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ABSTRACT: Doped ZnO nanostructures have shown great
potential for solar energy applications. Considering the compatible
ionic radius, Mg atoms can be doped into ZnO at different
concentrations. The current work reports a combined experimental
and density functional theory study on the influence of the Mg
dopant concentration on ZnO performance simultaneously for
photocatalytic dye removal and photoelectrochemical water
splitting. Among all the samples, Mg(3)-ZnO (3 at. % Mg)
exhibits superior sunlight-driven photocatalytic performance. The
optimal Mg-ZnO shows an 8-fold increase in the photocatalytic
activity compared to the pristine ZnO. Likewise, the most active
photocatalyst shows high photoelectrochemical performance with
a photocurrent response of 1.54 mA at the lowest onset potential,
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11 times higher than the pristine ZnO. Tuning of the Mg content results in the generation of extra charge carriers and a reduced
recombination rate, which are the crucial factors responsible for enhanced photocatalytic and photoelectrochemical performance.

In recent years, photocatalytic removal of organic com-
pounds in wastewater using solar energy and splitting of
water in a photoelectrochemical (PEC) cell have been
considered as potentially sustainable approaches for water
decontamination and energy generation.l’2 However, the
development of efficient photoactive materials is a major
challenge for both of these applications. In recent times, zinc
oxide (ZnO) has emerged as a stable photoactive material with
a direct bandgap of 3.37 V.’ Considering its various
advantages, ZnO is considered a suitable choice for photo-
catalysis or PEC applications. Thus, the development of stable
and efficient catalysts for achieving a high dye degradation rate
and photoconversion efficiency (PCE) is highly desirable.*”°
However, the performance of ZnO is limited due to its poor
optical response and rapid recombination of photoinduced
charge carriers.” These limitations can be addressed by
employing different strategies, such as coupling of semi-
conductors, incorporation of cationic/anionic dopants, and
sensitization.” " Researchers have succeeded in the synthesis
of substitutional doping of ZnO with elements such as Cu, P,
Mn, and Mg, which can promote the formation of interband
states and charge carrier generation.''~"* In order to modulate
the optical properties and tune the surface activity, the
hybridization of ZnO with a suitable dopant is very crucial.
This can assist the generation and transportation of charge
carriers to catalyst surface for participating in photocatalytic
and water splitting reactions.'* Mg** (0.57 A) ion with
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comparable ionic radii of the Zn** (0.60 A) ion can replace the
Zn atom in the lattice and hence is considered to be a suitable
dopant element."> Although many reports are available on the
photocatalytic dye removal application of Mg-doped ZnO
nanostructures, their use in PEC water splitting is rare, while
dual applications of Mg-doped ZnO have yet to be reported.
The solubility of Mg ions in zinc oxide is limited and depends
on the deposition technique, along with process conditions.
However, Mg atoms beyond a certain percentage lead to the
formation of MgO (~7.5 eV), which widens the bandgap in
the UV region.1 17 Therefore, tuning the doping concentration
is vital to ensure the optimum substitution of Mg into the ZnO
lattice, which can boost the optical and physicochemical
properties of the material. In addition, Mg-doped ZnO is
commonly prepared under a high-temperature treatment.
Besides the energy waste, this characteristically leads to the
formation of wide-bandgap materials with low surface areas
due to the accumulation and damage to pore structures.'®'”
Hence, the preparation of doped ZnO at low temperatures is
highly preferred. On the other hand, the optical and electronic
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Figure 1. (a) XRD spectra and (b) peak shifts of the samples.
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Figure 2. FESEM image of the samples. The insets of the images show accumulation of flake-like structures. The corresponding scale bar is 500 nm.

properties of the material are essential in interpreting
photocatalytic dye degradation and water splitting processes.
Thus, it is necessary to obtain a broad idea about the role of
Mg doping on the band structure through a comparative
theoretical study using density functional theory (DFT)
calculations and experimental outcomes.

