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Abstract: The current article deals with the facile yet novel route to prepare zinc oxide (ZnO)
nanoparticles with different weight percentages of chromium as a dopant. The impact of such dopant
into the ZnO host lattice is explored in terms of the structural, vibrational, optical, and photocatalytic
characteristics. The Bragg reflections in the X-ray diffraction displayed a phase pure wurtzite ZnO
hexagonal system. The morphology reflects spherical-shaped ZnO particles in all the systems. The
optical analysis ensured a good ultraviolet light absorption and a bandgap energy in the range of 3.30–
3.24 eV. The principal Raman vibrations ensured the presence of the wurtzite ZnO crystal structure.
The decolorization experiment of methyl green dye with pristine and various chromium-doped ZnO
nanoparticles was conducted under the illumination of visible light. The obtained results showed
that the incorporation of Cr in the framework significantly improved the photocatalytic performance
of ZnO.
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1. Introduction

Sun radiant heat or light is the most common clean energy source available in today’s
world. It is a stupendous fact that the amount of solar radiation that hits the earth’s
surface in an hour is greater than the energy consumption over the course of a year. As a
result, the research across the globe is intensified towards the development of materials to
harvest solar irradiation and energy conversion. Besides the photovoltaic or solar cell, the
solar energy can be utilized to eliminate environmental hazards with the photocatalytic
mechanism. In this way, a photocatalysis uses the clean solar energy to spearhead the
chemical reactions through redox (oxidation and reduction) reactions to degrade organic
pollutants [1–3]. Thus, the method has garnered the scientific community’s interest to
consider it as the most promising tool to handle environmental concerns, in particular
wastewater treatment.

Photocatalysis is a photochemical reaction at the surface of a semiconductor in which
two simulation reactions occur, the first involves oxidation from photoinduced positive
holes and the second is reduction from photo-induced electrons. On the other hand,
advances in nanoscience and technology have made for the development of new ways to
clean up polluted water possible. In this way, nanoparticles are studied all over the world
for their better surface and interface properties compared to their bulk form upon their
tuneable shape and size. In such trials, the researchers are keen to work with transition
metal-oxide nanostructures in optoelectronic applications for their tuneable bandgap. The
promising light-driven properties of well-known metal oxides such as titanium dioxide
(TiO2) [4–6], zinc oxide (ZnO) [7,8], iron (III) oxide (Fe2O3) [9,10], zirconia (ZrO2) [11,12],
copper oxide (CuO) [13], and tungsten trioxide (WO3) [14] were employed as photocatalysts.
Besides the promising photocatalytic behavior, each material has its own pros and cons.
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Zinc oxide (ZnO) is a well-established semiconductor with its non-toxic, cost effective,
and scaled up preparatory methods [8,15–17]. The wide direct bandgap (3.2–3.4 eV) and
the ability to fine-tune its properties alongside the high binding energy of ~60 meV at
room temperature make it interesting amongst the metal oxide nanostructures. Besides
these attractive qualities, the high chemical stability, high surface reactive nature, photonic
excitonic and good photosensitive nature upholds its investigations in photocatalytic
reactions. However, the pristine ZnO has a relatively faster recombination rate due to its
wide bandgap (UV region) and low quantum efficiency. In other words, the large bandgap
can be addressed as its transparent nature in the visible region. Such undesired qualities
hinder its practical ability to serve as a photocatalyst to degrade targeted pollutants.

To address these limitations, one of the promising ways is the doping of transition
metals (TMs) into the ZnO photocatalyst. In such ambition, various TMs such as the
copper (Cu), cobalt (Co), nickel (Ni), and silver (Ag) are inserted into the host lattice for
the improvement of its applications [18–23]. Besides these metal dopants, chromium (Cr)
has its due importance for the close resemblance of host Zn atoms in many aspects [24–28].
The Cr3+ (0.65 Å) has a smaller ionic radius as than the host Zn2+ (0.74 Å) while the other
possible Cr2+ (0.73 Å) is identical to the host. This may allow the Cr dopant to easily
infiltrate the ZnO crystal lattice or could replace the Zn atom’s position in the crystal
system. This enables the Cr dopant to successfully induce lattice defects and alter the
surface area of the host ZnO system. Beside this prominent role, the Cr-doped ZnO has
an intriguing property of chemisorption of O2 at the Cr site, which allows Cr-doped ZnO
to effectively control the band gap and improve charge carrier separation. It makes the
doping process easier and insertion of Cr into the ZnO lattice is feasible. This makes the
Cr dopant and ZnO host promising materials in adsorption and catalytic applications. In
the pursuit of such alterations of the ZnO host lattice, investigations on a Cr-doped ZnO
system for opto-electronic applications are carried out.

