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Keywords:

Zn14NixO and Zn; <Fe,O structures were synthesized by the microwave-assisted hydrothermal method. The best

ZnO photocatalytic degradation of rhodamine B (RhB) and 4-nitrophenol (4-NP) were achieved by the Zng 9¢Nig.040
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and Zng goFep 010. The specificity of each dopant showed significance in the positions of the impurity energy
levels, which ended up influencing the electron-hole separation and transport, as demonstrated by the photo-
luminescence emissions. The morphological analysis revealed that besides inhibiting the growth of particles, the
incorporation of dopant ions into the ZnO lattice triggered a nucleation process, consequently changing their

morphology. Density functional theory (DFT) calculations showed that the Fe>* 3d orbitals generate energy
levels below the conduction band (CB) while for Niz+, the levels were found to be spread in a broad energy range
above the valence band (VB). The synergistic effect of band gaps alteration, inhibition of electron-hole pair
recombination and appearance of new trapping energy sites justifies the superior photocatalytic activity.

1. Introduction

Organic dyes and their effluents have become one of the major
sources of water pollution because of extensive consumption of chem-
icals by the textile industries [1]. As they are harmful to the environ-
ment, hazardous to human health and not easily degradable [2,3], an
ecofriendly and energy-saving method for their degradation/elimina-
tion is strongly desired to treat the industrial wastewater [4,5]. Photo-
catalysis is known as a cheap and environmentally-friendly technology
that has drawn much attention since proposed by Fujishima and Honda
[6,7]. In this way, the development of efficient, stable, and low-cost
semiconducting photocatalysts play a key role in highly functional and
economically viable photocatalysis. N-type semiconducting photo-
catalysts, including SnOg, [8] TiO2, [9,10] ZnO, [3,11] and Inp03 [12]
were found suitable for photocatalytic process owing to their non-
toxicity, wide bandgap, and high photosensitivity and photo-stability.
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Zinc oxide (ZnO) is an n-type binary semiconductor with a hexagonal
wurtzite structure that has partially polar characteristics [13]. This
material presents intrinsic defects, such as zinc interstitial (Z;) and ox-
ygen vacancy (V,) in its crystal structure and also a direct bandgap value
of 3.37 eV. In addition, its large exciton binding energy of ~ 60 meV has
demonstrated high quantum efficiency and photocatalytic activity. [14,
15] However, like most photocatalysts, it is only active in the UV region
and presents a high recombination rate of the photogenerated
electron-hole (e /h™") pairs, which ends up limiting its utilization [16].

The incorporation of dopants significantly changes the band gap of
ZnO as a result of the appearance of intermediate energy levels within
the forbidden region [17]. Additionally, this process can affect the
crystalline structure, surface area, crystallite size and morphology of this
oxide, as well as its physical and chemical properties [18-23]. In order
to increase its technological applications, such characteristics can be
tuned by choosing appropriate dopants and their concentration [24-26].
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Fig. 1. XRD and Raman spectra results of (a-c) Zn; 4\Ni,O and (b-d) Zn;.y\Fe,O (x=0.01; 0.02 and 0.04 mol) samples obtained by the MAH method, x= mol of Ni%*

or Fe*™,

Recently, the incorporation of metallic ions such as Co?t [27,28],
Ni?* [29,30], Fe>* [30] and Sn** [20], into the ZnO structure to tune its
properties, including its photocatalytic visible-light response, has also
been investigated. Ji et al. [20] showed that the degradation rate of
methylene blue by Sng ¢5ZnO reached 99.61% after 120 min of illumi-
nation, which was approximately 2.2 times higher than undoped ZnO.
Neena et al. [31] synthesized g-C3N4-coupled Fe-doped ZnO
micro-flowers and observed enhanced photocatalytic performance in
the photo-degradation of the 2,4-dichlorophenol pollutant as a result of
simultaneous Fe doping and coupling with g-C3N4. According to Beura
and Thangadurai [2] the best photocatalytic activity was achieved with
1 wt% of Sn doping into the graphene/ZnO matrix. This enhancement
was associated with optimum doping content, decreased band gap (2.87
eV), sustaining lifetime (15.72 ns), reduced recombination of charge
carriers and increased generation of hydroxyl radicals, *OH, during
photocatalysis. The photocatalytic photodegradation of degradation of
rhodamine B (RhB) using Ni,CoxZn; 2O nanoparticles studied by Pas-
cariu et al. [28] evidenced the sensitivity of the catalyst response to the
concentration of dopants.