Based on the above consideration, the current work
demonstrates the role of Mg doping in enhanced photo-
catalytic and PEC performance. The performance of ZnO is
tuned by changing the doping percentage of Mg inside the
ZnO lattice. Various physicochemical properties of modified
ZnO are studied to confirm the performance and characterize
the system. The correlation of the performance of the doped
material with the optical properties and its positive impact are
discussed based on the basis of DFT calculations and detailed
material characterizations.

Zinc nitrate hexahydrate (Zn(NO;),-6H,0), magnesium
nitrate hexahydrate (Mg(NO;),.6H,0), and sodium hydroxide
(NaOH) were purchased from Merck (India) and used as the
precursor. Millipore distilled water was used as the solvent
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during the course of the sample preparation process. For the
preparation of Mg-doped ZnO at different dopant percent
(0.5, 1.0, 3.0, and 5.0 at. %), zinc nitrate and manganese nitrate
hexahydrate of desired amount were dissolved in 100 mL of
distilled water and kept in a magnetic stirrer for 5 min. A
separate 1 M concentration of sodium hydroxide was prepared
and added dropwise in the initial solution to make pH = 10.
After constant stirring for 2 h at room temperature, a white
gelatinous precipitate was formed. The white precipitate was
filtered and washed with distilled water and ethanol many
times to remove the impurities. The final precipitate was dried
in an oven at 150 °C for 12 h. The dried precipitates were
ground and calcined at 400 °C with 4 °C min™' ramping rate
for 1 h in a muffle furnace. Depending upon the Mg content
(Mg: 0.5, 1, 3, and S at. %) in ZnO, the samples are labeled as
Mg(0.5)-ZnO, Mg(1)-ZnO, Mg(3)-ZnO, and Mg(5)-ZnO,
respectively. Details of the characterization techniques, photo-
catalytic experiment, and linear sweep voltammogram (LSV)
experiment were provided in the Supporting Information.
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Figure 3. (a) UV—vis DRS spectra and (b) PL spectra of the samples.
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All DFT calculations were performed with the QUANTUM
ESPRESSO software package.”””' The Perdew—Burke—
Ernzerhoff (PBE) functional’> was used for geometry
optimization, and the PBEO hybrid functional™® was used for
the electronic structure calculations. A plane wave basis in
conjugation with the optimized norm-conserving Vanderbilt
pseudopotentials™ was adopted. The plane wave cutoff
energies for the wave function and charge density calculations
were set to 80 and 320 Ry, respectively. The ZnO bulk was
represented by a 3 X 3 X 2 supercell containing 72 atoms. An
Mg atom was introduced at the cavity site to construct the
interstitial dopant. The Brillouin zone was sampled with a 2 X
2 X 2 k-point mesh. The structures were visualized by using
the VESTA software package.”

The X-ray diffraction (XRD) pattern of the samples was
recorded to identify the crystallite phase of pure and Mg-doped
ZnO nanostructures, as shown in Figure la. All the diffraction
peaks of Mg-doped samples below 5 at. % correspond to the
pure wurtzite phase of ZnO and are in agreement with JCPDS
file No. 36-1451. No additional crystalline phase was detected
up to the optimal doping limit (3 at. %), which indicates the
successful doping of Mg atoms in the ZnO lattice due to their
identical ionic radii. The introduction of magnesium as a
dopant slightly shifts the diffraction peaks, signifying the
contraction of the unit cell to host the foreign atom.*
However, the XRD peaks of the samples beyond 1 at% doping
showed a minor shift toward lower 26 angle as shown in Figure
1b, which is probably due to the formation of doping-induced
crystal defects in ZnO.”” On the other hand, doping ratios
beyond 3 at. % result in the formation of an additional peak,
which can be attributed to the formation of the MgO phase.”
The crystalline size of the samples is calculated using the
Debye-Scherrer formula.”” Among all of the doped samples,
Mg(3)-ZnO with optimal doping exhibits a smaller crystalline
size, indicating an expansion of the unit cell, most likely due to
the presence of Mg atoms in the interstitial sites. This result
demonstrates that the optimal doping content can have a
desired effect on the crystallinity of the material, while excess
doping may produce additional impurities without reaching the
desired location in the ZnO lattice.

