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Abstract

Photocatalytic materials can perform oxidative and reductive reactions over their surfaces
when excited with light. Intrinsic characteristics of the material such as superficial area,
morphological structure, and crystalline phase exposition play a fundamental role in the
corresponding reaction paths. However, especially in doped semiconductors, as ZnO:N, less is
known about how the synthesis parameters affect the morphologies and the photocatalytic
activity simultaneously. To solve this issue, ZnO and ZnO:N samples were obtained using
microwave-assisted hydrothermal and modified polymeric precursor methods of
synthesis. Samples morphologies were characterized by TEM and FE-SEM. Crystallographic
phases were observed by XRD and optical characteristics by DRS. XPS
results confirmed the doping process. Degradation of Rhodamine-B and Cr(VI) reduction were
employed as probe reactions to investigate their photocatalytic activity. Although the
crystallographic structure of these powders maintains the ZnO hexagonal wurtzite structure,
the optical properties and morphologies, and photocatalytic activities present different
behaviors. Also, density functional theory calculations were employed to determine the
specific features related to electronic structure, morphology, and photocatalytic
activity. Different synthesis methods produce a singular behavior in
the  physicochemical  properties of  materials, and the doping  effect
produces various modifications in RhB degradation and Cr(VI) reduction for each synthesis
method. Crystal face exposition and morphologies are related to the improvement in the

photocatalytic activity of the materials.
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1. Introduction



Zinc oxide (ZnO) is an important n-type semiconductor with a broad range of electric,
gas sensing and photocatalytic properties with a band gap of 3.2 eV [1-6]. Therefore, many
efforts have been made to synthesize ZnO-based semiconductors with different morphologies
for specific devices, such as nanorods, nanobelts, nanosheets, microrod/microtube arrays,
quantum dots and other complex hierarchical micro/nanostructures [7,8]. Synthetic routes to
ZnO nanoparticles include modified polymeric precursor (MPP) [9], sputtering [10,11],
hydrothermal [12], solvothermal[13,14], sol-gel [15,16], ultrasonic
irradiation [17], microwave-assisted hydrothermal (MAH) [6,18,19], and zinc-precursor
thermal decomposition with free-solvent [20,21] methods. The MPP method is one of the most
common chemical synthesis of inorganic semiconductor materials due to its simplicity and low
cost. Generally, for these synthesis methods, the heat treatment of the produced resin with
elevated temperature is an essential step, resulting in the formation of particle
aggregates. Hence, MPP method does not allow morphology control or size distribution,
producing almost quasi-spherical particles, while MAH method is an easy, fast and principally
inexpensive method in synthesized materials with enhanced properties. MAH methods
demonstrate several advantages as one-step synthesis method with controlled size and shape
since no high temperature, or high pressure is needed [22-25]. In particular, Niederberger et
al. have shown that microwave-assisted nonaqueous sol-gel method is an efficient procedure
for obtaining nanocrystalline metal oxides, including ZnO and transition metal doped ZnO
nanoparticles, within just a few minutes [25].

To diminish the band gap of ZnO and, consequently, dislocate its light absorption
spectrum into the visible region, non-metal doping of ZnO is considered as one of the most
effective strategies to improve the photocatalytic activity. That approach avoids photo-
generated holes and electrons recombination to obtain efficient photocatalyst materials,
decreasing the quantum yield and causing energy dispersion [14,26-28].[7] Among non-metal
elements, nitrogen (N) is the best choice, as it has nontoxicity and source abundance as well as
its similar atomic radius, lowerelectronegativity, and ionization energy than the oxygen atom.
N could be used to obtain a stable p-type N-doped ZnO (ZnO:N) semiconductor structure [29—
31], resulting in the improvement of photocatalytic activity [32—41]. Theoretical calculations
point out that N is the best superficial acceptor candidate for ZnO [42] while Amiri et
al. [43] have analyzed the possible source of ferromagnetism in ZnO:N compounds by
using ab-initio calculations. ZnO:N has been obtained by different routes, such as pulse laser
deposition [44], molecular beam epitaxy [45], ion beam deposition [46] and sputtering [47—
49]. Herring et al. [50] point out the synthesis of N-doped ZnO (ZnO:N) nanostructures through

two different microwave irradiation methods which could control ZnO:N morphology and



doping level. Mendonga et al. [51][5] demonstrated that surface hydroxylation provokes an
enhancement on the photocatalytic efficiency of TiO,, confirming that the morphology and
surface characteristics influence on the photoactivity. Very recently, our research group has
presented a straightforward and fast method for the synthesis of ZnO:Nnanoparticles. The
results allow the essential comprehension of the dye degradation mechanism associated with
the photocatalytic activity of the generated p-type semiconductor [52]. Sudrajat and
Babel [53] successfully synthesized ZnO:N and ZnO,:N materials and compared the
mechanism of their photocatalytic activities for the degradation of Rhodamine 6G. From these
works, it is possible to conclude that not only specific surface area, band gap values, mid-
gap energetic levels (energetic inner levels) created by the doping process influence
the photocatalytic activity of materials, but also morphology plays a major role in defining the
semiconductor properties. Another strategy to diminished the band gap values is the uses of
heterostructures or composites of different band gap semiconductors [54-57], resulting in
an efficient separation of charge carriers.