Methyl green is a dye which is continuous in the environment due to its wide uti-
lization in domestic products such as leather, clothing, etc. It is toxic to most aquatic and
terrestrial living organisms. It is alarming and deadly to freshwater fishes upon acute
and chronic exposure. The clinical models and their findings revealed that MG dye is a
multiple-organ toxin. It hinders the food intake, growth, and fertility rates besides dam-
aging the major organs such as the spleen, liver, kidney, heart, and sensory organs. The
investigation of MG exposure in animals indicates that it is highly toxic to mammalian cells
and served as the growth factor of tumors in the lungs, breast, and ovaries. It implies that it
is proved to be a respiratory enzyme toxin. Periodic exposure to the MG dye causes anemia,
leukocytosis (increased WBC condition), and poor blood clotting [29,30]. In summary,
the dye poses an environmental threat to countries across the globe and was chosen for
photocatalytic degradation experiment. Thus, an attempt to prepare pristine ZnO and
to dope different weight percentages of Cr into the ZnO system was undertaken. The
prepared nanoparticles were taken as a photocatalyst for the decolorization of methyl green
dye and the best performing system was examined for reusability.

2. Experimental Details
2.1. Synthesis

The synthesis of the prepared photocatalysts (the bare ZnO and the Cr-doped ZnO
samples) proceeded through a one-step flash combustion method. In this method, three
simple steps are involved which are mixing, drying, and finally calcination. In the real
synthesis, 5 g zinc nitrate hexahydrate +0.5 g citric acid +2 mL acetone were used and
mixed and dried at 100 ◦C for 24 h. In similar way the other 4 samples were prepared with
1.0, 2.5, 5.0, and 7.5 wt.% of chromium nitrate nonahydrate as the Cr-doping source. After
drying and mixing, all samples were inserted inside the furnace at 550 ◦C for 3.30 h.
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2.2. Characterizations

The prepared nanoparticles were subjected to various characterization tools. The X-ray
diffractometer was used to extract the structural properties of the prepared nanoparticles.
The vibrational analysis was carried out with the aid of a Raman spectrometer. UV-DRS
spectroscopy was used to measure the optical reflectance and its subsequent parameters
were estimated. The morphology was captured by using a scanning electron microscope.

2.3. Photocatalytic Performance Investigation

The photocatalytic experiment was carried out in a photoreactor equipped with a
visible light lamp which can emit several wavelengths in the visible light region, however,
the majority are centered at 425 nm. The decolorization of methyl green (MG) was chosen
as a model reaction to study the photocatalytic performance of the prepared photocatalysts.
In a real experiment, 50 mL of aqueous MG solution were mixed with 0.1 g of the catalyst
sample and the overall mixture as ultrasonicated in a dark box for 30 min. After that, the
mixture was moved to the photoreactor and the samples were withdrawn at time intervals,
filtrated to remove the catalyst sample, and the color intensity of the dye solution was
measured with a spectrometer in the range between 300 and 800 nm.