The field-emission scanning electron microscopy (FESEM)
image in Figure 2 shows that the undoped and Mg-doped ZnO
are composed of inhomogeneous nano- to microsized flakes
with diameters in the range of 80—400 nm. Importantly, the
inclusion of Mg dopant did not alter the morphology of the
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samples significantly, while the mean diameter of the flakes
seemed to increase with an increase in Mg content. Therefore,
it can be deduced that the surface morphology of Mg-modified
ZnO remains almost unchanged, which is similar to previous
reports,”’ where doping of ZnO could result in a minimal
impact on the overall morphology compared to the pristine
one. Furthermore, ZnO has different surface energies along
different plane directions, and their growth rate in a certain
direction determines the morphology of the material.
Whenever the growth of ZnO along the (0002) plane is
higher, it results in the formation of one-dimensional (1D)
nanostructures.”’ The diffraction intensities in XRD spectra
(See Figure 1) show that the ratio of (0002) and the (10—10)
in doped and undoped ZnO is less than 1. Due to this
anisotropic growth, the ratio becomes 0.84, 0.98, 0.94, 0.96,
and 0.95 for ZnO, Mg(0.5)-ZnO, Mg(1)-ZnO, Mg(3)-ZnO,
and Mg(5)-ZnO, respectively, which correlates well with the
flakes like flat morphology of the samples. This could be due to
the suppression of growth along the (0002) plane relative to
the (10—10) plane and most likely assists the lateral growth of
ZnO compared to axial growth, as is apparent from the FESEM
images.32

Energy-dispersive X-ray spectroscopy (EDS) mapping in
Figure S1 reveals the presence of Zn, Mg, and O elements in
the doped samples without the presence of other contaminant
elements. EDS spectra for Mg-doped ZnO with 0.5, 1.0, and
3.0 atomic percentages of Mg show that the peaks correspond
to the aforementioned O, Mg, and Zn elements. The
corresponding atomic percentages of the elements are depicted
in the table in Figure SI1, which is consistent with the
stoichiometry of Mg-doped ZnO. Furthermore, EDS analysis
reveals that samples doped up to 3 at. % contain Zn, O, and
Mg and, when combined with XRD analysis, which shows no
diffraction peaks of MgO (aside from S at. % of Mg), confirms
Mg elements are successfully substituted inside ZnO up to the
optimal limit, since the solubility of Mg in ZnO is limited, and
alternatively, XRD could not detect any diffraction peaks up to
3 at. % of Mg due to the presence of Mg in small quantities.
Thus, compositional and structural analyses using EDS and
XRD are in good agreement, indicating an optimal doping limit
(3 at. %) of Mg in the ZnO lattice.

Figure 3a displays the optical response of undoped and Mg-
doped ZnO nanostructures using UV—vis absorption spectra.
It is clearly indicated that ZnO exhibits an excitonic absorption
edge near 390 nm, which is characteristic of Zn0.> The Mg
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Figure 4. (a, b) Kinetics of photocatalytic degradation of MB using undoped and Mg-doped ZnO. (c) LSVs of the samples. (d) Comparisons of
rate constant, photocurrent response, and PL intensity of the samples.

