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* Flower-like ZnO and ZnO:N nanoparti-
cles with high photocatalytic activity.

* DFT calculations used in determining
the geometries, electronic properties
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 Photocatalytic activity probe reactions
were Rhod-B degradation and Cr(VI)
reduction.

« The photocatalytic activities attributed
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tors, 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 hy-
drothermal 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 re-
sults 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 pow-
ders maintains the ZnO hexagonal wurtzite structure, the optical properties, 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 pro-
duces various modifications in RhB degradation and Cr(VI) reduction for each synthesis method. Crystal face ex-
position and morphologies are related to the improvement in the photocatalytic activity of the materials.

© 2017 Elsevier Ltd. All rights reserved.

* Corresponding author.

E-mail address: gabi.byzynski@gmail.com (G. Byzynski).

http://dx.doi.org/10.1016/j.matdes.2017.02.020

0264-1275/© 2017 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2017.02.020&domain=pdf
http://dx.doi.org/10.1016/j.matdes.2017.02.020
mailto:gabi.byzynski@gmail.com
http://dx.doi.org/10.1016/j.matdes.2017.02.020
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/matdes

364 G. Byzynski et al. / Materials and Design 120 (2017) 363-375

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 [1-5]. Therefore, many efforts have been made to synthe-
size ZnO-based semiconductors with different morphologies for specific
devices, such as nanorods, nanobelts, nanosheets, microrod/microtube
arrays, quantum dots and other complex hierarchical micro/nanostruc-
tures [6,7]. Synthetic routes to ZnO nanoparticles include modified poly-
meric precursor (MPP) [8], sputtering [9,10], hydrothermal [11],
solvothermal [12,13], sol-gel [14,15], ultrasonic irradiation [16],
microwave-assisted hydrothermal (MAH) [5,17,18], and zinc-
precursor thermal decomposition with free-solvent [19,20] methods.
The MPP method is one of the most common chemical synthesis of inor-
ganic semiconductor materials due to its simplicity and low cost. Gener-
ally, for these synthesis methods, the heat treatment of the produced
resin with elevated temperature is an essential step, resulting in the for-
mation of particle aggregates. Hence, MPP method does not allow mor-
phology 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 pres-
sure is needed [21-24]. In particular, Niederberger et al. have shown
that microwave-assisted nonaqueous sol-gel method is an efficient pro-
cedure for obtaining nanocrystalline metal oxides, including ZnO and
transition metal doped ZnO nanoparticles, within just a few minutes
[24].

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 ma-
terials, decreasing the quantum yield and causing energy dispersion [13,
25-27]. Among non-metal elements, nitrogen (N) is the best choice, as
it has nontoxicity and source abundance as well as its similar atomic ra-
dius, lower electronegativity, and ionization energy than the oxygen
atom. N could be used to obtain a stable p-type N-doped ZnO (ZnO:N)
semiconductor structure [28-30], resulting in the improvement of pho-
tocatalytic activity [31-34]. Theoretical calculations point out that N is
the best superficial acceptor candidate for ZnO [35] while Amiri et al.
[36] 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 [37], molecular
beam epitaxy [38], ion beam deposition [39] and sputtering [40-42].
Herring et al. [43] 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. Mendonca
et al. [44] demonstrated that surface hydroxylation provokes an en-
hancement 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:N nanoparti-
cles. The results allow the essential comprehension of the dye degrada-
tion mechanism associated with the photocatalytic activity of the
generated p-type semiconductor [45]. Sudrajat and Babel [46] success-
fully synthesized ZnO:N and ZnO,:N materials and compared the mech-
anism 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 di-
minished the band gap values is the uses of heterostructures or compos-
ites of different band gap semiconductors [47-50], resulting in an
efficient separation of charge carriers.