3. Results and Discussion
3.1. Structural Analysis

The XRD diffraction pattern of the as-prepared and various Cr-doped zinc oxide
nanoparticles is displayed in Figure 1A. The pristine zinc oxide system replicates a phase
pure wurtzite hexagonal crystal system of ZnO material. The Bragg reflections are ascribed
to (101), (002), (101), (102), (110), (103), and (112) as listed in JCPDS card no 36–1441. The
peaks are intense and exhibit good crystalline nature. In addition, there are no diffraction
peaks contributing to defects or other phases of ZnO. The X-ray diffraction pattern of
Cr-doped ZnO systems is displayed in the Figure 1A. The insertion of Cr as a dopant
did not lead to any additional peaks or new phases in the system. This implies that the
complete insertion of Cr as a dopant does not form separate phases and paves the way for
notable dispersion into the system. The peak positions of the wurtzite ZnO system is also
not considerably disturbed upon doping Cr into the crystal lattice in a chronological order.
Taking this analysis into account, the following arguments could be made: the doped Cr
atoms could replace the host Zn atoms in the crystal lattice since the ionic radii of Cr3+

(0.65 Å) is smaller than the host Zn2+ (0.74 Å) while the other possible Cr2+ (0.73 Å) [31] is
almost identical to the former. The diffraction peaks shifted toward higher angles when
some Zn2+ (0.74 Å) were replaced with smaller Cr3+ dopants as visible from Figure 1A(b),
which is in accordance with an earlier report [31].

Williamson–Hall (W-H) analysis is a facile integral method which accounts for peak
broadening induced by crystallite size and lattice strain as a function of diffraction angle
2θ [32]. The W-H plots of βcosθ vs. 4sinθ were plotted against each other and linear fit
was constructed as illustrated in Figure 1B(a–e). The intercept on the y-axis was utilized
to estimate the crystallite size while the slope was used to measure the lattice strain. The
crystallite size of the prepared ZnO and Cr-doped ZnO systems was estimated using
the relation

Dave =
k λ

β cos θ
(1)
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The estimated values are listed in Table 1. The average crystallite size for the pristine
ZnO system was estimated as 29.32 nm. The 1.0 wt.% doped system displayed a slight
decline in crystallite size implying the broadening of the peak. The trend continued until
the maximum Cr-doped system had an average crystallite size of 23.86 nm. Such behavior
can be linked to the decrease in intensity of the peaks indicating the loss in crystallinity due
to lattice distortion. Henceforth, the dopant Cr could be incorporated into the host ZnO
lattice sites instead of its interstitial sites. The strain is assumed to be isotropic in the W-H
model. It will be the same in all crystallographic planes and considered as the uniform
deformation model used (UDM). The strain values increased with the increase in dopant
concentrations of chromium. It implied the reduction of crystallinity with the dislocation
density (lines/m2) estimated, as reported elsewhere. The analysis confirmed that the Cr as
a dopant is successfully inserted into the ZnO lattice without forming any new composition
or defect phases.

Table 1. The W-H plot microstructural parameters determined for pure and Cr-doped ZnO NPs.

Samples D (nm) Dislocation Density
(lines/m2) ε (×10−3)

0.0 wt.% 29.31298 1.18 × 1015 0.55

1.0 wt.% 28.9458 1.27 × 1015 2.31

2.0 wt.% 24.89235 1.61 × 1015 2.12

3.0 wt.% 24.19728 1.70 × 1015 1.57

5.0 wt.% 23.8641 1.75 × 1015 0.53

3.2. Vibrational Analysis

Raman spectroscopy is an efficient tool to investigate the semiconductor ZnO nanopar-
ticles and impact of Cr as a dopant in the ZnO lattice. The Raman active modes for a
ZnO wurtzite crystal structure can be represented as A1 + E1 + 2E2 in which A1 and E1
correspond to polar phonons while the E2 symmetry is non-polar. The polar phonon modes
can be classified into transverse optical (TO) and longitudinal-optical (LO) phonons. On
the other hand, the non-polar mode is ascribed to high and low wavenumbers associated
with the oxygen atoms and Zn sublattices [33]. In such aspirations, the Raman spectra for
the pristine ZnO and Cr-doped ZnO structures are recorded as the function of wavenumber
in the region of 100–1400 cm−1 as displayed in Figure 2. The undoped ZnO nanoparticles
displayed characteristics peaks of ZnO without any impure phases [34]. The prominent
peaks at 108 and 436 cm−1 corresponding to E2 (low) and E2 (high) affirmed the wurtzite
phase of ZnO as reported in the XRD analysis. In the Cr-doped systems, the intensity of all
the peaks is diminished macroscopically. Such behavior can be related to the occupancy of
Cr ions in the place of Zn atoms in the sublattice which perturbs the lattice arrangement.
In addition, the change can be linked to the lattice distortions created by the insertion of
Cr in the place of Zn in the sublattices. The second order Raman vibrations are seen at
332 cm−1 which is generated by the zone boundary phonon scattering. The peak around
582 cm−1 is assigned to the LO mode E1 symmetry indicating that the c-axis of the wurtzite
is perpendicular to the surface. A few new peaks in the range of 800–1200 cm−1 came into
existence upon the insertion of Cr dopant into the ZnO lattice [35,36]. It can be attributed
to the structural defects, crystallite size, microstrain, and lattice defects upon increasing
dopant concentrations. The Raman analysis concluded that the Cr dopant was successfully
inserted into the host lattice without forming any new phases and suppressed the primary
vibration’s intensity but not the primary peak positions.
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3.3. Morphological Analysis