doping has a very minimal effect on the optical response of
ZnO and results in a slight shift in the cutoff wavelength. This
shift is proportional to the doping content of Mg present in
ZnO, and the optimal content is found for Mg(3)-ZnO. This
can be due to the introduction of defects after the substitution
of Mg atoms inside the ZnO lattice, which is influenced by the
difference in the electronegativity and ionic radii. ZnO is an n-
type semiconductor with the Fermi level located well inside the
conduction band, and as a result of Mg doping, more electrons
are contributed from the lower electron affinity level of MgO
compared to ZnO.””** As a result, the Fermi level of Mg-
doped ZnO is most likely to yield the radiative recombination
of excitons, and consequently, the absorption characteristic of
the doped ZnO remains almost unaltered. A slight redshift in
the absorption edge of doped ZnO is observed up to the
optimal doping limit, which could be attributed to the
incorporation of Mg into the ZnO crystal lattice under the
low-temperature synthesis method and is in good agreement
with the reported result.”® In order to obtain deeper insight
about the optical and electronic properties of modified ZnO, a
DFT study was also conducted and is discussed in the later
section.

Room-temperature photoluminescence (PL) spectra of
pristine and Mg-doped ZnO are shown in Figure 3b. The
PL spectra of the samples were measured at wavelengths
ranging from the ultraviolet (UV) to the visible region with an
excitation wavelength of 320 nm. A sharp peak originating
from the near-band emission (NBE) of pure and doped ZnO
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was observed in the UV region.36 The peak corresponds to the
NBE emission of Mg-doped ZnO and showed a blueshift to a
lower wavelength region compared to pure ZnO. As the
doping concentration increases, the shift in the NBE emission
peak increases. The blueshift of the NBE peak in the PL study
shed light on the absorption data and was believed to originate
from the well-known Moss-Burstein effect, caused by the
generation of excess electrons due to the oxygen vacancies after
the substitution of Mg®*.>”*" The increase in oxygen vacancies
and electron concentrations is attributed to the difference in
electronegativity and ionic radius between Zn and Mg.
Consequently, the states below the conduction band of ZnO
are filled, and as a result, the absorption edge shifts to the
higher energy level via the Burstein—Moss shift to counter the
occupied states close to the conduction band. The results show
that, as Mg doping increases, the shift of the NBE also
increases, reaches a maximum when Mg is 3 at. %, and
decreases thereafter. This is due to the modulation of the
absorption capacity of ZnO caused by Mg substitution, which
suggests that the optical response of the Mg-doped ZnO can
be tuned by adjusting the Mg content inside the ZnO
nanostructure.”” The extent of the blueshift of the NBE peak in
the doped samples is slightly different than that of the
absorption edge widening, possibly caused due to the Stokes
shift, often referred to as the difference of emission peak and
bandgap energy.'”** Apart from NBE, samples exhibit a broad
emission peak in the visible region around 420—570 nm.
Unlike undoped ZnO, few additional PL emission peaks found

https://doi.org/10.1021/acs.jpclett.3c00736
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for Mg-doped ZnO around 470 nm correspond to the green
region of the visible spectrum and can be attributed to the
transition between excited optical centers and the deep level of
the valence band."" Such emission often originates from the
presence of mid band structural defects formed through the
suitable tuning of defect states. Another emission in the 420—
490 nm range often originates due to the transition of zinc
interstitial and zinc vacancy states.”” The broad peak around
550 nm is assigned to the transition between the oxygen
vacancy and valence bands.*>** Furthermore, it is a well-
known fact that PL emission originates from the recombina-
tion of photogenerated charge carriers and the corresponding
intensity provides information regarding the kinetics of
recombination. The strong correlation between photocatalytic
activity and PL intensity has previously been reported, and low
PL emission intensities were found to be suitable for the
efficient photocatalyst.””** In this study, it has been observed
that Mg(3)-ZnO with optimal Mg loading exhibits the lowest
PL intensities compared to the remaining undoped and doped
ZnO, which represents successful separation of photoinduced
charge carries. Mg(3)-ZnO, in contrast to other samples, is
expected to show superior photocatalytic and water splitting
performance due to the low recombination rate of the
electron—hole pair induced by the optimal amount of Mg in
the ZnO lattice. On the other hand, Mg(5)-ZnO with
maximum Mg concentration leads to the formation of the
MgO secondary phase (as seen in Figure 1a), which may act as
electron—hole recombination centers, and as a result Mg($)-
ZnO exhibits an increment in PL intensity compared to the
optimally designed Mg(3)-ZnO.