An analysis of the scientific literature renders that different mor-
phologies of ZnO have been reported, including: nanowires, nanorods,
nanorings, nanotubes, nanospheres, nanoflowers and nano-needles. It is
known that such morphologies are extremely important to enable the
improvement of a given technological application [32-35]. Hui et al.
[36] discussed the effect of Fe doping on the band gap and morphology
of ZnO. According to the authors, the 5% Fe-doped ZnO sample showed
the highest RhB degradation efficiency (~97.70%). On the other hand,
Byzynski et al. [37] established that the crystal face exposure strongly
influences the properties of N-doped ZnO crystals, whose particles with
oriented nanorods were found to inhibit the recombination of carriers
better than N-doped ZnO nanostructures, besides presenting enhanced

photocatalytic activity. It can then be concluded that the decrease of
specific surface area or band gap by the doping process can influence the
potential applications of metal-doped ZnO and that the morphology
plays an important role in this process due to the direct influence of the
dopants on its electronic and physicochemical properties. However,
consistent studies connecting the morphology with the photocatalytic
performance are still needed.

In this study we report the facile synthesis of ZnO, Zn; 4NiyO and Zn;.
xFexO (x=0.01; 0.02 and 0.04 mol) samples via the microwave-assisted
hydrothermal (MAH) method for the photocatalytic degradation of
rhodamine B (RhB) and 4-nitrophenol (4-NP). The doping process with
Ni%* and Fe®' cations affected the photoluminescence emissions, size
and morphology of ZnO particles. Higher concentration of Ni?" favored
the photodegradation process, while the photocatalytic efficiency of
Zn; xFexO was improved with the decrease of Fe®t concentration. To
complement and rationalize the experimental results, first-principles
calculations were performed at the density functional theory (DFT)
level to describe the electronic properties, explore the ferromagnetic and
antiferromagnetic ordering and elucidate the distinct effects of 3d states
of the dopants within the band gap of the ZnO system. The specificity of
each dopant shows significance in changing the forbidden bandwidth
and the positions of the impurity energy levels, which ends up influ-
encing the formation, transport and recombination of photocatalytic
carriers.

2. Experimental
2.1. Samples preparation

The ZnO sample was obtained from the addition of 4.9x10~> mol of
Zn(CH3C0O0)3.2H50 in 40.0 mL of distilled water under constant
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Fig. 2. FE-SEM images of Zn; 4\Ni,O and Zn, 4\Fe,O samples (a) x=0.0 (b) x=0.01 mol of Ni%* (¢) x=0.02 mol of Ni** (d) x=0.04 mol of Ni** () x=0.01 mol of Fe3*

(f) x=0.02 mol of Fe** and (g) x=0.04 mol of Fe>*.

stirring. Concentrated ammonium hydroxide was added until pH = 9.
The same procedure was employed to obtain Zn; 4\NiyO and Zn; 4\Fe,O
samples (x = 0.01; 0.02 and 0.04 mol of Ni*" and Fe3" ions), plus the
addition of stoichiometry concentrations of Ni(NOs)2.6H20 and Fe
(NO3)3.9H,0 precursors. The solutions were transferred into a Teflon
autoclave, and then sealed and annealed under hydrothermal conditions
at 120°C and a heating rate of 5 °C min™!. Upon reaching the temper-
ature, the solution was kept under heating for 1 minute. The products
obtained were centrifuged, washed with water and ethanol and dried at
70 °C for 2 h.

2.2. Materials characterization

The crystallographic structures of undoped ZnO, Zn; 4NiyO and Zn;.
xFexO powders were characterized in a Rigaku X-ray diffractometer
(model DMax2500PC) operating at 40 kV and 150 mA using Cu-Ka ra-
diation (A = 1.5406 A). Field emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM) were performed
on FE-SEM JEOL model 7500F and Jem-2100 LaB6 (Jeol) microscopes,
respectively. Raman measurements were carried out on an Ocean Optics
spectrometer at A = 785 nm. The UV-vis spectra of the materials were
obtained using a Cary spectrophotometer (model 5G) in the range be-
tween 200 and 800 nm. Photoluminescence (PL) measurements were

performed at room temperature by using a 355 nm laser (Cobolt/Zouk)
as excitation source, focused on a 200 pm spot at a constant power of 5
mW