This study seeks to fulfill a two-fold objective. Firstly, find a relation-
ship 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, em-
ploy 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 previ-
ously work [45] by dissolving zinc acetate (Zn(C;H30,), - Sigma-
Aldrich) in monohydrated citric acid (CsHgO- - HoO Sigma-Aldrich) solu-
tion, in a molar ratio 1:1. After that, the mixed solution was magnetically
stirring during 10 min. With the citric acid addition, the solution pH was
controlled to avoid the Zn(OH), precipitates and for the Zn?* stays ho-
mogeneous dispersed in the solution. The ZnO resin obtained was cal-
cined 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,0 -
Sigma-Aldrich) (5% molar ratio) was dispersed in the resulted solution
of zinc acetate and citric acid, before the heat treatment. After urea ad-
dition, the samples acquiesced to the heat treatment similar to previ-
ously 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™ 1)
was strongly stirred and, after 10 min, 10 mL of NaOH solution
(2 mol L™1) (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
(800 W) [51]. 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 mor-
phology and size of the powders were described by field emission scan-
ning 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 (NCu-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 re-
flectance spectrophotometer (UV-vis-NIR Cary 5G spectrophotometer)
(DRS), FT-IR Spectrophotometer (Spectrum Two™ IR Spectrometers —
Perkin Elmer)., 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 dop-
ing 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 calcula-
tions from Wulff construction where the total free energy at a fixed vol-
ume is minimized, and the surface energy, Eg.¢ of an (hkl) plane is
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related to the distance from the center of the crystallite in the normal di-
rection [52]. Similar equilibrium morphology models obtained based on
the calculations realized by Na and Park [53] 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 morphol-
ogies in different environments, as recently developed by our research
group [54,55].

In this work, simulation considering the energy modulation of the
(110), (100), (101), (001) (102), (112) and (111) faces of ZnO, starting
from the Eg,¢previously calculated by Na and Park [53], were conducted
based on the Wulff equation. Therefore, the assumption of the ratio
modification between the Eg,, for each surface shows the paths of mor-
phological 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) pro-
gram has been utilized to obtain the morphologies [56].

2.3. Photocatalytic procedures

The photocatalytic activity of semiconductor materials was evaluat-
ed measuring the discoloration of Rhodamine-B (RhB) (2.5 mg L™ 1) dye
solution (UV-VIS Spectrophotometer (UV-2600 Shimadzu)). 2 mg of sam-
ples were dispersed in 20 mL of RhB solution, in a separate beaker for
each sample, under magnetic stirring. The solutions were then illumi-
nated with six UVC lamps (TUV Philips, 15 W, with maximum intensity
at 254 nm), during 2 h, under magnetic stirring at a constant tempera-
ture of 25 °C, and aliquots of each solution were taken every 30 min. A
UV-vis spectrophotometer (Shimadzu-UV-1601 PC spectrophotome-
ter) 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,
15 W, and maximum intensity at 440 nm). Control, without the semi-
conductor materials, was also performed (photolysis). The kinetic
results presented in the manuscript are an average of three experi-
ments, and it showed the standard deviations for each measurement
in defined time reaction. It also showed the standard deviations for ki-
netic 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) solu-
tion, in a separated beaker, (K,Cr,05 - SpecSol) and 1.5 mg of each ZnO
samples. The suspensions were stirred under UV illumination (TUV
Philips, 15 W, with maximum intensity at 254 nm) for 2 h, being the al-
iquots obtained every 30 min. The suspensions were separated by cen-
trifugation 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
[57]. Cr(IIT) 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 (Fig. 1A, C, E, G) 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)
(Fig. 1A), the rods are 1.2-1.7 um in length with an approximate diam-
eter of 0.1 pm. N-doping (ZnO:Nm) promoted an increase in the particle
length (Fig. 1C) to 2.0-2.4 um, due to urea which could stimulate the

ZnO crystal growth owing to the decrease in pH of the precursor
solution.

Ahmed et al. [58] presented a growth mechanism of ZnO nanostruc-
tures in basic aqueous solution, in which this process occurs in two-
step: nucleation and growth. The first step of the mechanism is the dis-
sociation 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 re-
sponsible 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 [58,59]. At the nu-
cleation 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, especial-
ly, the larger size of ZnO:Nm sample compared to ZnOm, due to the
most basic medium of the aqueous precursor solution, pH ~12. The crys-
tallographic 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 [58]. For both sam-
ples, 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) (Fig. 1E, F)
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 par-
ticles 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 meth-
od [45].