This study seeks to fulfill a two-fold objective. Firstly, find a relationship between the
morphology and photocatalytic activity (degradation of Rhodamine-B and Cr(VI) reduction)
of 3D flower-like ZnO and ZnO:N powders synthesized by both MPP and MAH
methods. Secondly,employ the first principle calculations, based on density functional theory,
to obtain a little interpretation of the morphology changes as a function of the relative stability
of the surfaces. The paper is presented as follow: first, introduces the synthesis methods and
characterization techniques for the ZnO and ZnO:N, as well as the calculation method and
models. In section 3, the results are shown and discussed. Finally, the key findings are

outlined in section 4.

2. Materials and Methods
2.1.  Synthesis of ZnO and ZnO:N

The samples were synthesized by two different methods: MPP and MAH. Using MPP
method, a ZnO resin was obtained similarly to previously work [52] by dissolving zinc
acetate (Zn(C,H30,), — Sigma-Aldrich) in monohydrated citric acid (CsHgO7.H,O Sigma-
Aldrich) solution, in a molar ratio 1:1. After that, the mixed solution was magnetically stirring
during 10 minutes. With the citric acid addition, the solution pH was controlled to avoid the
Zn(OH), precipitates and for the Zn*" stays homogeneous dispersed in the solution. The ZnO
resin obtained was calcined at 130 °C for 4 h, to solvent elimination; and, then, to 600 °C for
more 4 h. The gravimetric analysis quantified the concentration of 12.29 mol L™ for ZnO resin.

For the doping process, urea (CH4N>O — Sigma-Aldrich) (5% molar ratio) was dispersed in the



resulted solution of zinc acetate and citric acid, before the heat treatment. After urea addition,
the samples acquiesced to the heat treatment similar to previously described. In this way,
the undoped sample was named as ZnOp and doped N sample labeled as ZnO:Np.

For the MAH method, 60 mL of zinc acetate solution (17 mmol L) was strongly
stirred and, after 10 min, 10 mL of NaOH solution (2 mol L) (Synth) was added. The ZnO
resin was inserted into a Polytetrafluoroethylene (PTFE) hydrothermal reactor for 1 h and at
100 °C assisted microwave-aided device for hydrothermal synthesis (800W) [58]. The N-doped
sample was obtained adding urea (5% molar ratio) before the NaOH solution addition and
under the same MAH reactions condition used for the undoped sample. The undoped

sample was named as ZnOm and doped N sample as ZnO:Nm.

2.2. Characterization techniques.

Diverse techniques characterized the samples obtained. The morphology and size of the
powders were described by field emission scanning electron microscopy (FE-SEM)

(JEOL Microscope Model JSM 6701F) and transmission electron microscopy (TEM)
(FEI microscope, model Tecnai F20).

To evaluate crystalline phase structure, X-ray dispersion (XRD) (Miniflex 300
Rigaku) was employed with a Cu anode (ACu-K, = 0.154 nm) in the range of 26 = 20-70 °
at 2 °min ' step. N, physisorption (Micromeritics Gemini VII) was used to obtain the surface
areas (SA) of synthesized samples, using the Brunauer-Emmett-Teller (BET) method.

The optical properties evaluation was done using UV/vis diffuse reflectance
spectrophotometer (UV— vis—NIR Cary 5G spectrophotometer) (DRS) and fluorimeter
spectrometer (Perkin Elmer, model LS50B) (PL). X-ray photoelectron spectroscopy (XPS)
(Thermo K-Alpha XPS Thermo Scientific, Inc.) were used to evaluate nitrogen doping level
with radiation of Al K,  under vacuum condition and 400 pm spot size. The
Survey spectra resolution was 1 eV with 10 scans, and higher resolution spectra were 0.1 eV
with 50 scans.

A crystal assumes an equilibrium shape determined by the calculations from Wulff
construction where the total free energy at a fixed volume is minimized, and the surface energy,
Equrr of an (hkl) plane is related to the distance from the center of the crystallite in the normal
direction[59]. Similar equilibrium morphology models obtained based on the calculations
realized by Na and Park [60] allowed the estimation of the surface energies of the particles,
under the condition that crystal faces with lowest surface energies govern the crystal
morphology. These results can be used to explicitly predict the evolution of morphologies in

different environments, as recently developed by our research group [61,62].



In this work, simulation considering the energy modulation of the (110), (100), (101),
(001) (102), (112) and (111) faces of ZnO, starting from the Eq,¢previously calculated by Na
and Park [60], were conducted based on the Wulff equation. Therefore, the assumption of the
ratio modification between the Eg,s for each surface shows the paths of morphological changes.
Results allowed a combination of experimental and theoretical insights into electronic,
structural, and energetic properties, which enable the morphology and transformation
mechanisms control. The Visualization for Electronic and Structural Analysis (VESTA)

program has been utilized to obtain the morphologies [63].

2.3. Photocatalytic procedures

The photocatalytic activity of semiconductor materials was evaluated measuring the
discoloration of Rhodamine-B (RhB) (2.5 mg L) dye solution. 2 mg of samples were
dispersed in 20 mL of RhB solution, in a separate beaker for each sample, under magnetic
stirring. The solutions were then illuminated with six UVC lamps (TUV Philips, 15W, with
maximum intensity at 254 nm), during 2 h, under magnetic stirring at a constant temperature
of 25 °C, and aliquots of each solution were taken every 30 minutes. A UV-vis
spectrophotometer (Shimadzu-UV-1601 PC spectrophotometer) was used to monitor
modifications in the optical absorption of RhB from the resulted solutions throughout the
experiment. Similar procedure was repeated using a visible light source (six Philips lamps,
15W, and maximum intensity at 440 nm). Control, without the semiconductor materials, was
also performed (photolysis). The kinetic results presented in the manuscript are an average of
three experiments, and it showed the standard deviations for each measurement in defined time
reaction. It also showed the standard deviations for kinetic rates, as the R-squared.