The morphological features of the pristine ZnO and various Cr wt.% doped ZnO
systems were recorded in the scale of 500 nm and displayed in Figure 3. The pristine ZnO
morphology depicts spherical-shaped ZnO particles with a high mono-dispersed nature.
As discussed in the XRD analysis, the crystallite size decreased upon increasing dopant
concentrations. It is reflected in the morphological features. Despite the agglomeration in
the lower dopant concentrations, the particle size is smaller than the pure ZnO system. It
suggests that the inserted Cr plays a significant role in nucleation and hinders the growth
mechanism of ZnO particles. As the dopant concentration increases the agglomeration of
particles is reduced in the macroscopic view. The particles are distinct and closely packed
without many grain boundaries. This leads us to conclude that the Cr ions are strongly
absorbed into the system which prevented the agglomeration of particles with the steric
hindrance effect. The reduced particle size and good crystalline nature of highest doped
ZnO system reflects the optical and photocatalytic experiments. This is in agreement with
the XRD results which were discussed earlier.
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3.4. Optical Energy Gap Analysis

The reflectance measurements were taken in the 200–800 nm wavelength range and are
shown in Figure 4a. Among the prepared materials, the undoped ZnO nanoparticles have
the highest reflectivity in the visible area. When doping is used, the reflectance behavior is
greatly decreased when compared to the pure material. Furthermore, when Cr is added
to the host lattice, the absorption margins of ZnO nanoparticles were altered compared to
the bare sample. It means that the band energy of ZnO nanoparticles was modified. The
Kubelka–Munk function, which represents the linear absorption coefficient F(R), can be
estimated by using the relation

F(R) = (1 − R)2/2R (2)
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Figure 4. (a) DR, (b) Kubelka–Munk function, (c) energy gap plots, and (d) band gap plots separately
for pure and Cr-doped ZnO NPs.

The estimated values, as shown in Figure 4b, indicate that the prepared ZnO particles
with different dopant concentrations of Cr have a good absorption in the 300–380 nm
wavelength region of the spectrum with a cut-off wavelength of 400 nm. Additionally, the
reduced crystallite size induces a redshift in the absorbance features upon increasing dopant
concentrations. This is evident with absorption onset shifted towards the visible region of
the EM spectrum and has an impact on bandgap of the prepared materials. The bandgap
of the pristine and Cr-doped ZnO nanoparticles is calculated using the Kulbeka–Munk
relation which is expressed in terms of the Tauc relation as

(F(R)hυ)2 = A(hυ − Eg) (3)