The high-resolution transmission electron microscopy (HRTEM) of
MAH (Fig. 1B, D) and MPP samples (Fig. 1F, H) confirms the microstruc-
tural morphology and size presented by FESEM images. For MAH sam-
ples, HRTEM shows that ZnOm rods (Fig. 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 (Fig. 1D), which is
0.28 nm. These lattice spacing correspond to the distance between the
(100) planes [18]. It is important to notice that HRTEM images were ob-
tained at the end of nanorods, indicating the (100) plane presence. Due
to the large thickness of MAH samples, it is unfeasible to define the main
plane of the face rods structure.

For MPP samples (Fig. 1F, H), HRTEM images depict that ZnO parti-
cles with an average size 50-60 nm are formed by singles crystals spec-
imen with an average size of 5-15 nm. The thickness thinner than MAH
samples characteristics results in highly crystalline material, with an ad-
jacent lattice spacing of about 0.28 nm, which corresponds to the
interspacing of the (100) planes of ZnO lattice [60].

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 an-
isotropic particle growth due to the OH™ disposal in the reaction media,
promoting crystal growth along the c-direction. This morphological dif-
ference 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 [53] and is depicted on the
left of Fig. 2. Initially, the Wulff crystal shows five exposed surfaces.
However, the same morphology is entirely different from MAH synthe-
sis, 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 {(110), (100),
(101), (001) (102), (112) and (111)}. The simulated structure repre-
sents the typical morphology in a vacuum. The experimental
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Fig. 1. FE-SEM images of ZnO synthesized samples. ZnOm (A), ZnO:Nm (C), ZnOp (E), ZnO:Np (G). High-resolution transmission electron images of ZnO synthesized samples. ZnOm (B),

ZnO:Nm (D), ZnOp (F), ZnO:Np (H).

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 mor-
phology transformations. In this sense, the stabilization of (100) surface
on the (101) surface (E{1%/E{LE? = 1.06 in the typical morphology to
E{L99/EL L0 = 0.79) 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 in which ZnO hexagons are formed by the (100)
surface [58]. Accordingly, along the synthesis of the MPP method, a sta-
bilization of the (100) and (001) surfaces take place.
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Fig. 2. Crystallographic structure and morphologies of ZnO with crystal planes (110), (100), (101), (001) (102), (112) and (111). Surface energy is in joule per square meter.

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) sur-
faces. Fig. 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 Fig. 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 Fig. 1). For this purpose, it is also necessary to in-
crease the Egrof other surfaces to maintain the (101) surface exclusive-
ly. 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. Fig. 4A is a representative XRD pattern

3

Fig. 3. Morphology comparison between experimental and theoretical results.
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(a) ZnO:Nm, (b) ZnOm, (c) ZnO:Np, (d) ZnOp. B) XRD patterns of ZnO synthesized
samples, from 26 = 30° until 26 = 38° of (a) ZnO:Nm, (b) ZnOm, (c¢) ZnO:Np, (d) ZnOp.

obtained, and all ZnO diffraction peaks were well indexed to the ZnO
hexagonal wurtzite structure (JCPDS 36-1451), confirming that the syn-
thesized semiconductors were single-phase materials. Neither doping
nor synthesis method alters the wurtzite phase crystallographic struc-
ture, being possible to observe no new peaks of impurities. Fig. 4B con-
firms 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 com-
pared 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 crystalli-
zation method, i.e., calcination in MPP and hydrothermal annealing in
MAH, which reflects in the material SSA. In MAH samples, the

Table 1
Specific surface area (SSA) and band gap energy obtained with DRS technique for different
ZnO samples.