The photocatalytic activity was also evaluated for Cr(VI) reduction. All experiments
were carried out using 15 mL of 1 mg L™ Cr(VI) solution, in a separated beaker, (K,Cr,O7 -
SpecSol) and 1.5 mg of each ZnO samples. The suspensions were stirred under UV
illumination (TUV Philips, 15W, with maximum intensity at 254 nm) for 2 h, being the aliquots
obtained every 30 minutes. The suspensions were separated by centrifugation at 3500 rpm for
15 min. Control, without the semiconductor materials, was also conducted. Cr(VI)
concentration was determined by spectrophotometry at 540 nm using the diphenyl carbazide
method [64]. Cr(IIl) concentration was calculated by the difference between Cr Total and
Cr(VI), being the Cr Total determined by graphite furnace atomic absorption
spectrophotometry (GFAAS) (Varian, AA280Z). The pH was monitored at the beginning and

the end of all experiments. All experimental data are based on the average of triplicate.



3. Results and Discussion
3.1. FE-SEM, TEM, and Morphological Analysis

FE-SEM images (Figure 1A, 1C, 1E, 1G) of ZnO samples, obtained by MAH synthesis,
indicate no significant influence of doping on the particle morphology. Both materials,
undoped ZnOm and doped ZnO (ZnO:Nm), show mainly hierarchical flower-like structures,
which have an array of oriented nanorods. For the undoped sample (ZnOm) (Figure 1A), the
rods are 1.2 - 1.7 pm in length with an approximate diameter of 0.1 pm. N-
doping (ZnO:Nm) promoted an increase in the particle length (Figure 1C) to 2.0 - 2.4 pm, due
to urea which could stimulate the ZnO crystal growth owing to the decrease in pH of the
precursor solution.

Ahmed et al. [65] [14] presented a growth mechanism of ZnO nanostructures in basic
aqueous solution, in which this process occurs in two-step: nucleation and growth. The first
step of the mechanism is the dissociation of a basic salt with Zn*" precursor, which then reacts
with OH groups to form Zn(OH), and later into [Zn(OH),]*". This ion is responsible for the
formation of ZnO crystals with water and OH™ anions. Positively charged Zn-(0001) and
negatively charged O-(0001) surfaces forms a ZnO wurtzite crystal, defining polar
surfaces [65,66].[17,36] At the nucleation stage, the high amount of OH™ groups promotes an
equilibrium shift, endorsing the crystal growth along [0001] or c-axis direction. This
mechanism confirms the crystal growth of MAH samples and, especially, the larger size
of ZnO:Nm sample compared to ZnOm, due to the mostbasic medium of the aqueous precursor
solution, pH ~12. The crystallographic habit of ZnO, on which the 1D growth process takes
place along the (0001) surface, is observed with subsequent appearance of nanorods, as it has
been reported by other authors [65].[17] For both samples, ZnOm and ZnO:Nm, it is possible
to observe a polished surface with a hexagonal cross-section with an extremity of nanorods a
six-fold pyramidal geometry.

Samples obtained by MPP method (ZnOp and ZnO:Np) (Figure 1E, 1F) exhibit a
predominant hexagonal morphology (nanoplates) without a significant variation due to the
doping process. There is a different size distribution of the undoped (ZnOp) and
doped (ZnO:Np) samples, with an average size of smallest particles of 50-60 nm and largest
particles of 110-140 nm. Doping process does not affect even particle size. The morphology
of the resulted materials synthesized by MPP method is similar to with other authors using the
same synthetic method [52].

The high-resolution transmission electron microscopy (HRTEM) of MAH (Figure 1B,
1D) and MPP samples (Figure 1F, 1H) confirms the microstructural morphology and size
presented by FESEM images. For MAH samples, HRTEM shows that ZnOm rods (Figure 1B)



are crystalline structures, with a lattice spacing of about 0.28 nm. The doping process does not
modify the lattice spacing of ZnO:Nm sample (Figure 1D), which is 0.28 nm. These lattice
spacing correspond to the distance between the (002) planes, implying that the c-axis ((001)
direction) is the preferential growth direction of ZnO crystals in MAH conditions
synthesis [19].

For MPP samples (Figure 1F, 1H), HRTEM images depict that ZnO particles with an
average size 50-60 nm are formed by singles crystals specimen with an average size of 5-15
nm. The thickness thinner than MAH samples characteristics results in highly crystalline
material, with anadjacent lattice spacing of about 0.30 nm, which corresponds to the
interspacing of the (101) planes of ZnO lattice [67].

The main difference between the morphological parameters of the nanoparticles obtained
by MPP and MAH methods are associated with the growth mechanisms. Due to the
polymerization process, precursor pH solution and calcination step, the first method delimits
the nanoplate particles with reduced size. Instead, the second method provokes an anisotropic
particle growth due to the OH" disposal in the reaction media, promoting crystal growth along
the c-direction. This morphological difference is the origin of the different photocatalytic
activities.