2.3. Photocatalytic studies

The photodegradation tests were performed with RhB (RhB, Synth,
99.9%) solution (1x107°M) and 4-NP (Aldrich, >99%) solution (10
ppm). 50.0 mg of each sample was added to the pollutant solution (50.0
mL). These dispersions were placed in the ultrasound system for medium
dispersion and then taken to the dark for 30 min for adsorptive equi-
librium. Afterwards, a system containing ultraviolet-visible lamps (6x
Philips TLD-15W) was switched on, and aliquots were removed at pre-
determined times. The aliquots were analyzed by absorption spectro-
photometry in the UV-Visible region. For the photodegradative stability
tests, the same process was carried out 4 more times using the same
materials. Equimolar amounts of L-ascorbic acid (AA, Aldrich, 99%),
tert-butyl alcohol (TBA, Aldrich, 99.5%), ammonium oxalate (AO,
Aldrich, 99%) and silver nitrate (SN, Cennabras, 99.8%) were added for
the scavenger tests with RhB.
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Fig. 3. TEM and HRTEM images of (a-b) undoped ZnO (c-d) Zng 9Nip.040 and (e-f) Zng g9Feq 010 samples. SAED patterns are on the right side.

2.4. Computational methods

First principles calculations within the periodic DFT framework,
using the hybrid Perdew—Burke-Ernzerhof exchange-correlation func-
tional (PBEO) [38] were performed with CRYSTAL17 software [39] to
characterize the undoped ZnO and Fe>* and Ni?*-doped ZnO systems.
All the systems were investigated within the Unrestricted Hartree-Fock
(UHF) approximation to allow a description of the spin polarization as a
result of the unpaired d electrons of the dopant ions. All-electron basis
sets were used to describe the O [40], Zn [41], Fe [42] and Ni [43]
atomic centers. Regarding the density matrix diagonalization, the
reciprocal space net was described by a shrinking factor of 4, corre-
sponding to the Monkhorst-Pack scheme. The accuracy of the evaluation
of the Coulomb and exchange series was controlled by five thresholds,
whose adopted values were 108,107, 108,108, and 107'°. In order
to reflect low Fe and Ni concentrations, a supercell expansion corre-
sponding to 2 x 2 x 2 containing 32 atoms was calculated to simulate
the ZnO and the ferromagnetic (FM) Fe**- and Ni?*-doped ZnO systems.

This arrangement resulted in a structure with 6.50% substitution of Zn?*
ions by Ni* cations and by Fe>* cations (in the case of Fe>* doping with
formation of a Zn?* vacancy in the structure). Also considering the in-
fluence of anti-ferromagnetism (AFM), an appropriate supercell with
twice of the volume of the supercell used for the FM systems was built to
perform the calculations in order to investigate the contribution of the
different dopant spin arrangements to the electronic properties of ZnO.

3. Results and discussion
3.1. Structural analysis

X-ray diffraction (XRD) patterns of undoped ZnO, Zn; 4NiyO and Zn;.
xFexO powders are shown in Fig. 1a,b. All Bragg peaks are indexed to a
wurtzite-type structure of zinc oxide (JCPDS 36-1451, space group
P63mc), indicating the incorporation of Ni2* and Fe* jons into the ZnO
lattice under microwave hydrothermal conditions. The crystallite size
(D) determined from the XRD line broadening measurements from
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Fig. 4. Optical absorbance spectra of (a) Zn; 4\Ni,O and (b) Zn; 4Fe,O (x=0.01;
0.02 and 0.04 mol) samples obtained by the MAH method, x= mol of Ni%*
or Fe*.

Debye Scherrer equation are presented in supporting information,
Table S1. It can be observed that the doped samples undergo a decrease
in crystallite size in comparison with the undoped ZnO.

The Raman spectra of the ZnO, Zn; 4\NiyO and Zn; 4Fe,O samples are
shown in Fig. 1c,d, where it can be seen that all samples exhibit a peak
around 437 cm ™ related to the E, (high) mode corresponding to the
wurtzite structure [14,27]. The peaks at 101, 204, 334 and 385 cm tare
ascribed to Egy, 2Eg, 3Eon-Eor, and A;(TO) phonon modes, respectively,
which are characteristic of zinc oxide [44,45]. The additional peak
around 528 cm ™! corresponds to By(nigh) [46], whereas those around 581
and 655 cm™! refer to the E;(LO) and (TA + LO) modes in ZnO,
respectively [27,45]. The Eoy modes become weak with the incorpora-
tion of Ni** and Fe®" ions into the host matrix, which can be attributed
to the higher structural disorder induced by doping [47]. No additional
Raman modes due to secondary phases involving metallic ions can be
observed, which corroborates the XRD results.