Samples SSA (m? g~ 1) Band gap energy (eV)
ZnOp 244 4+ 0.38 3.12
ZnO:Np 2.85 4+ 0.56 3.12
ZnOm 8.30 &+ 0.97 3.21
ZnO:Nm 7.15 4+ 143 3.22

crystallization happens in liquid environment, where the urea effect is
limited to the in situ formation of electrolytes, e.g., NHZ . Then, during
this process the electrokinetic equilibrium changes, tending to particle
agglomeration that may explain the reduced SSA values in doped sam-
ples. On the other hand, MPP is crystallized by thermal treatment in air,
where crystal growth will be limited by solid-state interface [61]. 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 [62]. 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. Fig. 5 presents the Kubelka-Munk relation [63] used in esti-
mating the band gap value of ZnO samples. For ZnOp and ZnO:Np, syn-
thesized 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 Fig. 5 and
shown in 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 [14], but the applied synthesis method influences
more in the band gap alteration, due to the different growth mecha-
nisms 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.
This result is evidence that N-doping process does not modify the
band gap values drastically [64].

X-ray photoelectron spectroscopy was conducted to confirm the N-
doping in both different synthesis methods. The reference for spectra is
C 1s line. Fig. 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 Fig. 6A, B,
and C, respectively. ZnO characteristic energy peaks are observed in
Zn 2p core level spectra for all samples of 1020.4-1020.3 eV (Zn 2p>/?)
and 1043.5-1043.6 eV (Zn 2p'/?) [65]. There is no displacement in bind-
ing 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.

0 1s core level spectra present three energy peaks (Fig. 6) fitted by
Gaussian deconvolution to obtain three peaks. The first deconvoluted
energy peak at 529.1-529.3 eV corresponds to the characteristic hexag-
onal wurtzite Zn—O binding energy. The second one, at 530.9-531.4 eV,

1.0 ZnOp
ZnONp
ZnOm
0.8 ZnONm
. 0.6
14
[reg
0.4
0.2 T/
0.0 ﬁ
T T L4 T E T T T

26 28 30 32 34 36 38
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Fig. 5. Kubelka Munk function of ZnO synthesized samples to obtain band gap values.
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Fig. 6. XPS spectra for different samples. (A) Survey spectra, (B) Zn 2p high resolution spectra, (C) O 1s high resolution spectra, (D) N 1s high resolution spectra, (E) valence band

determination.

is related to the C=0 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 [66]. When the samples are doped,
0 1s spectra present a displacement in the binding energy in lowest en-
ergy peaks, confirming the modification in Zn—O bonds caused by dop-
ing, and, in the energy peaks corresponding to oxygen vacancies.
Doping promotes the insertion of N ion in the ZnO lattice, as an intersti-
tial or substitutional state, and increase the oxygen vacancies. ZnO:Np
sample shows new energy peak in O 1s core level spectra at
534.89 eV, indicating the presence of urea energy bonds, as urea is a pre-
cursor in the synthesis methods. N 1s core level confirmed the presence
of N in ZnO:Np and ZnO:Nm samples, indicating by a characteristic en-
ergy peak at 398.23-398.04 eV, similar to presented for N-doped ZnO in
the literature [45].

Based on XPS technique, it estimated the valence band edge (Fig.
6E), and the band gap structure (inset Fig. 6E) of samples [67]. The con-
duction band (CB) and valence band (VB) energy values of doped sam-
ples (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 [68]. In this case, beyond the doping process promotes
the creation of inter-band between CB and VB promoted by oxygen va-
cancies during the N doping process, which increase the light harvest-
ing, mainly in the visible region [66,69], N doping process modify the
VB and CB edge.

3.3. Photocatalytic activity for Rhodamine-B dye

Fig. 7 shows the photocatalytic activity of ZnO samples obtained by
MAH (ZnOm and ZnO:Nm) and MPP (ZnOp and ZnO:Np) for dye (Rho-
damine-B) degradation under UV and visible illumination (Fig. S1). 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
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method present an impressive increase in photocatalytic activity com-
pared 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, respec-
tively, which considered the first order of RhB concentration. The kinetic
rates (k) for each sample were obtained considering the reaction veloc-
ity dependent to the Rhodamine B concentration in different time reac-
tion ([RhB]) and active sites ([AS]) where Rhodamine-B adsorbs to
occur the discoloration reaction, as demonstrated in Eq. (1).

v = —d[RhBJ/dt = k[RhB][AS] (1)

