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Abstract: The influence of Mo on the electronic states and crystalline structure, as well as morphology,
phase composition, luminescence, and defects in ZnO rods grown as free-standing nanoparticles, was
studied using a variety of experimental techniques. Mo has almost no influence on the luminescence
of the grown ZnO particles, whereas shallow donors are strongly affected in ZnO rods. Annealing
in air causes exciton and defect-related bands to drop upon Mo doping level. The increase of the
Mo doping level from 20 to 30% leads to the creation of dominating molybdates. This leads to a
concomitant drop in the number of formed ZnO nanorods.

Keywords: ZnO nanorods; molybdenum doping; morphology; luminescence; electron
paramagnetic resonance

1. Introduction

Zinc oxide (ZnO) is a well-known optically active substance, typically appearing
as bulk crystals, thin films, and nanoparticles [1–3], with a wide range of applications,
including medicine [4], in particular, drug delivery [5], and wound scaffolding [6]. An-
other niche implementation is in scintillators. The well-known representatives are ZnO:Cu
as the material for cathodoluminescence screens [7], whereas ZnO:Ga has the potential
to be applied in alpha particle scintillation screens [8]. There are also common applica-
tions such as photocatalysis, electrocatalysis, gas or biological substances sensing, and
Li-ion batteries [9–13]. Due to its strong photocatalytic properties, ZnO is also suitable
for waste solidification/stabilization [14,15]. Historically, ZnO nanoparticles have been
used in optoelectronic devices [16]. Since ZnO nanoparticles possess ultrafast excitonic
luminescence (strongly below 1 ns), having a maximum of around 380 nm [17–19], another
implementation of ZnO is the time of flight positron emission tomography [20]. Typi-
cally, ZnO nanorods are hexagonal and Wurtzite-like [21]. The free-standing particles,
which are most commonly grown on the random nucleation seeds (NRPs), are considered
in [17,22,23]. In most cases, the hydrothermal method, the simplest and cheapest one, is
used [24,25]. There are several works dedicated to free-standing hydrothermally grown
ZnO:Mo nanorods [23,26–28]. In particular, excitonic emission was found to be very sensi-
tive to plasma treatment, X-ray irradiation, and annealing in air [23,27,29]. It was especially
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improved by Mo doping after annealing in air at 350 ◦C or after a hydrogen plasma treat-
ment [23,27,30]. X-ray irradiation or oxygen plasma treatment suppresses the excitonic
luminescence [29,31]. It should be noted that the shallow donors (SD) are influenced by
the X-ray irradiation plasma treatment or annealing, as well [23,27,29]. The corresponding
EPR signal is typically observed at the g factor g ≈ 1.95–1.96 in the ZnO nano-, micro-,
or macrostructures (see, e.g., [23] and the references therein). Its origin was proposed
to be Zn+ + D (D = Al, Ga, H) [23]. All of these findings were discovered in the low-level
Mo-doped (not higher than 1%) free-standing ZnO nano- and microrods. The high-level Mo
doping had a very different influence. To the best of our knowledge, there is only one report
on high-level-doped ZnO [28]. In the report, only the ZnO:Mo(2%) sample demonstrated
the ZnO hexagonal Wurtzite phase presence. The rest of the ZnO:Mo(5–25%) samples were
a mix of the Zn5Mo2O11·5H2O, MoO3·2ZnO·H2O, 2MoO3·3ZnO·H2O material phases.
ZnO was never detected there [28]. However, in the present case, the dominating ZnO
phase was detected in the ZnO:Mo(1, 5, 10%) samples. Moreover, even in the minority
phase, the ZnO nanorods were detected in the ZnO:Mo(20%). The dominant material
phase in the ZnO:Mo(20 and 30%) samples was Zn5Mo2O11·5H2O. Therefore, one may
conclude that the growth conditions strongly influence the Mo incorporation as well as
the zinc molybdate phases-based creation. Therefore, the aim of the present work is to
provide an extended experimental study of Mo incorporation in the ZnO:Mo rods as well
as morphology and material phase change as a function of Mo doping level. This will
reveal the role of the Mo-based random nucleation seeds on luminescent and scintillation
properties, including ultrafast kinetics.