where the terms used in the equation represent the same meanings as reported elsewhere.
The photoenergy (hν) on the x axis is plotted against the (F(R)hν)2 on the y axis. The
extrapolation at x = 0 provides the optical bandgap of the prepared nanomaterials as shown
in Figure 4c. The pristine ZnO nanoparticles have a bandgap of 3.27 eV and the bandgap
values shift to the lower side upon the insertion of Cr into the host lattice. Since there
are no drastic changes in the crystallite size (∆7 nm), the dopant initiated a small growth
inhibition in the host lattice. Thus, the changes in the bandgap of the ZnO semiconductor
are also on a smaller scale. As discussed earlier, the redshift in the system was reflected
in the bandgap values upon various dopant concentrations of Cr ions. Such substitution
shifted the bandgap to the lower values by creating extra energy levels in the bandgap
of the host ZnO near its valence and conduction bands. It takes accountability for the
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narrowed bandgap upon increasing dopant concentrations by forming the sub-band states.
Such behavior could be linked to the dopant-created vacancies in the ZnO crystal lattice.
The drop in bandgap energy is attributed to altered crystallite size, lattice defects, and
dopant induced strain in the crystal lattice.

3.5. Photocatalysis Analysis

As mentioned in the introduction, methyl green (MG) dye was chosen for the photo-
catalytic experiments. The decolorization of a dye via photocatalysis can be accomplished
using the following mechanism: during the exposure of the semiconductor catalyst to
ultraviolet radiation, the electrons in the valence band become excited and reach the con-
duction band which in turn forms an exciton (electron-hole pair). The generated hole
and electron can move around the catalyst surface and initiate the redox reaction with the
species existing on the surface.

In general, the holes in the valence band react readily with the surface-bound water
molecules and produce OH radicals. On the other hand, the electrons in the conduction
band react with the oxygen molecules to develop a superoxide radical anion of oxygen.
Such reactions block the recombination mechanism of an electron and the hole which
are generated as the first product. It eventually paves the way to form other species and
accounts for the decolorization/degradation of dye molecules. Thus, the photocatalytic
decomposition of dyes is considered as a liable method to treat industrial waste. In the
current case, the methyl green (MG) dye was mixed with pristine ZnO and Cr-doped
ZnO semiconductor catalysts for a decolorization test as a function of time (60 min). The
time-dependent decolorization of the MG dye is illustrated in Figure 5a. The decolorization
of the dye is maximum when it is mixed with 7.5 wt.% of Cr as a dopant in the ZnO system.
This implies that the dopant at the highest level can hinder the recombination rate and acts
as a charge carrier separator in the ZnO system. Similar outcomes were reported earlier
by Chang et al. [37]. This could be linked to the change in crystallite size, microstrain, and
altered optical properties. In summary, the above-mentioned catalyst decolored 90% of the
dye solution in 60 min.

The pseudo first-order kinetics were carried out as a function of time under the visible
light irradiation with pristine ZnO and the Cr-doped system as the reaction catalyst. The
Langmuir Hinshelwood kinetics [37] were used to examine the kinetics of photodegradation
of the MG dye with the relation as reported elsewhere

In
(

C
Co

)
= −kt (4)

where k is the kinetic rate constant for MG dye degradation (min−1), represented by the
slope of the ln(C/Co) vs. t graph, t is the irradiation period (minutes), and Co and C
are the initial and final concentrations (Molar), respectively. The linear behavior of the
catalyst ensures that the system follows the first-order kinetics. The rate constants of
pristine and various Cr-doped ZnO catalysts are displayed in Figure 5c. A few experiments
were repeated to study the repeatability of the obtained results. Almost similar results
were observed with a small experimental error (not more than 4%) which shows the
high reproducibility of the obtained results. The better performance of the highest doped
system was taken for the reusability test and the results gave promising signs to serve as a
stable photocatalyst.
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4. Conclusions

Zinc oxide nanoparticles and different weight percentages of chromium dopant into
the ZnO system were successfully prepared with a facile coprecipitation method. The
structural properties of the pristine and Cr-doped ZnO system revealed a replica of the
hexagonal wurtzite ZnO crystal structure. It was duly supported by the principal Raman
vibrations corresponding to the above-mentioned phase. The optical properties of the
prepared ZnO nanoparticles revealed that it has a strong absorption in the UV region with
a bandgap of around 3.3 eV. The methyl green dye was used for the decolorization test with
the prepared samples as a photocatalyst. It followed the first order kinetics with the linear
behavior. The highest doped ZnO system showed superior decolorization with around
90% of MG degradation. It showed promising signs in the reusability test and can be used
for future experiments.
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