Active sites are constant for determined samples and could be relat-
ed to the superficial area of each sample. Consequently, [AS] is incorpo-
rated into kinetic rate (k). The integration of kinetic law allows to
obtained k’ values as described in Eq. (2):

— In[RhB]/[RhB], = Kt )

The modification in photocatalytic activity as a function of the syn-
thetic 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 in-
fluences are taken into account. Related to the first factor, the move-
ment of photoinduced carriers (electrons and holes) to the ZnO
surface could induce recombination reactions, making all processes in-
active. For carrier migration to occur, an appropriate concentration gra-
dient or potential gradient, which is closely related to the morphology
surface structure characteristics of Zn0, is crucial. So the exposed ZnO
crystal facets are decisive in defining the photocatalytic activity [70].

—/—ZnONp
—O—2ZnOP

—4— ZnONm
—¥—ZnOm
—4—Rhod

c/ic

Time/min

Fig. 7. Rhod-B photo-degradation with ZnO samples under A) UV light and B) visible light.
The inset represents the k’ of RhB with scavenger solutions for OH* radical, O,H* radical
and oxygen vacancies (he) under A) UV light and B) visible light.

Table 2
Kinetics rates (k' — (g m~2 min~ ")) for Rhodamine-B discoloration under UVC and vis-
ible light, and for Cr(VII) reduction under UVC light for different ZnO samples.

Rhodamine-B Cr(VI)

k' UVC R? Kk’ visible R? k" UVC R?
Samples (x1073) uvc (x107%) visible (+1072)
ZnOp 256 4+ 0.15 09541 246 4+ 030 0.9437 0.39 4+ 0.06 0.7456
ZnO:Np 3.67 4+ 0.86 09443 5.11 4+ 0.54 09529 0.44 4+ 0.08 0.6283
ZnOm 2573 £ 282 09874 5022 £ 0.66 0.9994 6.19 4+ 0.87 0.7541

ZnO:Nm 17.88 + 2.15 0.9815 35.61 £+ 2.50 0.9809 2.74 + 0.19 0.7979

ZnOm and ZnO:Nm samples display a non-similar morphology char-
acteristics compared with ZnOp and ZnO:Np samples (Fig. 1). ZnOm
and ZnO:Nm samples are an array of oriented nanorods, which may in-
hibit the carrier's recombination better than the ZnOp and ZnO:Np,
made of nanoplate particles with different size. The photocatalytic pro-
cess was efficient for MAH samples because it promotes less electron/
hole pair recombination (Fig. S3). Apart from recombination effect, it
is evident that MAH method promotes nanorods particles formation
with the major crystal faces with an exposition of (101) and (100)
plane surfaces, due to anisotropy growth mechanism. Compared to
MPP method, which formed nanoplate particles with the preferred
(001) and (100) crystal faces exposition, it is possible to conclude that
crystal face exposition tightly influences photocatalytic activity. Also,
by comparing (101) and (001), the first one presents an increase in pho-
tocatalytic activity for RhB discoloration, during UV illumination. The in-
fluence of photocatalytic activity by crystal face exposition is observed
by other authors [71-73]. 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 Fig. S3) in the doped sample, caused by the
intermediated levels created for N-doping, resulting in UV photocatalyt-
ic activity reduction. In this way, the N percentage in this method syn-
thesis could be considered elevated [45,74,75]. Sudrajat and Babel [46]
confirmed that adsorption of Rhodamine 6G on the ZnO:N materials
surface is the rate determining step in the degradation mechanism. In
this way, SSA and the availability of surface functional groups play a cru-
cial role in the photocatalytic activity of ZnO:N. Moreover, the same au-
thors showed that highly oxidative hydroxyl radicals are principally
responsible 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 [46].

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 alco-
hol, p-benzoquinone, and silver nitrate), it is possible to confirm the in-
fluence of main activated oxygen species on degradation mechanism
[76-78]. Under UV illumination (inset in Fig. 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 (inset
Fig. 7A), being also important for RhB discoloration reaction. The oxygen
vacancies quantity in MAH samples is more elevated than MPP samples
[18,23,79] (FTIR results in Fig. S2, and PL results in Fig. S3), which mod-
ifies the RhB degradation mechanism, improving the MAH photocata-
lytic efficiency.