2. Experimental Techniques and Conditions
2.1. Samples Preparation

ZnO:Mo rods as nano- and micropowder with different Mo doping levels (1, 5, 10, 20,
30 wt. %) were grown using the hydrothermal method. The nutrient solution was prepared
using 25 mM of zinc nitrate hexahydrate (Zn(NO3)2·6H2O) + ammonium heptamolyb-
date tetrahydrate (NH4)6Mo7O24·4H2O (NHMO) and 25 mM of hexamethylenetetramine
(HMTA, C6H12N4). The temperature (90 ◦C) and time period (3 h) of growth were kept
constant for all of the samples. After reaction termination, the powder precipitate was
collected and purified by re-suspending it 3 times in water (200 mL) to remove any remain-
ing non-reacted chemicals from the feed. Finally, the obtained suspension dried naturally
through evaporation. The synthesis yield did not exceed 15 wt. % for all samples. For more
details, see, e.g., [32].

2.2. Experimental Techniques Used for the Characterization of Samples

The crystalline structure of powders was characterized using an X-ray diffractome-
ter (Empyrean, Malvern Panalytical, Almelo, The Netherlands) with Cu K<α> radiation
(λ = 1.54151 Å, at U = 45 kV, I = 30 mA). The X-ray diffraction (XRD) patterns were mea-
sured in the range 2θ from 5 to 120 degrees with a step of 0.026◦. The characterization
of powders was made using Bragg-Brentano geometry. The diffraction patterns were
processed with the Rietveld Refinement program Topas 3 to perform fast sequential and
parametric whole powder profile refinement of in situ time-resolved powder diffraction
data [33]. The phase composition was given by structure fit, where intensities of peaks
are calculated on the basis of atomic positions in the unit cell (the atomic positions were
not refined).

Raman analysis has been performed at room temperature using a blue laser with the
wavelength λ = 488 nm, 50X × Olympus objective, and a grating of 2400 L/mm.

X-ray photoelectron spectrometry (XPS) measurements were performed on ZnO:Mo
NRP samples using a K-Alpha+ XPS spectrometer (ThermoFisher Scientific, Horsham, UK)
operating at a base pressure of 1.0 × 10−7 Pa [34,35]. The data acquisition and processing
were performed using Thermo Avantage software. High-energy resolution core level
spectra were measured using microfocused, monochromate Al Kα X-ray radiation (spot
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size of 400 µm, pass energies of 150 and 50 eV for survey and high-resolution measurements,
respectively). During analysis, an incorporated charge compensation system using electrons
and low-energy argon ions to prevent localized charge build-up was employed. All
reported XPS spectra are averages of 10 individual measurements. The spectra were
referenced to the C 1s peak of hydrocarbons at a binding energy of 285.0 eV controlled
using photoelectron peaks of PET and metallic Cu, Ag, and Au standards. The atomic
concentrations of the different chemical moieties were determined from the respective
photoelectron peak areas of levels Si 2p, Mo 3d, C 1s, O 1s, and Zn 2p high-resolution spectra
after modifying Shirley’s inelastic background subtraction. Assuming a simple model of
a semi-infinite solid of homogeneous composition, the peak areas were corrected for the
photoelectric cross-sections, the inelastic mean free paths of the electrons in question, and
the transmission function of the spectrometer used. All spectra with high resolutions were
fitted using Voigt profiles. The obtained quantitative XPS results report the average values
and respective errors taken as standard deviation values from 8 independent measurements.
The size and morphology of ZnO rods have been checked by scanning electron microscopy
method (SEM) using an MAIA3, TESCAN electron microscope with the in-beam SE detector
placed in the objective lens, and the electron beam energy set to 5 keV.