The crystals morphologies and growth direction were studied using the theoretical Wulff
construction obtained through the values of the surface energies reported by Na and
Park [60][12] and is depicted on the left of Figure 2. Initially, the Wulff crystal shows five
exposed surfaces. However, the same morphology is entirely different from MAH synthesis,
especially because of the OH™ ions concentration in the precursor solution, since in MPP
synthesis, the pH is around 5. In this case, the crystal growth along [0001] is inhibited {(110),
(100), (101), (001) and (102)} of the seven calculated by Na and Park[12] {(110), (100), (101),
(001) (102), (112) and (111)}. The simulated structure represents the typical morphology in
a vacuum. The experimental morphologies are different from the typical morphology because
it does not take into account the specific interactions as well as the defects present along the
synthetic route.

A simple method is applied to circumvent these drawbacks by tuning the ratio between
the values of surface energies to find the morphology transformations. In this sense, the
stabilization of (100) surface on the (101) surface (jError! Nombre de archivo no especificado. in
the typical morphology to jError! Nombre de archivo no especificado.) results in a hexagon
morphology with the (100) and (001) exposed surfaces, the same obtained for the ZnOp and
ZnO:Np samples. With this relation, the (100) overlapped the (110), (101) and (102) surfaces.

It would also be possible to create a hexagon by stabilizing the (110) surface that would overlap



the (100) surface, as it was previously reported from the results obtained by transmission
electron microscopy [17]in which ZnO hexagons are formed by the (100) surface [65].
Accordingly, along the synthesis of the MPP method, a stabilization of the (100) and (001)
surfaces take place.

In the case of the ZnOm and ZnO:Nm samples, the six-fold pyramidal geometry is
obtained by the stabilization of the (101) and (102) surfaces. Figure 3 shows the result of the
stabilization of the (101) and (102) surfaces starting from the hexagon morphology.
Furthermore, the angles formed with the (100) surface determine the surface of the
experimental nanorods, as seen in Figure 2. This result suggests that the (101) surface in which
the experimental and theoretical angle between the morphologies coincides forms, the six-
fold pyramidal geometry observed.

Another interesting point in this analytical tool is the possibility to study the particle
length variation. In the MAH synthesis, there was a particle enlargement due to the presence
of the dopant. It is necessary to modify the (100)/(101) ratio to improve the enlargement, in
this case, the destabilization of the (101) surface. Thereby, the exposed area of the (101) surface
becomes smaller than (100) surface, resulting in a long nanorod (see Figure 1). For this
purpose, it is also necessary to increase the Ej,, of other surfaces to maintain the (101)
surface exclusively. This fact shows that the pH solution or dopant causes major modification
of the surface extremities, making them more unstable than (101) surface. Based on the same
reasoning, flattening in the c-direction of the hexagons was obtained by MPP
synthesis, about the particles of MAH synthesis,representing the higher stability of (0001)

surface, and hence a larger exposure.

3.2. Material Characterization

X-ray diffraction (XRD) was used to identify the crystalline phase structure of all
samples. Figure 4A is a representative XRD pattern obtained, and all ZnO diffraction peaks
were well indexed to the ZnO hexagonal wurtzite structure (JCPDS 36-1451), confirming that
thesynthesized semiconductors were single-phase materials. Neither doping nor synthesis
method alters the wurtzite phase crystallographic structure, being possible to observe
no new peaks of impurities. Figure 4B confirms a slight difference between XRD peaks after

the doping process, indicating a modification in ZnO lattice.
Table 1 presents the specific surface areas (SSA) obtained by the BET isotherms method
for the synthesized samples. The undoped sample prepared by MPP (ZnOp) present lower SSA
than the doped one (ZnO:Np). Considering MAH samples, the behavior is opposite, the



undoped sample (ZnOm) present a higher SSA than the doped one. However, it is clear that
MAH samples show an increase in SSA compared with MPP samples.

The SSA results for MPP samples corroborate with agglomeration formation, a typical
feature for materials obtained by the MPP method. The SSA results collaborate with FE-SEM
results in the sense that MAH samples indicate more elevated SSA than MPP samples. MAH
and MPP samples present unique morphologies that are defined by the crystallization method,
i.e., calcination in MPP and hydrothermal annealing in MAH, which reflects in the material
SSA. In MAH samples, the crystallization happens in liquid environment, where the urea effect
is limited to the in situ formation of electrolytes, e.g., NH,". Then, during this process the
electrokinetic equilibrium changes, tending to particle agglomeration that may explain the
reduced SSA values in doped samples. On the other hand, MPP is crystallized by thermal
treatment in air, where crystal growth will be limited by solid-state interface. Then, in that case
the presence of higher organic fractions may hinder the growth by covering effect, which is
also known in calcination of high C-content samples [68]. Then, without solid-state interfaces
the crystal growth is avoided and consequently, SSA values tend to increase.

Diffusive reflectance spectroscopy (DRS) was utilized to observe the influence of N-
doping on the optical characteristics of ZnO synthesized samples. Figure 5 presents the
Kubelka-Munk relation [69] used in estimating the band gap value of ZnO samples. For ZnOp
and ZnO:Np,synthesized by MPP method, the optical absorbance behavior between the
undoped and doped samples changed slightly, indicating that N-doping process alters
optical behavior. The band gap value obtained with a straight line crosses the energy (eV) axis,
as presented in Figure 5 and shownin Table 1. The band gap values performance indicates that
N-doping process does not modify the band gap value as presented in a previous report [15][8],
but the applied synthesis method influences more in the band gap alteration, due to the different
growth mechanisms of ZnO particles for each method and consequently the resultant
morphology. It is conclusive that the energetic intermediate levels formed between the
conduction and valence band do not drastically change the band gap value.