Based on cluster model, 4-folder tetrahedron ([Zn04]*) constitutes
the ZnO structure and [ZnO4]* associates with neutral (V) or mono-

ionized (V) or di-ionized V, oxygen vacancies. When the ZnO particles
([Zn04]*) absorb light of wavelength shorter than around 388 nm, elec-
trons in VB are then photo-generated ([Zn0,4]") to CB, forming holes in
VB ([Zn0s3-V3]). The both charge, electrons, and holes, quickly reach
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the material surface to instigate redox reactions [45]. Holes on the ma-
terial 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 micro-
wave synthesis method [80] (Figs. S2 and S3) and differs from MPP sam-
ples, as discussed by Silva et al. [45], as described:

(2005 -V, |...OH; (ads)— [Zn0s - VA]...OH" (ags) + H 3)

Moreover, the O,H* production increases compared with MPP sam-
ples.

{Zno3 : v;] +0p— [Zno3 : v;] .03(09 {Zno3 : v;"] . Oag (4)

(2005 V] Opaep) + H'= [Z005 - V... 0oH 5)

Fig. 7B shows the photocatalytic activity of ZnO samples obtained by
MPP and MAH methods for RhB degradation under visible illumination.
Similar to UV illumination (Fig. 7A), MAH nanorods particles evidently
display better RhB discoloration compared with MPP nanoplates sam-
ples. Under this condition, factors that influence UV photocatalytic ac-
tivity to take place also under visible illumination, such as crystal face
exposition, morphology, and band gap values. Another important ele-
ment 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
(Fig. S3). Therefore, visible photocatalytic activity will be increased [14].

Under visible illumination (Fig. 7B), the recombination rate also oc-
curs, 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 visi-
ble illumination.

Compared with MAH samples, where the N doping does not display
an effective improve the photocatalytic activity, the MPP samples pre-
sents an opposite behavior. Under UV illumination (Fig. 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 (Fig.
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 produc-
tion (inset Fig. 7B), resulting in a better photocatalytic activity. It is im-
portant also, to consider that the dye-sensitizing mechanism under RhB
discoloration, even though it is not possible to quantify the exact pro-
portion 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 inset of Fig. 7B shows the main radical involved in RhB degrada-
tion mechanism for MAH samples, indicating that the main radical in
the cited reaction is O,H* for ZnOm sample, and for doped sample
(Zn0O: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. [45] show the major radical responsible for
RhB degradation as OH*, differs from MAH samples, confirming that
the mechanism sample affects the physicochemical properties of mate-
rials, as photocatalytic radical production and efficiency.

3.4. Photocatalytic reduction of Cr(VI)

It was also investigated the photocatalytic activity related to the re-
duction of Cr(VI) to Cr(IlI) using ZnO synthesized samples. Fig. 8 shows
the reduction of Cr(VI) in function of illumination time without semi-
conductor and with ZnO samples. The formation of Cr(III) resulted by
the Cr(VI) reduction is presenting in Figs. S4 and S5. Similar to Rhoda-
mine degradation mechanism (Fig. 9A), ZnO particles photo-
generation charges were generated when ZnO particles absorb light
(Fig. 9B). There is no adsorption of Cr(VI) in dark conditions in surface
materials. Electrons in CB are then photo-generated ([Zn04]’) and are

forming holes in VB ([ZnOs 'V;] ). The both charge quickly reach the sur-
face 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 ox-
idants as hydroxyl radicals, resulting in the initiation of the most reduc-
tion processes (0O, reduction to superoxides radicals, H, generation,
chromium (VI) reduction) by photo-generated electrons. In this way,
the Cr(VI) reduction occurs in a directly way, when photo-electrons
from ZnO particles reduce Cr(VI).