Cathodoluminescence (CL) was measured on a home-made spectrometer consisting
of a parabolic mirror focusing the produced light onto a waveguide further propagating
through a single-grating monochromator and photomultiplier tube H7711-13 to create CL
images or Avaspec ULS2048LTEC spectrometer to record spectra. Cathodoluminescence
measurements were spatially correlated with the energy dispersive X-ray spectroscopy
(EDX) on a scanning electron microscope XL30ESEM with an installed EDX detector. In
both cases of EDX and CL measurements, an acceleration voltage of 5 kV was used.

The steady-state photoluminescence (PL) spectra were excited by pulsed, optically fil-
tered 1 mW UV LED at the wavelength band 340± 10 nm and measured in the 350–800 nm
spectral range with 1 nm spectral resolution using the spectrally calibrated double grating
monochromator SPEX 1672, long-pass filters (LP350 and LP600), a red sensitive photo-
multiplier, current preamplifier (gain 10 µA/V) and a lock-in amplifier referenced to the
UV LED frequency 333 Hz. All PL spectra were divided by the spectral efficiency of the
spectrometer, converted from wavelength to energy scale taking into account the Jacobian
correction [36], and normalized at the wavelength 355 nm on the same value dominated
by optical scattering of excitation light. After annealing, subsequent PL spectra were mea-
sured with 5 mg ZnO powder pressed in a Suprasil glass tube with an inner (and outer)
diameter of 2 mm (and 3 mm, respectively), featuring a low fluorescence background.
Low-temperature PL measurements were carried out with a 5 mg powder pressed into a
disk pellet with a diameter 3 mm and glued together with double-sided conductive tape
on a 10 × 10 × 0.3 mm3 Cu substrate in a closed He-cycle Oxford Instruments OptistatDry
BLV cryostat (4–300 K).

EPR measurements were performed with a commercial Bruker EMXplus spectrometer
in the X-band (9.4 GHz) within the 4–296 K temperature range using Oxford Instruments
ESR900 cryostat. The sample was placed into the quartz tube. Spectra simulations were
carried out in a “Easyspin toolbox 5.2.35” [37].

Annealing in air was carried out in a modular vertical tube furnace Tersid Carbolite
with the possibility to elevate temperature up to 1000 ◦C.

3. Results and Discussion
3.1. Identification of Material Phases and Morphological Analyses
3.1.1. Morphology by SEM

SEM images of the ZnO:Mo NRP are shown in Figure 1.
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The ZnO:Mo(1%) NRP sample consisted of two types of hexagonal rods and greatly 
outnumbered crescent-like structures that were about 2.5 µm large (Figure 1A). The 
majority of the ZnO:Mo(1%) NRP is, in general, represented by the roughly 500-nm-
thick and 2–5-µm-long rods. The rest of the rods are about 3 µm thick and about 5 µm 
long. 

The ZnO:Mo(5%) NRP samples consisted of hexagonal rods with a thickness of 
about 1 µm and a length over 5 µm and crescent-like structures about 5 µm large (Figure 
1B). The size of the latter increased significantly in the ZnO:Mo(5%) NRP sample 
compared to the ZnO:Mo(1%) NRP, where crescent-like structures are rare. 

Figure 1. SEM images of ZnO:Mo(1%) (A), ZnO:Mo(5%) (B), ZnO:Mo(10%) (C), ZnO:Mo(20%) (D)
NRP. Arrows stress the crescent-like structures. White hollow hexagons (dashed and solid) indicate
the examples of flat hexagonal shape micro platelets.

The ZnO:Mo(1%) NRP sample consisted of two types of hexagonal rods and greatly
outnumbered crescent-like structures that were about 2.5 µm large (Figure 1A). The majority
of the ZnO:Mo(1%) NRP is, in general, represented by the roughly 500-nm-thick and
2–5-µm-long rods. The rest of the rods are about 3 µm thick and about 5 µm long.