3.2. FE-SEM and TEM analysis

FE-SEM images of the ZnO, Zn; 4NiyO and Zn; 4xFeyO samples are
displayed in Fig. 2. It can be noted that the ZnO sample has a flower-like
assembled morphology of about 1.6 pm in width, composed of nanorods
petals (Fig. 2a). The Ni%*-doped ZnO samples, on the other hand, exhibit
a non-uniform flower-like morphology formed by nanorods and elon-
gated petal structures, as shown in Fig. 2b—-d. However, with the increase
in the amount of Fe>" ions, the morphologies drastically change, and the
formation of elongated and dispersed petals start to appear, as observed
in Fig. 2e-g.
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Fig. 5. PL spectra of (a) Zn;4Ni,O and (b) Zn;.4\Fe,O (x=0.01; 0.02 and 0.04
mol) samples at room temperature (Aexe= 355 nm) prepared by the MAH
method; x= mol of Ni>* or Fe>*.

Results of average particle size distributions and average particle size
length and width from microscopy images are shown in supporting in-
formation, Fig. S1 and Table S2. It can be seen that the ZnO rods present
average length and width of ~781.4 and 283.2 nm, respectively. For all
doped samples, there is a decrease in the particle size, being 606.1 nm
and 280.6 nm the calculated value of length and width for sample
Zng.96Nig,040, respectively, and around 256.5 nm and 126.4 nm for
sample Zng goFeq 010, respectively. It is known that the addition of im-
purities may influence the size and morphology of ZnO due to their
effective participation on the particle nucleation and growth, in which
many factors contribute to the crystal growth process of nanostructures
[48]. The particle size distributions can corroborate the crystallite size
presented in Table S1 (supporting information), where it is possible to
note that the flower-like morphologies of the ZnO structures present
higher crystallite size than the doped samples. Al-Gaashani et al. [49]
showed in their study that ZnO nanoparticles presented smaller crys-
tallite size than nanoflowers and nanorods, following the order: nano-
rods > nanoflowers > nanoparticles. These observations are in
agreement with the results reported herein, which demonstrated that
the adding of a doping amount in the ZnO lattice changes and decreases
the length and width of the petals of the flower-like assembled ZnO
morphology.

In the beginning of ZnO formation process, ammonium hydroxide
was added to zinc acetate dispersion, leading to the formation of
amorphous seed nuclei. During microwave heating, clusters are formed
by collision and atoms are rearranged, followed by nucleation of
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Fig. 6. Curves of photodegradation of RhB using (a) Zn; 4\Ni,O (b) Zn; 1Fe,O (x=0.01; 0.02 and 0.04 mol) photocatalysts under UV-vis irradiation. Rate constant, k,
(-In C/Cyp) as a function of irradiation time using (c) Zn; 4\NiyO (d) Zn, «xFe,O photocatalysts; x= mol of Ni?* or Fe3*.

nanoparticles that grow to longer nanorods [50]. The nanorods are
connected by orientation attachment process, resulting in the formation
of flower-shaped petals due to van der Waals driving force [51]. Ac-
cording to Jayanthi et al. [48] the formation of nanorods with elongated
direction supports the preferential growth of ZnO structures that occurs
along the direction of minimum surface free energy. However, the
efficient incorporation of dopant ions into the ZnO lattice inhibited the
particle growth and flower-like morphology formation. The change in
morphology would then be affected by the nucleation and growth pro-
cesses, which can depend on the synthesis parameters as well as on the
charge of the surface states [48]. Additionally, Zamiri et al. [52]
attributed the decrease in the growth rate of ZnO nanoparticles along
the c-axis direction in the presence of trivalent rare earth dopant to an
enhanced adsorption of OH™ ligands, which ended up preventing the
deposition of Zn species onto (0001) basal surfaces. In this way, the
morphological changes observed in the Zn; x\NixO and Zn; 4xFeyO sam-
ples can be related to the incorporation of these ions into the ZnO lattice.