A negligible self-reduction of Cr(VI) can be verified without semi-
conductors (<10%) in Fig. 8, while a negligible self-formation of Cr(III)
(Figs. S4 and S5) follows the reduction of Cr(VI). Kieber and Helz [81] re-
ported 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,07 2 and negatively sur-
face charge of ZnO. Shao et al. [82] 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, re-
spectively, while the MPP as-synthesized samples degraded 15% of
Cr(VI) for both ZnOp and ZnO:Np. The main difference observed be-
tween 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 and ZnO:Nm (Fig. 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

2
(]

0 20 40 60 80 100 120
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Fig. 8. Photo-reduction for Cr(VI) with ZnO samples under UVC illumination.
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Fig. 9. Mechanistic schematic for (A) Rhodamine degradation, (B) Cr(VII) reduction proposed mechanism situation 1 and (C) situation 2.

ZnOp and ZnO:Np. Song et al. [83] 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
>95%, and this behavior is due to the specific surface area [84].

Based on cluster model, the reduction mechanism of Cr(VI) is illus-
trated in Fig. 9B, where the magnitude and structural order-disorder ef-
fects regulate the materials properties [45]. In the beginning, [ZnO,4]* is

associated with neutral (V%) or mono-ionized (V,) or di-ionized (V, ) ox-
ygen vacancies and, with a photon incident, promote a [ZnO4]’ (nega-

tive charge or electron promotion) and [ZnO3'V;] (positive charge or
hole formation) creation (Fig. 9B and C), as shown by Eq. (6).

[ZnO4* + [ZnO; - V&]—[Zn04)' + [ZnO; - Vo] (6)

In situation 1, redox reactions with dichromate ( Cr(Hzo);“) species
and [ZnO4]’ cluster consequently occur, forming reduced chromium

species (Cr(HZO);W) and [ZnOs-Vj] cluster, as demonstrated in Egs.

(7), (8) and (9).

3[Zn04]' + Cr(Hy0)s  <3[Zn04]"...Cr(Hy0)5 (o) 7
31Zn04)'...Cr(H20)g (405 =3[Z005 - VE]...Cr(H20)g a4, ®)
3[Zn0; - VA]...Cr(H20)g 506 ~3[ZN0s - V] + Cr(H,0)q 9)

At the same time, reaction between [Zn03-V;] cluster and water
molecule happen, creating hydroxyl radicals (Fig. 9B), as described in
Egs. (10), (11) and (12).

3(Zn0s - Vo] + 3H,0-3(Zn0; - Vo |...OHa g (10)

3(Zn0s - Vo ]...0Hy 39 —3[Z00s - Vo¥]...0H/ a4 + 3H (11
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3[Zn0s - Vo¥]...0H/ (a5 —3 [Z005 - Vo] + 30H" (145 (12)

Another situation, named as situation 2, is induced for mono-ionized

stead of hydroxyl ions reduction, chromium species could be reduced by
([Zn05-Vy]), resulting in di-ionized oxygen vacancies ([Zn03'V:]) and
Cr(HZO);W species (Fig. 9C), as described in Egs. (13) and (14).

3[2n05 -V, |...Cr(H20)5 44 —=3[2005 -V, |...Cr(Ha0)g g (13)

3 {Zno3 : v;"] Cr(H20)g (3453 [Zno3 : v;“} +Cr(H,0); (14)

ads

In both situations 1 and 2 (Fig. 9B and C), the dichromate (Cr

(H20) ) adsorption process over ZnO active sites allows a Lang-
muir 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 hydrox-
ide forms of Cr(III) was precipitated as Cr(OH )3 under ZnO surface due
to the negligible Cr(III) observed over the experiments [85,86]. It was
expected increase in the Cr(Ill) 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 hydro-
thermal (MAH) methods. The results suggest that the different synthe-
sis 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 mor-
phologies. Synthesis method or the doping process do not alter the crys-
talline 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 morpholo-
gy. Present results clearly reveal an important strategy that theoretical
simulations constitute to explore experimental conditions. Doping ef-
fect produces different modifications in RhB degradation for each syn-
thesis 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 discol-
oration, due to more elevated SSA, crystal face exposition of (101),
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 pho-
tocatalytic 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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