The ZnO:Mo(5%) NRP samples consisted of hexagonal rods with a thickness of about
1 µm and a length over 5 µm and crescent-like structures about 5 µm large (Figure 1B). The
size of the latter increased significantly in the ZnO:Mo(5%) NRP sample compared to the
ZnO:Mo(1%) NRP, where crescent-like structures are rare.
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The ZnO:Mo(10%) NRP sample is represented by the large rods (about 1.5 µm thick
and 5–7 µm long) and hexagonal platelets with a diameter of about 10 µm (Figure 1C). The
number of micro platelets was significantly higher than the number of rods. The rods seem
to grow on the surface of the micro platelets, as well (Figure 1C).

Large amounts of nucleation centers provided by Mo doping hovering in the solution
of the NRP influence the rods’ growth. The ZnO:Mo(20 and 30%) NRP samples consisted
of hexagonal platelets with a diameter of about 10 µm, as can be seen in the example of the
ZnO:Mo(20%) (Figure 1D).

3.1.2. Phase Composition by XRD

The XRD pattern of the ZnO:Mo(1, 5, 10, 20, 30%) NRP samples is shown in Figure 2.
The ZnO:Mo(1, 5, 10%) NRP samples have a hexagonal Zincite phase (PDF 00-005-0664).
Increasing Mo concentrations led to a new phase formation (monoclinic, C12H7NO2, PDF
00-034-1749), as can be seen in Figure 2. The length of this phase increases with Mo concen-
tration, and reaches its maximal value at 10%. Additionally, starting from a 10 wt. % Mo
doping level, a hexagonal phase (Zn5Mo2O11·5H2O, PDF 00-030-1486) is formed. It in-
creases at 20 and 30% Mo doping level and reaches a significantly higher level in the
ZnO:Mo(30%) NRP. Moreover, the weak reflections of d-MoN hexagonal phase (MoN,
PDF 04-014-2477) were detected, as well. The PDF patterns for all of the material phases
are shown in Figure S1 in the Supplementary Information section, where they are shown
along with the XRD pattern of the ZnO:Mo(10%) NRP sample. Both C12H7NO2 and the
d-MoN phases expectedly occur as degraded precursors used for the NRP samples grow
(see Experimental). This also has some correlation with the Raman measurements below.
The presence of ZnO, as well as the d-MoN phase, was not confirmed in the ZnO:Mo(20
and 30%) NRP samples. These observations lead to the conclusion that the nano- and
microrod structures in Figure 1A–C originate from ZnO, whereas the hexagonal platelets
in Figure 1C,D must be created by the Zn5Mo2O11·5H2O. The morphology of the d-MoN
phase is not known. The seeding layer must afford additional space for the Mo-based
nucleation seeds to be placed on the surface of the layer.
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Molybdenum appearing in the ZnO host changes its charge state from Mo6+ existing
in the precursor ((NH4)6Mo7O24·4H2O) to Mo4+, as confirmed by the present work as well
as discussed in previous works [23,27]. This is a sign of reduction, indicating processes that
could be connected to the redox reaction existence. At the same time, HMTA (C6H12N4) is
degraded by the removal of hydrogen and attachment of oxygen, which is a typical redox
reaction in organic chemistry [38]. Considering the improved presence of naphthalimide
in the ZnO:Mo samples upon the increased doping level of Mo, the Mo precursor can be
expected to be a catalysator in the redox reaction discussed. The tentative and simplest
example of the reaction can be given as follows:

2C6H12N4 + 2O2− + 4h+ ((NH4)6Mo7O24·4H2O, catalysis)→ C12H7NO2 + 7H2 + 3N2 + NH3 (1)

In the NRP samples with Mo doping levels of 20–30%, the concentration of molyb-
denum precursor in the solution is very high, leading to the chemical reactions resulting
in the creation of zinc molybdates (hexagonal platelets), as confirmed by XRD (Figure 2).
Obviously, the zinc molybdate phases were grown first (the corresponding chemical re-
action rates should be very fast) in the ZnO:Mo(20%) NRP sample, strongly lowering the
concentration of Mo in the solution.