TEM and high-resolution TEM (HRTEM) images of undoped ZnO,
Zng.96Nig,040 and Zng g9Fe 010 powders are shown in Fig. 3. All samples
exhibit particles with well-defined planes and high crystallinity as
observed by selected area electron diffraction (SAED). The analysis of
the interplanar distances in the selected areas of the samples shows the
(103), (110), (102), (002), (100) and (004) planes corresponding to the
interplanar distances of 0.159, 0.169, 0.193, 0.258, 0.282 and 0.521 nm,
respectively. These planes characterize the ZnO hexagonal structure of

the samples, corroborating the XRD and Raman analyzes. For the doped
samples, Zng geNig 040 and Zng goFe 010, a preferential orientation of
the rods in the (001) plane is observed when compared to the undoped
ZnO sample.

3.3. Optical properties

Fig. 4 depicts the UV-visible absorption spectra of the ZnO, Zn; x\NiyO
and Zn; 4Fe,O samples. A weak absorption band in the visible region of
600-700 nm can be observed for the Zn; 4NiyO samples (inset of Fig. 4a).
These absorption bands can be assigned to the spin-orbit split 3T1(F)
—3Typ) ligand field transitions of the Ni** ions in the tetrahedral co-
ordination [53]. Fig. 4b shows the absorption spectra of the Zn; yFe,O
samples. The broad absorption band around 400-600 nm can be
attributed to the d-d crystal-field transitions between multiplets of 3d°
configuration of the high spin Fe®" in the ZnO matrix, indicating that the
Fe3* ions were substitutionally incorporated into the tetrahedral sites
[54]. These transitions are assigned from the 6A1g ground state to 4T1,
4T,, “E, and *A; excited states [54]. The ZnO, Zn; 4{NiyO and Zn; Fe O
samples presented similar band gap values of Eg,,= 3.4 €V, as observed
by the optical band gap energies determined using the Kubelka—-Munk
formula, as shown in supporting information, Fig. S2.

All samples showed photoluminescent broad emission bands in the
orange-red visible region as shown in Fig. 5. The visible emission in ZnO
is sensitive to the different types of defects generated. For instance, the
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green luminescence in ZnO is commonly attributed to singly V,, while
the orange-red emissions are assigned to oxygen interstitials (O;) [27,
55]. In this work, the broad emission band intensity in the orange-red
visible region decreases with the insertion of Ni2* ions and increases
with the incorporation of higher concentrations of this ion into the oxide
lattice, suggesting an ordering of the crystalline lattice of ZnO with the
substitution of [ZnOg] for [NiOg] clusters, followed by a disorder effect
due to the interference caused by the excess of [NiOg] clusters (Fig. 5a).
For Fe>*-doped samples, the opposite effect is observed, with a decrease
in the photoluminescent emission intensity, caused by the local order
induced by [FeOg] clusters (Fig. 5b). Similar results were reported in the
literature [56-59]. According to these studies, the incorporation of
metallic ions into the host matrix increases the density of structural
defects and favors the formation of lower energy levels in the conduction
band of the semiconductor. For instance, the presence of Fe3* ions de-
creases the number of V, and O; ions compared to undoped ZnO due to
the formation of local defects represented by one cation vacancy (V”Zn)
every two Fe?t dopant ions in order to charge balance [56]. Upon Ni%t
incorporation, the intensity of PL emission also increases because of
distortion centers in the ZnO lattice resulting from the presence of
[NiOg] clusters [60]. The interaction between the dopant ions and the
host semiconductor contributes to the separation of electron-hole pairs,
which can be subsequently related to their photocatalytic activity [61].
The deconvolution of PL spectra was carried out from two components,
at 578 and at 680 nm, referring to shallow and deep defects in the

samples, respectively (Table S3). As dopants provide adverse effects in
terms of intensity, this is also reflected in the deconvolution of charac-
teristic emissions. The insertion of a higher concentration of dopant
causes an increase in the density of deep defects (V,) in Znj4NiyO
samples and a decrease in the Zn; y\Fe,O samples. Such control of defects
in a semiconductor becomes essential when exploring its potential for
photodegradation since the photocatalytic activity is intrinsically linked
to the defects in the sample [62].

3.4. Photocatalytic degradation of rhodamine-B and 4-nitrophenol

Undoped ZnO, Zn; xNixO and Zn; xFe;O samples were used as pho-
tocatalysts for the degradation of model RhB molecules with initial
concentration of Cy = 1x107° mol L™1. The photocatalysts were irra-
diated under ultraviolet light, followed by UV-vis analysis to estimate
the concentration of remaining RhB. It could be observed that the
characteristic absorption band of RhB (at 554 nm) decreases as a result
of the gradual de-ethylation of the functional groups N,N’-dieth-
ylammonium, causing the color to change from pink to transparent [63].

