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Abstract: ZnO is one of the widely studied materials for multidimensional applications, viz.
semiconductor material, catalysts, solid-state devices, etc. The primary functionalization is carried out
by doping the required element (s) within the ZnO matrix, which can exist in either zinc blend or the
wurtzite form. The present research reports synthesis of ZnO doped by Cr, Y, and Eu at two dopant
concentrations. The synthesis technique is optimized using dual fuels during solution auto combustion
synthesis. Detailed analysis of X-ray diffraction study reveals a comparative analysis of the peak area
and FWHM magnitude. The influence of the doping element on the ZnO is studied in terms of UV and
photoluminescence spectra. The highest bandgap of 3.08 eV is reported with Eu as the dopant within
ZnO compared to Y, which shows lower bandgap energy of 2.44 eV. The density of states study of
ZnO is found to be continuous with a significant nodal region within -3.4 to -2.4 eV. However, in the
doped systems, irrespective of the dopant, nodal regions are more with specific band regions in the
Zn0O-Y/ZnO-Eu system. Irrespective of dopant type, doping within ZnO significantly influences the
states in the conduction band.

Keywords: functional material; doped ZnO; photoluminescence spectra; density of states; orbital
splitting.
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1. Introduction

The basic philosophy behind the advancement of science lies in selecting, choosing,
tailoring, and applying appropriate elements within the periodic table, which is the absolute
gift from nature to the bio life. Transition elements enable its application in a wide arena like
catalysis, bio mimics, energy sector, food industry, etc., owing to the presence of variable
oxidation states. Surprisingly, Zn is an essential trace element for bio life among the Zinc
family, which is the primary active metal involved with numerous enzymes like carbonic
anhydrase, carboxypeptidase, and alcohol dehydrogenase. However, cadmium and mercury
with similar electronic configurations belonging to the same family are toxic in larger
proportions for bio life [1]. As per the applicability in bioprocesses, it can be generally stated
that involvement of metals within biosystem may either be in the form of a “host-guest”
interaction, wherein the metal acted as the guest being circumscribed by a supramolecular
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entity or in the stable oxide form [2]. Among numerous metal oxides, ZnO is a widely used
semiconductor compound. It bears the important traits of low cost, higher chemical stability,
mass production, topical drug component, etc. [3]. ZnO is widely applied as a photocatalyst
that undertakes a large cluster of potential; chemical, photochemical, and electrochemical
responses [4]. The primary parameters subjected to tailoring for variable application are surface
area and surface defects, which govern semiconductor ZnQ's photocatalytic activity. In
addition, doped ZnO nanoparticles function well as the favorable catalyst for the degradation
of organic pollutants due to their high surface activity, morphological features, and feasibility
to tailor/induce the defect-driven phenomena [5]. Barua et al. have reported the occurrence of
a large band of chemical potential, photochemical, and electrochemical responses on the
surface of ZnO or doped ZnO-based photocatalyst [6]. Doped ZnO systems are reported to
exhibit excellent sensing properties for both oxidizing and reducing gases. The distinctive
difference for sensing oxidizing and reducing gas molecules lies in the surface reaction
behavior. According to the report of Tee et al., the oxidizing gases get detected by adsorbing
at metal oxide (catalyst) surface, whereas the reducing gases like H2S tend to react with
chemisorbed oxygen species shown in Eq. 1-3:

2H,S (g) + 30,(ads)” < 2H,0 (g) + 250,(g) + 3e~

H,(g) + O(ads)™ < H,0 (g) + e~

CH,(g) + 40(ads)™ < C0, + 2H,0(g) + 2e~ (1-3)

Such sensing mentioned above mechanism required 200-400°C operating temperature
in case of pristine ZnO. Owing to its low porosity, wide bandgap, and low specific surface area
[7-9]. Under this aspect, Habib et al. reported the synthesis of Cr-doped ZnO by sol-gel
technique, which is successful in sending reducing gases with specificity and repeatability at a
lower temperature of 50°C. Debnath et al., on the other hand, reported the hydrothermal
synthesized Cr doped ZnO wherein the influence of variable doping is studied towards the
structural and magnetic response [10]. Increasing doping concentration (Cr®*) is found to
accelerate oxygen vacancy defects. Again, this oxygen vacancy defect is studied to exhibit a
significant role in the enhancement of ferromagnetic ordering in the doped ZnO nanostructure
[11].