3.1.3. Raman Spectroscopy

Figure 3 shows the Raman spectroscopy results for the Mo-doped ZnO NRP with
different doping concentrations (1, 5, 10, 20, and 30 wt. %).
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attributed to the material phases different than ZnO. “u.o.” indicates peaks originating from unknown
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The spectra are composed of five prominent peaks located at about 331, 438, 580,
862, and 910 cm−1. All Raman spectra show the E2 (high) mode located at 438 cm−1,
which corresponds to the high-frequency optical phonon mode of the ZnO wurtzite crystal
structure [39,40]. The intensity of the E2 (high) mode is the most intense in the Raman
spectra for Mo doping levels ranging from 1 up to 30 wt. %, which is a sign of a well-
crystallized ZnO phase. The E2 (high) mode becomes weaker and broader at high Mo
doping levels (20 and 30 wt. % of Mo), indicating a defective or small domain size in the
ZnO phase. The peak centered at 331 cm−1 is attributed to the second-order mode (E2
low) [39].

The broad peak at 580 cm−1, which corresponds to normally Raman inactive E1 (LO)
mode and is attributed to oxygen vacancies and zinc interstitial [41,42], is present at low
Mo doping levels and not visible at high Mo doping levels.

There were five more peaks observed near 309 cm−1 (P01 in Figure 3), 423 cm−1

(P02 in Figure 3), 862 cm−1 (P1 in Figure 3), 910 cm−1 (P2 in Figure 3), and 1149 cm−1

(P3 in Figure 3). The intensity of the P01,02,1,2 peaks slowly increases with Mo doping
level and becomes predominant at high Mo doping levels (20 and 30 wt. % of Mo). This
correlates perfectly well with the increase of the Zn5Mo2O11·5H2O phase presence in
the corresponding XRD patterns (Figure 2). The P3 peak is very broad, which indicates
multiple contributions, and its intensity increases very little with the Mo content in the
Raman spectra of the ZnO:Mo(1, 5, 10%) samples. The peak P3 is almost totally absent in the
spectrum of the ZnO:Mo(20%), and it is totally absent in the spectrum of the ZnO:Mo(30%).
This has a good correlation with the XRD pattern corresponding to the d-MoN phase as
a consequence of the ZnO:Mo(1, 5, 10, 20, 30%), as can be seen in Figures 2 and S1 in the
Supplementary Information section. Therefore, the P3 peak has been attributed to the
d-MoN phase.

3.1.4. Surface Composition by XPS

XPS spectroscopy was used to probe the chemical structure of the ZnO:Mo NRP samples.
Typical XPS high-resolution Mo 3d, Zn 2p, and O 1s spectra of different structures

measured in ZnO:Mo NRP samples are shown in Figure 4.
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Table 1. Atomic fractions (at.%) of chemical moieties present on the surface of the ZnO:Mo NRP
samples as determined by XPS.

XPS Region Chemical
Moieties

Binding
Energy, eV

Mo Doping Level (at.%)

1.0 5.0 10.0 20.0 30.0

Fraction of Moieties and Bonds (at.%)