The photodegradation results show the concentration of RhB (C,/Co)
as a function of irradiation time, where C, is the concentration over time
and Cy the initial concentration, respectively (Fig. 6a,b). For all samples,
a stabilization of surface adsorptive processes is observed after 30 min in
the dark. The undoped ZnO presents adsorption of approximately 14%,
while the Zn; 4\NiyO and Zn;.4\Fe,O samples present higher adsorption
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values (between 16 and 23%). During the photocatalytic process of Zn;.
NiO samples doped with higher concentrations of Ni2*, there is a fa-
voring photodegradation process for RhB. The opposite effect is
observed for the Zn; 4xFexO samples, that is, their photocatalytic effi-
ciency is improved with the decrease of the Fe3* concentration. For the
degradation of 4-NP solutions (10 ppm), tests similar to those of RhB
were performed. A reduction in the absorption band characteristic of 4-
NP was observed at 317 nm. After stabilization of the adsorption (30 min
in the dark), high adsorption values of 4-NP (~70%) are observed for all
samples (Fig. 7a,b). This is due to the interaction of the surface charges
of the ZnO samples with the 4-NP [64,65]. In line with the results ob-
tained for RhB, for the photodegradation of 4-NP, the sample with the
highest concentration of Ni2* favors the photocatalytic process, as well
as the one with the lowest concentration of Fe>*. According to the PL
results, the Vo have a fundamental role in the generation of e /h™ pairs,
not only because they act as electron trapping centers, but also because
they create intermediate levels in the forbidden region of the band gap,
consequently making electronic excitation easier through ultraviolet
light irradiation [62,66-68]. Thus, the photocatalytic efficiency is
mostly related to local order/disorder effects caused by the concentra-
tion of dopants in the ZnO lattice [69,70].

Most heterogeneous photocatalytic mechanisms for semiconductors
are considered pseudo-first order reactions, as a result of the low initial
dye concentration and constant catalyst concentration [71]. Herein, we
used the Langmuir—Hinshelwood (L—H) kinetic model to obtain the
kinetic constants of the photodegradation reaction (Fig. 6¢,d) [72,73].
For all samples, a R? greater than 0.89 was obtained, indicating that the
kinetic model used was suitable for the photodegradation of RhB [74].
For RhB (Fig. 6¢,d) the photodegradation rate of the Zng ggNig 040
(k=0.0551 min~1) and Zng goFeg 010 (k = 0.0642 min 1) samples were
higher, the k values obtained for these samples are higher when
compared to the undoped ZnO sample (k = 0.0340 min~?). The same
occurs for the photodegradation of 4-NP (Fig. 7c,d), obtaining higher k
values for ZngogNip.040 (k = 0.0412 min~1) and ZnggoFep 10 (k =
0.0409 rnin’l), than for pure ZnO (k = 0.0290 min’l).

The stability of the catalysts was tested by successive recycles of RhB
and 4-NP photodegradation and compared to the ZnO sample (Fig. 8a,
b). A gradual reduction in efficiency was observed for all samples. In the
5th cycle, the RhB photodegradation activity of ZnO was found to be
52%, while for the Zng ggFeg 910 and Zng 9¢Nig 040 for samples this value
was 66% and 60%, respectively. In the case of 4-NP, in the 5th cycle the
photodegradation/adsorption efficiency for ZnO was 70%, while for the
Zng g9Fe(.010 and Zng ggNig 04O samples this value was 85% and 77%,
respectively. The DRX and FE-SEM analyses after RhB photodegradation
(supporting information, Fig. S3 and S4) did not show significant dif-
ferences in the samples before and after the photodegradation recycles.
The efficiency loss between 40 and 15% is related to mass loss and
photocorrosion processes to which the ZnO was submitted during the
cycles [75,76].