Doping of 4d transition metal like Y in ZnO is also found to significantly influence the
“hydrogen energy” by accelerating the Photoelectrochemical (PEC) water splitting with
increased photoconversion efficiency (PCE). Commandeur et al. reported Y's doping as dopant
within ZnO for the first time for PEC water splitting [12]. Yttrium-and other doped ZnO is well
known for its conductivity as a n-type semiconductor, leading to applications such as
transparent conducting oxide, gas ionization, and humidity sensor [13-19]. On a similar note,
doping with lanthanides like Eu, Th, Yb within ZnO is applied widely for electronics and optics
systems [20]. These ions have narrow emission bands that may also be split or intensified by
modifying their chemical environment and micro symmetry [21].

Functionality and applicability of such lanthanide-doped system preferentially depend
on the synthetic route of such composite. It has been reported that the solid-state synthesis route
tends to segregate the ZnO and doped metal phase and thereby reduce the endurance of the
functional device. Yang et al. reported that Eu(l11) behaves as a shallow electron trap with the
Eu(lI1) fundamental energy level slightly below the ZnO conduction band, which can cause the
generation of a ZnO—Eu(Ill) energy transfer. However, the primary limitation lies in the
insertion of lanthanide ions into ZnO, owing to the difference in ionic radii, charge, and
coordination number [22, 23]. The reported synthesis route for Eu doped ZnO involves Pechini
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method [24], hydrothermal synthesis, etc. [25]. Oliveira et al. reported an impregnation-
decomposition method to synthesize Eu doped ZnO. to build hierarchically nanostructured
multi-layered nanoparticles with alternating undoped ZnO and Eu(lll)-doped ZnO layers in
order to thermally induce Eu(l1l) migration into the ZnO structure. Ashaputre et al. reported
the synthesis of Eu doped ZnO by chemical means with a variable doping limit [26]. Disorders
within the nano ZnO system are found to get accelerated with an increase in doping % of Eu.
The novelty of such chemically synthesized Eu doped ZnO is the capability to emit white light
within the whole visible range of light. Therefore, it is observed that the doped ZnO system's
functionality depends highly on the synthesis route, which primarily affects the morphology of
the matrix. Furthermore, from the literature study, it can be said that to date, numerous studies
have been reported based on the application potential of the doped ZnO system. However, a
study on the intrinsic mechanism of defect ZnO structure needs to be studied in detail.

A novel technique based on solution-phase combustion synthesis is reported to prepare
doped ZnO composite in the present investigation. A detailed study on UV absorption and
fluorescence is reported for such doped samples as a doping ratio function. The present
investigation's prime novelty lies in the correlation of the pristine ZnO matrix using a partial
density of states concerning the doped counter compositions. A new insight is intended to
establish using the theoretical approach for the selective application of these functional
materials as a function of dopants for selective applications, as stated above. The three ZnO
system through synthesized using a simple and upscalable solution combustion technique,
scientific understanding towards the synthesis using double ligands has been tried to be
established not only from the point of various steps involved in the process of ionization and
complexation of the various metal ions but also from the point of pH dependency of the
precursor solution and better thermodynamic stability of metal ion-ligand complexes. The
study also includes the first principle theoretical analyses of the density of states (DOS)
adopting density functional theory (DFT) for the doped ZnO's involved molecular orbitals. This
enables to propose the detailed mechanistic ways to evaluate the best suitability of such defect
oxides towards such selective application.

2. Materials and Methods

The present article involves the synthesis of doped ZnO composites by Cr, Y, and Eu.
Table 1 illustrates the variability of compositions. All the doped oxide powders were
synthesized by simple modified self-sustaining solution combustion technique using Zn(NOs)z,
Eu(NOz3)3.6H20, Y(NOs)2, Cr(NO3)2.6H20, glycine, and citric acid as starting materials as
shown in the preparation scheme in Figure 1.

Table 1. Tabulation of Compositions for doped ZnO and Sample identifications.