The density of states of N-doped ZnO nanoparticles showed that the substitutional
nitrogen does not vary the intrinsic band gap related to (0110) surface, but the local states of N
2p show as mid-gap level (inter energy level), between valence and conduction band
of ZnO[41]. This result is evidence that N-doping process does not modify the band gap values
drastically [70].

X-ray photoelectron spectroscopy was conducted to confirm the N-doping in
both different synthesis methods. The reference for spectra is C 1s line. Figure 6A shows

similar Survey spectra of all samples, indicating that the principal elements are zinc and



oxygen. It is not possible to identify N binding energy peaks in the high-resolution spectra, due
to the low percentage of the element in the material synthesized. High-resolution spectra for
Zn 2p, O 1s, and N 1s are presented in Figure 6 A, 6B, and 6C, respectively. ZnO characteristic
energy peaks are observed in Zn 2p core level spectra for all samples of 1020.4 — 1020.3 eV
(Zn 2p3/2) and 1043.5—-1043.6 eV (Zn 2p1/2) [71]. There is no displacement in binding energy
when N is inserted in the ZnO lattice, indicating no Zn—N bonds, indicating that the N presence
is in the interstitial sites in the ZnO lattice.

O 1s core level spectra present three energy peaks (Figure 6) fitted by Gaussian
deconvolution to obtain three peaks. The first deconvoluted energy peak at 529.1 - 529.3
eV corresponds to the characteristic hexagonal wurtzite Zn-O binding energy. The second one,
at 530.9 - 531.4 eV, is related to the C = O binding energy of carbon dioxide adsorbed on the
material surface, and, finally, at 530.1 - 530.4 eV, indicating the oxygen vacancies (V,) in the
ZnO structure [72]. When the samples are doped, O 1s spectra present a displacement in the
binding energy in lowest energy peaks, confirming the modification in Zn-O bonds caused by
doping, and, in the energy peaks corresponding to oxygen vacancies. Doping promotes the
insertion of N ion in the ZnO lattice, as an interstitial or substitutional state, and increase the
oxygen vacancies. ZnO:Np sample shows new energy peak in Ols core level spectra at 534.89
eV, indicating the presence of urea energy bonds, as urea is a precursor in the synthesis
methods. N 1s core level confirmed the presence of N in ZnO:Np and ZnO:Nm samples,
indicating by a characteristic energy peak at 398.23 — 398.04 eV, similar to presented for N-
doped ZnO in the literature [52].

Based on XPS technique, it estimated the valence band edge (Figure 6E), and the band
gap structure (insert Figure 6E) of samples [73]. The conduction band (CB) and valence band
(VB) energy values of doped samples (ZnO:Nm and ZnO:Np) are clearly more positive
compared to undoped one (ZnOm and ZnOp), which confirmed the effect of N-doping in
ZnO [74]. In this case, beyond the doping process promotes the creation of inter-band between
CB and VB promoted by oxygen vacancies during the N doping process, which increase the
light harvesting, mainly in the visible region [72,75], N doping process modify the VB and CB
edge.

3.3. Photocatalytic activity for Rhodamine-B dye
Figure 7 shows the photocatalytic activity of ZnO samples obtained by MAH (ZnOm
and ZnO:Nm) and MPP (ZnOp and ZnO:Np) for dye (Rhodamine-B) degradation under UV
and visible illumination. It is important to note that aqueous solution discoloration supposed

dye degradation during illuminating. From the curve decay observed for Rhodamine-B, it was



possible to observe that all ZnO samples present photocatalytic activity in this condition,
although samples synthesized by MAH method present an impressive increase in the
photocatalytic activity compared with samples obtained by MPP.

It is possible to observe that all ZnO samples present photocatalytic activity in this
condition, although samples synthesized by MAH method present an impressive increase in
photocatalytic activity compared with samples obtained by MPP. Table 2 presents the kinetic
rates (k") normalized by the superficial area results of RhB discoloration for MPP and MAH
samples, under UV and visible illumination, respectively, which considered the first order of
RhB concentration. The kinetic rates (k) for each sample were obtained considering the reaction
velocity dependent to the Rhodamine B concentration in different time reaction ([RhB]) and
active sites ([AS]) where Rhodamine-B adsorbs to occur the discoloration reaction, as
demonstrated in Equation 1.

v = -d[RhB]/dt = k[RhB][AS] (1)

Active sites are constant for determined samples and could be related to
the superficial area of each sample. Consequently, [AS] is incorporated into kinetic rate (k). The
integration of kinetic law allows to obtained k" values as described in Equation 2:

-In [RhB]/[RhB]y = k't (2)

The modification in photocatalytic activity as a function of the synthetic method is due
to two main factors: i) well-designed morphology and ii) active semiconductor surface.
The active semiconductor surface is related to the superficial surface area values and, the
photocatalytic degradation is classified as surface-dependent processes as occurs on the surface
of ZnO. In this way, the rate constant for Rhod discoloration are normalized by surface area
(Table 2), and only the morphology influences are taken into account. Related to the first factor,
the movement of photoinduced carriers (electrons and holes) to the ZnO surface could induce
recombination reactions, making all processes inactive. For carrier migration to occur, an
appropriate concentration gradient or potential gradient, which is closely related to the
morphology surface structure characteristics of ZnO, is crucial. So the exposed ZnO crystal
facets are decisive in defining the photocatalytic activity [76]. [19]