The photocatalysis process is intrinsically linked to the formation of
photogenerated e /h™ pairs and their interaction with molecules
available in the surrounding chemical environment, as well to their
interaction with the water molecules of the solvent and molecular ox-
ygen, giving rise to *OH and *O," radicals, respectively. Therefore, to
elucidate the role of such species in the degradation mechanisms,
scavengers were used to eliminate the effect of the respective species on
the RhB degradation process. Tert-butyl alcohol (TBA), L-ascorbic acid
(AA), silver nitrate (SN) and ammonium oxalate (AO) were used as
scavengers for *OH, *05 ", e~ and h™, respectively (Fig. 8c) [77,78]. An
abrupt reduction in the photocatalytic efficiency using AA, AO and TBA
indicates that the photocatalysis process occur via *O,~, h™ and *OH.
These species end up interacting with RhB, causing colorless and lower
molecular weight organic compounds to be created, or even mineral-
ized. The intermediate states created in the band gap region by doping
with Ni?* and Fe®* facilitate electronic promotion, besides acting as e™
traps [79-82].
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Fig. 9. Schematic representation of the [ZnO4] cluster in the (a) undoped ZnO wurtzite structure and (b) the [NiO4] and (c) [FeO4] clusters in the doped ZnO, with
indication of the metal-oxygen bonding lengths and the respective metal electronic configuration. The gray, blue and orange spheres represent Zn?*, Ni?*, and Fe3*

cations, respectively while the red spheres correspond to oxygen anions.

3.5. Theoretical study of Zn;.,Ni,O and Zn;. ,Fe,O structures

To elucidate the different photocatalytic performances achieved by
the Ni?* and Fe3" doping process on the electronic structure of ZnO,
studies based on the density functional theory were carried out.
Fig. 9a—c present the local organization of the [ZnO4] cluster in the
undoped ZnO wurtzite structure, as well of the [NiO4] and [FeOj4]
clusters formed in each doped sample. The Ni?*, which has ionic radius
of 0.55 ;\, substitutes the Zn** (0.60 i\) in the structure, maintaining
similar bond lengths, whereas the substitution of Zn>* by Fe3* (0.49 A)
provokes a greater structural distortion. For the Znj 4Fe,O system, the
resulting compressed cluster can be attributed to the smaller ionic radius
of Fe>* with respect to Zn?" and to the higher charge, which is capable
of generating additional attractive forces with the oxygen anions.

The presence of transition metals such as Ni%* and Fe3", in the ZnO
matrix show potential to generate magnetic susceptibility due to the
existence of unpaired electrons [83-85]. Under the influence of tetra-
hedral crystal field of wurtzite ZnO, as depicted in Fig. 9, the splitting of
3d states results in lower e states and higher ta; [86-88]. To consider
these effects in the electronic properties, ferromagnetic (FM) and anti-
ferromagnetic (AFM) Zn; 4NiyO and Zn; 4Fe O structures were calcu-
lated. From the band structure (BS) of the wurtzite ZnO, exhibited in
supporting information Fig. S5, it is seen that the system shows a direct
band gap of 3.67 eV, being 0.23 eV higher than the experimental value
of 3.4 eV. For each dopant, different aspects can be observed. For
instance, the BS of the doped systems (supporting information, Fig. S5)
indicates a decreased band gap for Ni®* doping. On the other hand, for
the Fe*>*-doped ZnO system the VB band moves to higher energies and
the CB band moves to higher energy direction, resulting in an increased
band gap.

In Fig. 10a, the density of states (DOS) indicates that for the ZnO
system, the top of the VB is derived mainly from O 2sp orbitals and Zn 3d
orbitals, while the bottom of the CB arises from Zn 4sp orbitals.
Furthermore, the completely symmetrical spin DOS of ZnO demon-
strates the non-magnetism of the undoped oxide. In Fig. 10b,e, the
asymmetry observed in the spin polarized DOS reveals the ferromag-
netism by virtue of the insertion of dopant 3d electrons. Due to the ac-
tion of the tetrahedral crystalline field, the 3d orbitals of the dopant
splits, and the band structure is modified. The resulting tpg states

hybridize with O 2p orbitals and further split into lower t-bonding states
and higher t-antibonding states [86,89].

The addition of Ni?* and Fe>" cations as dopant elements in the ZnO
lattice generates significant impurity states within the band gap of the
ZnO system. For each dopant different aspects can be observed in the
DOS diagrams (Fig. 10b—e). The Ni%" insertion renders additional levels,
mainly in the top of the VB in both FM and AFM ordering, showing
contributions in the CB, which is major in the AFM system (Fig. 10b,c).
In the >Fig. 10d,e, the DOS indicates expressive contribution of Fe 3d
orbitals in the bottom of the CB for spin down electrons and a strong
hybridization between Fe-3d and O-2sp orbitals in the VB, resulting in
shallow traps and improved carrier separation. For the AFM structure
(Fig. 10d) an intermediary level located 3 eV above VB is formed for the
spin down electrons.