SINo | Dopant Element | % of Dopantin ZnO | Sample ID
1 Cr 0.01 Zn0O-Cr-1
0.08 Zn0O-Cr-8
2 Y 0.01 Zn0-Y-1
0.08 ZnO-Y-8
3 Eu 0.01 Zn0O-Eu-1
0.08 ZnO-Eu-8

The combustion synthesis process is progressed through the involvement of metal
ionization steps, followed by the complexation of the metal ions with the ligands. Depending
on the pH, the stability of metal-ligand complexes, and the steps of ionization and complexation
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of the metal ions, the fuels have been chosen to serve as a complexing agent. The ratio of the
metal nitrate to fuel is fixed at the value at which maximum exothermic reaction occurs during
the process of combustion.
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Figure 1. Schematic for preparation of doped ZnO by solution combustion technique.

In this process, the complexing agents/fuels, alpha-amino acids (glycine), and citric
acid have satisfied the metal coordination site by chelating as a bidentate and tetradentate
ligand. The overall process consists of an in-between formation of gel followed by the
autoignition to form Zn's oxidized product along with carbonaceous impurities of the fuel. The
final and significant step during the auto combustion process is decomposing the formed
chelate complex (s) triggered by external heating at ~ 300°C. This is followed by the gel's self-
assisted decomposition (complexes) by the added fuel (s). The fuel/ligand promotes the self-
decomposition of the formed complexes. The central metal ion primarily occupies octahedral
coordination mode with a specified five/six-membered chelate system. In this connection,
during fast in situ decomposition, the fuel/ligand tend to align and reorganize the metal ions in
much more stable cubic geometry to enhance (more negative) the crystal field stabilization
energy, thereby propagating and terminating the reaction in a spontaneous manner

[-AGreaction = AGproduct (hexagonal doped or undoped ZnO) - AGreactant (octahedral Metal-Ligand complex)].

The XRD patterns of all the samples were recorded in powder X-ray diffractometer,
Model D8, BRUKER AXS, using Cu Ko radiation (A =1.5405 A) in the range of 20 from 20 to
80°. The optical absorption (UV-visible) spectrum of the synthesized nanoparticles was taken
in 300-700 nm using the Hitachi U-2910 spectrophotometer. The photoluminescence (PL)
spectroscopy was carried out using a Hitachi F-4600 fluorescence spectrofluorometer with
variable excitation wavelength (Aex) dependent on the type of dopant system within the ZnO
matrix. UV sol. 4.2 software was used for the absorption measurement and FL sol. 4.0-4600
software was used for fluorometric measurements. Density functional theory (DFT) is a
modeling method used by researchers to determine the electronic structure of many-body
systems, such as atoms, molecules, etc. [27]. Using the properties of a many-electron system
is often determined by using functionals. In this case, the spatially dependent electron density
is computed. DFT is among the leading accepted and adaptable methods available in
computational chemistry [28]. We have chosen the pristine and doped ZnO systems of a very
simple, hexagonal symmetry to keep all computational conditions simple and identical. The
pristine and the doped crystals were built by GaussView 5.0. The single point energy of the
crystal systems (both pristine and doped) was calculated by the Gaussian 09 suite of the
quantum chemical program [29]. The corresponding density of states was evaluated by the
Gausssum software [30].
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3. Results and Discussion

3.1. X-ray diffraction analysis.

The diffraction pattern for X-ray for pristine and Cr-doped ZnQO is shown in Figures 2
and 3a, respectively.
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Figure 2. a)XRD pattern of pristine ZnO with area fitting, b)second derivative plot of a) during fitting, and c)
tabulation of fitting parameters.