ZnOm and ZnO:Nm samples display a non-similar morphology characteristics compared
with ZnOp and ZnO:Np samples (Figure 1). ZnOm and ZnO:Nm samples are an array of
oriented nanorods, which may inhibit the carrier’s recombination better than the ZnOp
and ZnO:Np, made of nanoplate particles with different size. The photocatalytic process was
efficient for MAH samples because it promotes less electron/hole pair recombination (Figure
S3). Apart from recombination effect, it is evident that MAH method promotes nanorods

particles formation with the major crystal faces with an exposition of (002) surface, due to



anisotropy growth mechanism. Compared to MPP method, which formed nanoplate particles
with the preferred (101) crystal faces exposition, it is possible to conclude that crystal face
exposition tightly influences photocatalytic activity. Also, by comparing (002) and (101), the
first one presents an increase in photocatalytic activity for RhB discoloration, during UV
illumination. The influence of photocatalytic activity by crystal face exposition is observed by
other authors [77-79].[44,45] The specific surface area (SSA) of ZnOm is higher
than ZnO:Nm sample, promoting the increase in photocatalytic activity under UV illumination.
Even though the band gap value does not change (3.21 for ZnOm and 3.22 eV for ZnO:Nm), the
recombination rate increases (PL results in Figure S3) in the doped sample, caused by the
intermediated levels created for N-doping, resulting in UV photocatalytic activity reduction. In
this way, the N percentage in this method synthesis could be considered
elevated [52,80,81].[30,46,47] Sudrajat and Babel [53] confirmed that adsorption of
Rhodamine 6G on the ZnO:Nmaterials surface is the rate determining step in the degradation
mechanism. In this way, SSA and the availability of surface functional groups play
a crucial role in the photocatalytic activity of ZnO:N. Moreover, the same authors showed
that highly oxidative hydroxyl radicals are principallyresponsible for Rhodamine 6G
degradation under UV light. On the other hand, superoxide radical and singlet oxygen which
is classified as less oxidative reactive species play a major role in Rhodamine 6G mechanism
degradation under visible light [53].

Through the RhB photocatalytic degradation in the presence of some scavenger solutions
under UV illumination (Butyl alcohol, p-benzoquinone, and EDTA solution) and visible
illumination (Butyl alcohol, p-benzoquinone, and silver nitrate), it is possible to confirm the
influence of main activated oxygen species on degradation mechanism [82—84]. Under UV
illumination (insert in Figure 7A), the directly photo-oxidation of RhB with structure oxygen
vacancies (V,)/holes influences directly the ZnOm and ZnO:Nm samples mechanisms.
Although, OH* and O,H* play a major role in the RhB degradation mechanism (insert Figure
7A), being also important for RhB discoloration reaction. The oxygen vacancies quantity in
MAH samples is more elevated than MPP samples [19,24,85] (FTIR results in Figure S2, and
PL results in Figure S3), which modifies the RhB degradation mechanism, improving the MAH
photocatalytic efficiency.

Based on cluster model, 4-folder tetrahedron ([ZnO4]”) constitutes the ZnO structure and
[ZnO4]* associates with neutral (V,*) or mono-ionized (V,) or di-ionized (V, ) oxygen
vacancies. When the ZnO particles ([ZnO4]") absorb light of wavelength shorter than around
388 nm, electrons in VB are then photo-generated ([ZnO4]") to CB, forming holes in VB
([Zn0;.V,]). The both charge, electrons, and holes, quickly reach the material surface to



instigate redox reactions [52]. Holes on the material surface can promote reactive oxidants as
hydroxyl radicals, and the most reduction processes (O, reduction to superoxides radicals,
H, generation, chromium (VI) reduction) can be initiated by electrons photo-generated. The
increase in oxygen vacancies in MAH samples is closely related to the higher surface
hydroxylation promoted by microwave synthesis method [86] (Figure S2 and S3) and differs
from MPP samples, as discussed by Silva et al. [52], as described:

[Zn03.V,]...OH,(ads)— [Zn03.V,']...OH* a4+ H
Moreover, the O,H* production increases compared with MPP samples.

[Zn03.V, ]+ 0, — [Zn05.V,]...02(ads) — [Z003.V, ]...02 (ads)

[Zn03.V,"1...05" aas)+ H = [Zn03.V,,"]...0.H* (o]

Figure 7B shows the photocatalytic activity of ZnO samples obtained by MPP and MAH
methods for RhB degradation under visible illumination. Similar to UV illumination (Figure
7A), MAH nanorods particles evidently display better RhB discoloration compared with MPP
nanoplates samples. Under this condition, factors that influence UV photocatalytic activity
to take place also under visible illumination, such as crystal face exposition, morphology, and
band gap values. Another important element that affects is a dye-sensitizing mechanism, which
is particular to colored materials degradation. As the energy absorption occurs in colored
material, an electron is easily excited and transferred to the ZnO energetic bands, promoting
an increase in charge carrier separation (Figure S3). Therefore, visible photocatalytic activity
will be increased [15]. [8]

Under visible illumination (Figure 7B), the recombination rate also occurs, in less
proportion than under UV illumination and the effect of SSA is considered. For MAH samples,
the influence of doping process in the photocatalytic activity under UV illumination is
negative. In other words, ZnO:Nm presents lower UV photocatalytic activity than ZnOm
sample. Although, it is important to notice the effect of dye-sensitizing mechanism, which
could spread the photocatalytic activity, resulting in the same k" values for undoped and doped
MAH samples under visible illumination.