The sunlight-driven photocatalytic performance of the
samples was investigated using methylene blue (MB) as a
probe pollutant and interpreted from the corresponding
degradation kinetics obtained from the L-H model as shown
in Figure 4a,b.*** The kinetics of the photocatalytic activity
reveal that the Mg-doped ZnO at different doping ratios
exhibited improved performance in comparison to the pristine
ZnO. Interestingly, the photocatalytic performance of the
samples was found to be a function of the Mg content in ZnO
(see Table 1), and with an increase in Mg concentration there

Table 1. Physicochemical, Photocatalytic, and PEC
Parameters of the Samples

Physicochemical Photocatalysis PEC
Rate Photonic
Crystallite Size constant efﬁcienc}y Photocurrent
Sample (nm) (min™") (%, 1073) (mA)
ZnO 15.04 0.003 1.56 0.14
Mg(0.5)- 17.70 0.005 178 0.17
ZnO
Mg(1)- 22.06 0.009 1.90 048
ZnO
Mg(3)- 17.70 0.025 621 1.54
ZnO
Mg(5)- 18.30 0.017 533 0.73
ZnO

is a linear increment in the photocatalytic performance. This
substantiates the role of Mg doping content in improving
photocatalytic performance. Moreover, as anticipated from the
optical analyses, Mg(3)-ZnO with optimal Mg content (3 at%)
outperforms other samples in terms of rate constant and
photonic efficiency, which can be attributed to the reduced
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charge carrier recombination rate aided by the suitable defect
states of the sample, whereas further increases in the Mg
content caused a drastic reduction in the photocatalytic
performance, and thus Mg(5)-ZnO showed low activity
compared to Mg(3)-ZnO. The most photoactive sample,
Mg(3)-ZnO, showed 8-fold higher photocatalytic activity in
contrast to pristine ZnO. Tuning the doping content has been
shown to have a significant impact on the sunlight-driven
photocatalytic performance of ZnO, which can be attributed to
their modulated optical properties and superior PL properties.
Considering the fact that photocatalytic reactions are mainly
controlled by the generated charge carriers on the catalyst
surface, Mg doping was successfully employed to assist the
generation of excess electrons, which leads to the enhanced
photocatalytic reaction rate of the optimal photocatalyst. This
study confirms the fact that optical response and textural
properties are not the only influencing parameters for the
improved performance of a photocatalyst. Doping induced
charge carrier dynamics may also act as a significant factor for
the superior photocatalytic performance.

Along with photocatalytic activity, the PEC water splitting
performance of the as-prepared catalyst was also tested to
showcase the dual application ability. The PEC performance of
undoped and Mg-doped ZnO was investigated from the linear
sweep voltammogram (LSV) using a three-electrode electro-
chemical workstation, as shown in Figure 4c. Similar to the
photocatalytic test, samples showed an unchanged trend while
analyzing their water splitting performance. LSV curves clearly
demonstrate that ZnO showed a better photocurrent response
after doping with Mg, thus indicating improved PEC water
splitting performance. A photoanode composed of Mg(3)-
ZnO showed a superior photocurrent response of 1.54 mA at
0.30 V vs Ag/AgCl in contrast with other electrodes. A broad
oxidation peak was noticed for all the photoanodes, and as we
increase the potential starting from 0 V (vs Ag/AgCl), Mg(3)-
ZnO with optimal Mg content exhibits the highest oxidation
current onset at 0.30 V, while the oxidation peak of other
samples was centered around 0.50 to 0.60 V. The significant
difference in onset potential and photocurrent response
indicates the efficient §eneration and separation of charge
carriers in Mg(3)-ZnO.>*° The reduction in the photocurrent
value of other Mg-doped ZnO can be attributed to its poor
optical properties as well as its high charge carrier
recombination rate, as confirmed from the PL analyses. The
optimally designed Mg(3)-ZnO with a high charge carrier
lifetime (observed from the low PL emission intensity in
Figure 4d) results in enhanced photocurrent response, which is
nearly 11 times greater than the undoped ZnO. These findings
clearly corroborate the role of precise doping in the ZnO
lattice to increase the charge carrier density and their lifetime,
which are highly desired for any catalytic or optoelectronic
applications. These findings are in good agreement with those
of Mallika et al., where they have shown the role of optimal Mg
content in structural and optical properties of doped ZnO."’