A detailed study on this specific XRD analysis is reported by Debnath et al. [10], which
shows the influence of Cr-doping on the structural and ferromagnetic properties. The reported
composite was synthesized using a hydrothermal route. The present investigation's composites
are synthesized by solution combustion synthesis followed by thermal calcination to obtain the
pure phase material. The XRD shown possesses similar traits, as reported by Debnath et al.
[31]. The results depict that the samples are phase pure and are in the single phase of hexagonal
wurtzite structure with insignificant impurity level. The literature cited here reveals slight
changes in the lattice parameters upon doping, maintaining the intrinsic structure intact. In the
present investigation, a peak analyzer using data processing software has been used to study in
more detail. The intense and significant peaks are only considered for the fitting purpose, as
shown in the peak fitting in Figure 2 a and Figure 3 a.
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Figure 3. a)XRD pattern of pristine doped ZnO (ZnO-Cr) with area fitting, b)second derivative plot of a)
during fitting, and c) tabulation of fitting parameters.
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The peaks corresponding to (100), (101), (110), [(112); (201) are considered for both
pristine ZnO and Cr doped ZnO system and are marked accordingly. The respective peak
positions, peak area, and fullwidth half maxima are given in Figure 2a, ¢ and Figure 3 a, C
respectively. The minor details in the lattice parameters are well reflected in these figures. With
further increase in doping %, the corresponding changes in terms of minor peak shifting, area,
FWHM, etc., are noted and tabulated in Figures 2 and 3. Figure 2b and 3b represents the
derivative plot for the XRD pattern. This signifies the sustenance of hexagonal wurtzite
structure in either a doped or undoped system. The concavity of the XRD pattern is well
established. Doping of Cr is found to influence the (101) plane, which suffers reduced
diffraction compared to (100) and (110) planes.

3.2. UV and photoluminescence study.

To investigate the optical absorption behavior, room temperature UV-Vis spectra of
doped ZnO samples (Cr, Eu, and Y doped) are taken in the range of 300-700 nm and are shown
in Figure 4. The maximum absorption for the Cr, Eu, and Y doped ZnO samples are
respectively observed at 376, 302, and 380 nm. The absorbance varies with samples because
various factors such as particle size, bandgap, oxygen vacancy, surface roughness, defects in
the grain structure, etc., changes the optical absorption behavior. In addition, using absorption
spectroscopy, the bandgap energy (Eg) of doped ZnO materials can be estimated since ZnO is
one of the well-known direct bandgap semiconductors. Also, this energy changes with the
crystal imperfection developing inside the material induced by the dopant and its concentration.
In our case, the optical band gap was calculated using the following relation:

ahv = A(hv — Eg)" 4

where, hv represents the photon energy, Eg stands for optical band gap energy, o is the
absorption coefficient, and A is a constant. From the plots of hv(Energy, E) versus (ahv)?
(Figure 5), the band gaps of Cr doped ZnO is found to be 2.92 eV, that of Eu doped ZnO is
3.08 eV, and finally, that of Y doped ZnO is 2.44 eV.
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Figure 4. UV absorption spectra for: a)Cr doped ZnO (ZnO-Cr system), b) Y doped ZnO (ZnO-Y system), and
¢) Eu doped ZnO (ZnO-Eu system).
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Room temperature photoluminescence (PL) measurements of all the doped ZnO
nanomaterials (Cr, Eu, and Y doped) have been performed. The PL spectrum is shown in Figure
6. The PL study of Cr, Eu, and Y doped ZnO nanoparticles is carried out respectively with
excitation wavelengths of 345, 292, and 380 nm. The PL spectrum of Cr doped ZnO shows a
prominent emission at 392 nm, and Y doped ZnO depicted emissions at 410 and 440 nm. These
emissions are in the violet and blue region of the visible spectrum and arise due to the electronic
transition from the interstitial zinc level (Izn) to the valence band's top. For Eu doped ZnO, UV
emission at 376 nm was observed. This emission peak appeared due to the free exciton
recombination governed by the exciton-exciton collision process and are assigned to a near-
band-edge (NBE) emission band. In the present context, experiments are carried out with two
doping % of each Cr, Y, and Eu respectively. Figure 5 and 6 shows the plots for both UV and
PL spectra for all the compositions. It could be observed that the higher concentration of doping
does not influence the spectral nature. However, the resultant intensity feebly increases for UV
plots and slightly for the PL study, respectively.
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Figure 5. UV absorption spectra for: a)Cr doped ZnO (ZnO-Cr system), b) Y doped ZnO (ZnO-Y system), and
¢) Eu doped ZnO (ZnO-Eu system). UV is given for two doped compositions for all dopants