Compared with MAH samples, where the N doping does not display an effective improve
the photocatalytic activity, the MPP samples presents an opposite behavior. Under UV
illumination (Figure 7A), ZnO:Np sample shows a major increase in RhB discoloration
compared with ZnOp sample, which could be related to SSA values, once the SSA
of ZnO:Np is higher to the SSA of ZnOp. N percentage in doping process for MPP samples are
considered appropriate to enlarge the electrons/holes pair’s creation and charge carrier
separation, resulting in a UV photocatalytic activity enhancement. Under visible illumination

(Figure 7B and Table 2), ZnO:Np also shows an increase in RhB discoloration, confirming that



intermediated energetic levels created by the N doping process are efficiency in promoting a
modification in radicals production (insert Figure 7B), resulting in a better photocatalytic
activity. It is important also, to consider that the dye-sensitizing mechanism under RhB
discoloration, even though it is not possible to quantify the exact proportion of each event in
all process only with the presented results. For MPP method, the N percentage is
considered adequate to obtain higher photocatalytic activity under UV and visible illumination.

The insert of Figure 7B shows the main radical involved in RhB degradation mechanism
for MAH samples, indicating that the main radical in the cited reaction is O,H* for ZnOm
sample, and for doped sample (ZnO:Nm), being the O,H* radical as oxygen
vacancies/holes crucial. The intermediated energetic levels created between CB and VB
through doping effect affects the RhB degradation mechanism though does not increase
photocatalytic efficiency under visible light. MPP samples described by Silva et al. [52] show
the major radical responsible for RhB degradation as OH*, differs from MAH samples,
confirming that the mechanism sample affects the physicochemical properties of materials, as

photocatalytic radical production and efficiency.

3.4. Photocatalytic reduction of Cr(VI)

It was also investigated the photocatalytic activity related to the reduction of Cr(VI) to
Cr(III) using ZnO synthesized samples. Figure 8 shows the reduction of Cr(VI) in function of
illumination time without semiconductor and with ZnO samples. The formation of Cr(III)
resulted by the Cr(VI) reduction is presenting in Figure S4. Similar to Rhodamine degradation
mechanism (Figure 9A), ZnO particles photo-generation charges were generated when ZnO
particles absorb light (Figure 9B). There is no adsorption of Cr(VI) in dark conditions in
surface materials. Electrons in CB are then photo-generated ([ZnO4]") and are forming holes
in VB ([Zn0;.V,’]). The both charge quickly reach the surface material to instigate redox
reactions. In this way, the oxidation and reduction abilities of trapped electrons and holes are
directly reliant on CB and VB positions. Holes on the surface material promote reactive
oxidants as hydroxyl radicals, resulting in the initiation of the most reduction processes
(O; reduction to superoxides radicals, H, generation, chromium (VI) reduction) by photo-
generated electrons. In this way, the Cr(VI) reduction occurs in a directlyway, when photo-
electrons from ZnO particles reduce Cr(VI).

A negligible self-reduction of Cr(VI) can be verified without semiconductors (<10%) in
Figure 8, while a negligible self-formation of Cr(Ill) (Figure S4) follows the reduction of
Cr(VI). Kieber and Helz [87] reported that irradiation could start reduction of Cr(VI). The
decrease of Cr(VI) is the photocatalytic reduction, once the adsorption of Cr(VI) is unlikely



due to electrical repulsion between Cr,0;~ and negatively surface charge of ZnO. Shao et
al. [88][22] observed the same behavior for Cr(VI) without any materials added.

The presence of ZnO samples shows an influence on the reduction of Cr(VI). Comparing
the two synthesis methods, the samples obtained by MAH method reduced 45% and 75% of
Cr(VI) for ZnO:Nm and ZnOm, respectively, while the MPP as-synthetized samples degraded
15% of Cr(VI) for both ZnOp and ZnO:Np. The main difference observed between the two
synthesis methods is the specific surface area and the morphology. For MAH samples, the SSA
is four times higher than for MPP samples, which could explain the higher reduction of Cr (VI)
for ZnOm andZnO:Nm (Figure 8, Table 2). A slight difference in the SSA is also
observed between undoped and doped MAH samples, being the undoped higher than the doped
samples, justifying the 75% of reduction of Cr (VI). As mentioned above, the morphology is
hierarchical flower-like structures for ZnOm and ZnO:Nm and hexagonal structures for ZnOp
and ZnO:Np. Song et al. [89] observed a degradation efficiency of 29% and 95% of Cr(VI) for
ZnO samples with hierarchical flower-like morphology and crew-like morphology,
respectively. In the literature, sheet-like and butterfly-like ZnO nanostructures samples
degraded more than 95%, and this behavior is due to the specific surface area [90].