DFT calculations were carried out to further understand the
impact of the Mg dopant on the electronic structure of ZnO.
Figure Sa shows the optimized structure of the ZnO lattice
with an interstitiall Mg atom. The wurtzite ZnO model is
constructed by ZnO, tetrahedra stacked along the vertical
direction, and the Mg dopant is placed in the lattice cavity to
reduce the repulsive interactions. After optimizing the
structure, the Mg atom spontaneously coordinates with the
adjacent O atoms and forms an MgOg4 octahedral config-
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Figure S. (a) Optimized structure of Mg-doped ZnO. The lattice is composed of ZnO, tetrahedra. The interstitial Mg atom forms an MgO,
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Mg contribution to the DOS was magnified for comparison.

uration, which is consistent with the local structure of Mg*" in
rock salt MgO. The relevant density of states (DOS) of
pristine and Mg-doped ZnO are plotted in Figure Sb,c. ZnO is
a wide-bandgap semiconductor, while the Mg dopant acts as a
donor contributing electrons in the conduction band. More-
over, the interaction between Mg and ZnO can stabilize these
newly introduced electrons and lower their energy levels,
generating shallow donor states in the forbidden band. These
states are expected to provide additional carriers in photo-
catalytic and photoelectrochemical reactions and thus enhance
the material performance. Both experimental and theoretical
results claim that the contribution of Mg to the conduction
band of ZnO leads to the enhanced performance of the doped
material through extending the band separation (evident from
the blue shift of the absorption edge) and reduced charge
carrier recombination. The decrease (increase) in absorption
edge (bandgap) and the generation of extra charge carriers are
in good agreement with the optical and DFT analyses.

In summary, Mg-doped ZnO nanoflakes at different doping
concentrations were prepared using the simple coprecipitation
method. The photocatalytic and PEC performances of Mg-
doped ZnO were evaluated and compared with undoped ZnO.
The results illustrate that Mg(3)-ZnO (3 at. % Mg in ZnO) is
the best composition for the photocatalytic contaminant
degradation and PEC water splitting applications. The
comparative experimental and DFT analyses were also carried
out to extract insights into the role of doping on the optical
and electronic properties of the modified material. The optical
properties, studied by UV—vis and PL spectroscopies, change
noticeably as the Mg content in ZnO increases. The optimal
Mg-doped ZnO, which has 3 at. % Mg, exhibits a significant
blue shift in the NBE peak and a reduced PL intensity
compared with the other samples and has been found to
exhibit high performance for the degradation of MB and
photocurrent response in the water splitting test. The optimally
designed Mg(3)-ZnO outperformed pristine ZnO by a factor
of 8, while further increasing the Mg content reduced the
performance significantly. Additionally, Mg(3)-ZnO exhibited
a superior photocurrent response of 1.54 mA at the lowest
onset potential, which is much higher than those of other Mg-
ZnO samples. These outcomes highlight the role of the Mg
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doping content in improving the optical properties and
hindering charge carrier recombination. Based on the optical
analyses and DFT calculations, the modification in the
absorption edge and the effective separation of charge carriers
were assigned to the shift in the Fermi level and the formation
of suitable dopant states. The results presented herein
demonstrate that optimally designed Mg-doped ZnO nano-
flakes can be an efficient material for solar-light-driven
photocatalysis and PEC applications.
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