Excltation wavslangth of 345om for ] Excitation wavelength of 3800 for
i a ] —ZnoXA
i —zn0v4

Fluroscence Intensity
Fluroscence Intensity

400 450 500 580 800

Wavelength (nm}

n w
E i

Fluroscence Intensity

1376 nm

350 400 450 500 550 600 65
Wavelength (nm)

Figure 6. Photoluminiscence specra for: a)Cr doped ZnO (ZnO-Cr system), b) Y doped ZnO (ZnO-Y system)
and c) Eu doped ZnO (ZnO-Eu system). PL is given for two doped compositions for all dopants
3.3. Study on the functionality of doped ZnO from a partial density of states.
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Doping of actinide series, Eu is found to result in a maximum bandgap of 3.08 eV
compared to least bandgap caused by transition elements. The spectra show a broad peak
stretching from~370 nm (ZnO band-to-band transition) to 620 nm (Eu®* transitions), which
covers the visible light regime's wavelength. It is obvious that an energy transfer from the ZnO
host to Eu®* is the dominant process responsible for broad luminescence. The observed higher
intensity in the case of higher doping concentration suggests that there is more energy transfer
from host ZnO nanoparticles to Eu®* ions.

Figure 7 shows the density of states plot as a function of the spin state for both pristine
ZnO and doped ZnO system. Owing to ZnQO's significant semiconducting regions, both
conduction and valence band regime coexists in all DOS plots. The nodal regions within the
doped compounds are pointed using an arrow in Figure 7b-d, respectively. The DOS of ZnO is
found to be continuous, with a significant nodal region within -3.4to -2.4 eV.
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Figure 7. Density of states spectrum energy as a function of electronic spin state for a)ZnO; b) Cr doped ZnO
(ZnO-Cr system), ¢) Y doped ZnO (ZnO-Y system), and d) Eu doped ZnO (ZnO-Eu system).

However, in the doped systems, irrespective of the dopant, nodal regions are more with
more specific band regions in the ZnO-Y/ZnO-Eu system. The majority spin channel contains
a flat region of majority spin states in the middle energy range, thereby spanning the energy
states. These states are possibly hybrid TM3d (TM: transition metal) and O2p states. The
atomic states' interaction with the valence band (VB) or conduction band (CB) would form
bonding and antibonding states, as shown in Figures 8 and 9, respectively.

Except for pristine ZnQO, it is shown that the valence band of the doped system is divided
(w.r.t nodal plane) into two regions for ZnO-Cr and ZnO-Eu.The lower valence within — 18 to
11.5 eV and the upper valence band within -5.5 to 0 eV. The upper valence is mainly
contributed by the 2p states of O, and the lower valence band is chiefly contributed by the 3d
states of Zn, which is segregated by the doped species. Such discrimination of zones within the
valence band is absent in the pristine ZnO system. For ZnO-Y, the nodal planes are limited to
-18 eV and -11 eV in the valence zone with a very low stretch. Moreover, the 3d states of Zn-
and 2p states of oxygen have a role in orbital hybridization, and the electron states have a
certain overlap between each other, indicating ZnO has a covalent bond and a strong role of an
ionic bond. Such overlapping or coherency is more within Y-doped ZnO, as can be visible from
Figure 7d. The conduction band is primarily contributed by the Zn4s states and the O-2p states.
According to Hachimi et al. [32], for the Eu ion, 4f orbital tends to split into three parts due to
the tetrahedral field. After binding, it usually achieves its stable 3+ oxidation state. It can also
be noted from Figure 7 that doping of elements tends to influence the conduction band of the
DOS spectrum wherein orbital interaction generates in the doped matrix. In contrast, the
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pristine system's DOS exhibits much less orbital interaction and charge transfer compared to
the doped counterparts. The Fermi energy regime is also highlighted within the DOS at the
zero-energy point.