Based on cluster model, the reduction mechanism of Cr(VI) is illustrated in Figure 9B,
where the magnitude and structural order-disorder effects regulate the materials
properties [52][30]. In the beginning, [ZnO4]" is associated with neutral (V,") or mono-ionized
(V) or di-ionized (V, ) oxygen vacancies and, with a photon incident, promote a [ZnO,]’
(negative charge or electron promotion) and [Zn0;.V,’] (positive charge or hole formation)
creation (Figure 9B e 9C), as shown by the Equation 3.

[ZnO4]* + [Zn03.V,*] — [Zn04] + [Zn03.V o] (3)

In situation 1, redox reactions with
dichromate jError! Nombre de archivo no especificado.) species and [ZnO4]  cluster
consequently occur, forming reduced chromium
species jError! Nombre de archivo no especificado.) and [Zn0;.V,"] cluster, as demonstrated in

the Equations 4, 5 and 6.

3[ZnOs]  + iError! Nombre de archivo no especificado. - 3[Zn04]
iError! Nombre de archivo no especificado. (ads) 4)

3[ZnO4]' ...iError! Nombre de archivo no especificado.
(ads) —3[Zn03 V,"]...iError! Nombre de archivo no especificado. (as) (5)

3[Zn0;V,"]...iError! Nombre de archivo no especificado. — 3[Zn05.V,']

+ iError! Nombre de archivo no especificado. (6)



At the same time, reaction between [Zn0;.V,’] cluster and water molecule happen,

creating hydroxyl radicals (Figure 9B), as described in the Equations 7, 8 and 9.

3[Zl’lO3.V0.] + 3H20 > 3[ZHO3.V 0.]...OH2(adS) (7)
3[Zn03.V 0.]...OH2(ads) g 3[Zn03.V OX]...OH'(adS) + 3H. (8)
3[Zn0O5.V OX]...OH'(adS) — 3[Zn03.V OX] + 30H*(ad5) )

Another situation, named as situation 2, is induced for mono-ionized oxygen vacancies
([Zn0;.V,’]) and iError! Nombre de archivo no especificado.) species. In this case, instead of
hydroxyl ions reduction, chromium species could be reduced by ([Zn0;.V,']), resulting in di-
ionized oxygen vacancies ([Zn0Os.V, ']) and iError! Nombre de archivo no especificado. species
(Figure 9C), as described in the Equations 10 and 11.

3[Zn0;.V,]...iError! Nombre de archivo no especificado.

(adsy—3[Zn03.V, " ]...iError! Nombre de archivo no especificado. (ads) (10)
3[Zn0;.V, ]...iError! Nombre de archivo no especificado.  (ags) — 3[Zn05.V, ]
+iError! Nombre de archivo no especificado. (11)

In both situation 1 and 2 (Figure 9B and 90), the
dichromate jError! Nombre de archivo no especificado.) adsorption process over ZnO active sites
allows a Langmuir adsorption process, in which only one layer adsorbed be allowed and, the
process does not occur as fast as electron transfer processes, which consequently happen after
adsorption. In this way, the adsorption process limits the reaction rate.

Once the pH changed, where was weak acidic (pH=6.0) conditions at beginning to neutral
conditions (pH=7.5) at the end, it is possible to conclude that the Cr(VI) reduced to Cr(III).
Also, the oxide and hydroxide forms of Cr(Ill) was precipitated as Cr(OH); under ZnO
surface due tothe negligible Cr(III) observed over the experiments [91,92]. It was expected

increase in the Cr(III) concentrations in the same acidic pH.

4.  Conclusion

In this work, ZnO and ZnO:N samples were obtained through the modified polymeric
precursor (MPP) and microwave-assisted hydrothermal (MAH) methods. The results suggest
that the different synthesis methods produce unique physicochemical properties of these
materials. MPP and MAH processing conditions methods, such as pH of the precursor solution,
play a major role in obtaining different morphologies. Synthesis method or the doping
process do not alter the crystalline phase, which is pure wurtzite ZnO phase. Theoretical Wulff
construction obtained through the surface energies shows that MAH samples growth through
c-direction, resulting in nanorods morphology, which is dissimilar of MPP samples that present

nanoplates morphology. Present results clearly reveal an important strategy that theoretical



simulations constitute to explore experimental conditions. Doping effect produces different
modifications in RhB degradation for each synthesis method. For MAH samples, the proposed
doping process is not adequate in N quantity to influence, in a positive way, the photocatalytic
activity. However, for MPP samples, the same doping method proposed, depicts the higher
photocatalytic efficiency. Then, the comprehension of synthesis features on the photocatalytic
efficiency of ZnO:N samples shows that other effects — such as facet exposition and
morphology — may be more influent than doping itself, despite this is actually efficient
depending on the other materials parameters. The correlation with crystal surface exposition
and photocatalytic activity was proved by RhB discoloration, under UV and visible
illumination. MAH samples present a slightly RhB discoloration as Cr (VI) reduction,
compared with MPP samples. ZnOm sample presents better results in RhB discoloration, due
to more elevated SSA, crystal face exposition of (002), which present higher photocatalytic
activity, and the adequate charge carrier separation, promoted by crystal structure
presented. Even the N doping does not affect the band gap values of samples (MPP samples
3.12 eV, MAH samples 3.22 eV), the N doping alters UV and visible photocatalytic activity,
due especially to charge recombination rates, dye degradation mechanism and Cr (VI)
reduction mechanism. These results show a favorable fabrication technique for a fast and easy
photocatalysts production for the efficient removal of pollutants and open
new fields of rational design that will benefit the development of novel complex functional

materials with desired features and functions.
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