %):ZnO was suitable after five
consecutive photocatalytic tests.
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