The study on the density of states as a function of electronic spin is derived from orbital
splitting. It is known that combustion synthesis involves the formation of an initial octahedral
complex during aquation, which may finally lead to a lower or higher in symmetry towards
cubic, tetrahedral, octahedral, or other geometries (during anation). Selection of final geometry
involves optimization of crystal filed/ligand filed stabilization energy, which includes loss of
degeneracy of the involved orbitals, specifically d- or f orbitals. Figures 8 and 9 show the
orbital splitting pattern with respect to HOMO/LUMO molecular orbitals as a function of the
ZnO system's associated energies. It is mentioned in the mechanistic approach in Figure 1 that
combustion synthesis involves the formation of an initial octahedral complex during aquation,
which may finally lead to a lower or higher symmetry towards cubic, tetrahedral, octahedral,
or other geometries (during anation). Selection of final geometry involves optimization of
crystal filed/ligand filed stabilization energy, which includes loss of degeneracy of the involved
orbitals, specifically d- or f orbitals. As expected, irrespective of the composition, participating
metal orbitals' population density is high in the highest occupied molecular orbitals. During
computation of DOS, the doped systems are iterated and found to be devoid of any symmetry
operation owing to which the splitted orbital degeneracy are all denoted to be of even singular
symmetry (denoted by A).
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The extent of stabilization of the doped ZnO system can be accounted for by the orbital
energy (marked by attractive negative energy in the HOMO orbital graph). It could be noted
that the extent of attractive energy in HOMO is lower in the ZnO-Y system compared to either
Cr or Eu doped ZnO. The Y doping system exhibits a direct bandgap like pure ZnO. Owing to
such fact, they tend to enhance the system's optical and electrical properties, thereby acting as
an active participant in Photochemical water-splitting reaction. On the other hand,
comparatively more stabilized HOMO of ZnO-Eu tends to show shallow electron trapping,
which can cause the generation of a ZnO—Eu(Ill) energy transfer [33, 34]. Therefore, it could
be stated that the study of PDOS spectra can act as a guide/ tracer to tailor the mode of
functionality for a selective doped system.

4. Conclusions

In a nutshell, the present investigation reports pristine ZnO material's functionalization
by doping with Cr, Y, and Eu, respectively. It is apprehended from literature study that the
structure-property correlation for a functional system is highly dependent on the processing
technique, which can tailor the morphology of the composite.

The present research article report synthesis of ZnO doped by Cr, Y, and Eu at two
dopant concentrations. The authors’ have employed solution/ auto combustion synthesis to
prepare such composites. The synthesis technique is optimized using dual fuels or ligand during
solution auto combustion synthesis like citric and glycine. This enables an initial complexation
of the central metal ion (with doped elements) followed by its optimized decomposition. The
synthesized doped matrix is characterized using X-ray diffraction analyses and spectroscopic
tools primarily. XRD study proves the samples’ phase purity and reveals a comparative analysis
of the peak area and FWHM magnitude. The influence of the doping element on the ZnO is
studied in terms of UV and photoluminescence spectra. Irrespective of doping %, the UV plots
are identical concerning the dopant element but exhibit peak shifting with a dopant element
variation. The maximum absorption for the Cr, Eu, and Y doped ZnO samples are respectively
observed at 376, 302, and 380 nm. The absorbance varies with samples because various factors
such as particle size, bandgap, oxygen vacancy, surface roughness, defects in the grain
structure, etc., changes the optical absorption behavior. The highest bandgap of 3.08 eV is
reported with Eu as the dopant within ZnO in comparison to Y, which shows lower bandgap
energy of 2.44 eV. These bandgap energies are calculated from Tauc plots using UV spectral
data. In addition to the mentioned experimental studies, theoretical analyses are carried out
based on states' first principle density. Such study is primarily based on the geometry
optimization of the pristine/ doped ZnO system. The DOS plots clearly manifest the presence
of both valence and conduction bands in the doped and pristine ZnO. The density of states
study of ZnO is found to be continuous with a significant nodal region within -3.4 to -2.4 eV.
However, in the doped systems, irrespective of the dopant, nodal regions are more with specific
band regions in the ZnO-Y/ZnO-Eu system. Irrespective of dopant type, doping within ZnO
significantly influences the states in the conduction band. Such theoretical study enables the
analyses of binding within the system using the molecular orbital concept. It can act as a
calibration tool to optimize the associated properties, further validated using experimental
tools.
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