The calculated electronic structure for the Zn; 4NiyO and Zn; 4+Fe;O
systems demonstrates that the impurity energy level comprises new
paths, which certainly affects the e /h™ pair formation. These impurities
facilitate transitions from VB to CB levels, influencing charge separation
and recombination mechanisms. With the insertion of Ni?* and Fe3*
dopant cations, localized new energy levels emerge within the ZnO band
gap. The 3d orbital splitting occurs in different magnitudes due to the
different electronic configuration of each dopant, influencing the tran-
sition energies in the tetrahedral ZnO environment. For Fe>", the half-
filled 3d orbital generates levels below the CB, whereas for Ni2+, own-
ing 3d® configuration, the levels spread in a broad energy range above
the VB.

During the photoexcitation process, electrons are easily transferred
from the VB of ZnO to the localized energy levels of Ni2* or Fe**, leaving
h™ in the VB. The excited e, which are trapped in the dopant energy
levels and the h*, may migrate to the photocatalyst surface for the
generation of reactive species responsible for the pollutant decomposi-
tion. As verified by the experimental results, the doping percentages
affected the efficiency of the photocatalyst performance in an intricate
form. When the Ni?* doping concentration was increased, an improved
photocatalytic activity was achieved, while the opposite was true for
Fe3" doping, that is, lower Fe3 doping concentration showed best re-
sults. Dhiman et al. prepared ZnO:Ni:Fe nanocomposites containing 1%,
3% and 5% of Fe>* and observed an increase in the photocatalytic
response from 1% to 3% Fe3*; however, at 5% of Fe3" the sample
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Fig. 10. Spin-polarized DOS diagram of (a) ZnO (b) ferromagnetic and (c) antiferromagnetic Zn; 4Ni,O (d) ferromagnetic and (e) antiferromagnetic Zn; Fe,O.

showed lower efficiency. These authors attributed this behavior to the
presence of more cation vacancies generated by the higher content of
Fe®" in the structure [90]. Recently, Liu et al. [91] discussed that the
excess of Fe>* with Zn vacancies can decrease the photocatalyst effi-
ciency due to the formation of impurity levels, which act as recombi-
nation centers.

Moreover, the magnetic ordering (AFM or FM) is another factor
affected by the concentration of the dopant ions. In other words, as the
dopant concentration increases there may be a change in the preferential
magnetic coupling, thus altering the electronic properties of the system
[92]. The material design goal is to reach a higher charge separation and
transport along with a lower recombination rate. The best photo-
catalytic degradation was achieved by Zng ggFeg 010 sample. The theo-
retical results, performed considering both FM and AFM ordering,
indicates the expressive contribution of Ni 3d intra-band levels in the top
of the VB, which may facilitate the photocatalytic mechanism involving
the presence of h', as indicated by the slightly higher suppression of the
degradation mechanism when the scavenger for h™ was applied, even
though the extended energy range of these levels may also favor
competitive recombination paths. For the Fe®>! doping, greater band

10

separation and denser levels in the CB may provide a better charge
separation, reducing recombination rate and paths that efficiently boost
the inter-band electron transport.

4. Conclusions

High performance Zn;4NixO and Zn;4FexO photocatalysts were
successfully synthesized by the microwave-assisted hydrothermal
method. The incorporation of Ni* and Fe®* cations into the tetragonal
coordination generated local defects within the ZnO lattice, influencing
their optical and photocatalytic properties. The morphology was also
affected by the decrease of the ZnO crystal growth along the c-axis di-
rection in the presence of the dopants. The ZnggeNip o4O and
Zng.99Fe( 010 materials exhibited high photocatalytic efficiency of 96.9
and 98.2% for the degradation of RhB, and of 99.8 and 99.1% for 4-NP,
respectively, furthermore good recyclability was achieved. These
enhanced performances can be related to a band structure that allows
higher separation of e /h™ pairs, lowering the recombination rate and to
the formation of levels that efficiently boost the photocarrier transport.
The theoretical calculations indicated the formation of new energy
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levels due to the introduction of Ni>™ and Fe®* ions into the ZnO lattice,
which caused an impact on the e /h" pair formation, elucidating the
specific electronic aspects promoted by each dopant. The remarkable
degradation performance of the Ni2* and Fe* doped ZnO samples
provide a promising strategy to obtain catalysts for the removal of
pollutants.
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