Mo 3d Mo6+ 233.1 ± 0.3 1.6 ± 0.2 2.5 ± 0.4 5.3 ± 0.1 6.0 ± 0.1 5.4 ± 0.6

C 1s

C-C, C-H 285.0 ± 0.2 16.0 ± 1.6 11.5 ± 3.5 10.1 ± 0.8 15.8 ± 0.9 14.0 ± 1.0

C-O 286.4 ± 0.2 4.5 ± 0.5 8.7 ± 2.6 12.1 ± 0.9 7.1 ± 0.4 13.7 ± 0.9

C(=O)-O 289.0 ± 0.2 3.5 ± 0.4 3.4 ± 1.0 3.4 ± 0.3 2.8 ± 0.2 3.8 ± 1.0

Total C - 24 23.6 25.6 25.7 31.5

O 1s

Zn-O-Zn 530.6 ± 0.2 15.3 ± 0.3 14.4 ± 1.1 14.1 ± 0.3 15.8 ± 0.3 12.4 ± 0.8

Zn-O-H, Zn-O−,
C=O, Si-O
Zn-O-Mo

531.8 ± 0.3 25.2 ± 0.5 22.7 ± 1.7 22.9 ± 0.5 24.7 ± 0.4 20.7 ± 2.4

C-O 533.1 ± 0.2 8.6 ± 0.2 12.9 ± 1.0 13.7 ± 0.4 9.8 ± 0.2 14.4 ± 1.7

Total O - 49.1 50 51 50.3 47.5

Zn 2p3/2 Zn2+ 1022.2 ± 0.4 25.3 ± 1.5 23.8 ± 3.1 18.5 ± 0.8 17.9 ± 0.7 15.8 ± 2.7

Mo/Zn 0.06 0.11 0.29 0.34 0.34

The high-resolution XPS measurements in the Mo 3d region (Figure 4A) verified the
presence of molybdenum spin–split doublet with a Mo 3d5/2 peak centered at about 233 eV
and a Mo 3d3/2 peak showing 3.15 eV separation from the main contribution. The FWHM
is also different (the Mo 3d5/2 is considered) for different Mo doping levels: 2.52 eV in the
ZnO:Mo(5%) NRP, 3.14 eV in the ZnO:Mo(10%) NRP, 2.7 eV in the ZnO:Mo(20%) NRP, and
2.51 eV in the ZnO:Mo(30%) NRP. The specific trend shown by the FWHM values in the
differently doped ZnO:Mo NRP is due to the presence of several Mo-containing material
phases. The domination of the zinc molybdates is getting stronger upon the Mo doping
level, and as a sequence, the broadening of the Mo 3d peaks in the ZnO:Mo(5 and 10%)
NRP is observed. Further-increased Mo doping levels (ZnO:Mo(20 and 30%) NRP samples)
led to the narrowing of the Mo 3d peaks due to the fast thinning of the ZnO phase and the
creation of zinc molybdates.

All ZnO:Mo NRP samples are characterized by a spin–split doublet with a Zn 2p3/2
peak centered at about 1022.1 eV and a Zn 2p1/2 peak showing 23.0 eV separation from
the main contribution (Figure 4B), as reported in previous work [40]. They are broadening
with the increase of the Mo doping level (Figure 4B). Therefore, one may expect them to
appear as a number of contributions from different material phases discovered by XRD
(Figures 2 and S1 in the Supplementary Information section).

The O 1s spectrum of all materials was characterized by three contributions arising
from lattice oxygen (Zn-O-Zn), non-lattice oxygen (Zn-O-H, Zn-O−, C=O, Si-O), and C-O
contributions centered at about 530.5 (peak 1 in Figure 4C), 531.9 (peak 2 in Figure 4C) and
532.9 eV (peak 3 in Figure 4C), respectively [40,43]. The O=C and C-O-H contributions
likely originate from the remnants of the precursor adsorbed on ZnO surfaces. The peak
corresponding to Zn-O-Mo bonds should strongly overlap with the non-lattice oxygen
moieties and uncovered substrate Si-O signals at 531.9 eV. Therefore, the exact quantification
in this case could not be performed with high reliability.

Possible N 1s contributions arising from the precursors during synthesis, ammonium
molybdate tetrahydrate, and zinc nitrate hexahydrate were below the detection limits of
the XPS measurements, further pointing to the incorporation of the molybdenum into the
NC structure.
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All of the experimental spectra in Figure 4 were fitted with the calculated ones (stan-
dard Gaussian shapes). XPS regions, as well as chemical moieties and their weight fractions,
are listed in Table 1.

Based on the XPS data, molybdenum ions present on the NRP samples surface are
Mo6+. Remarkably, their content increases upon the Mo doping level until the ZnO:Mo(30%)
NRP. There, the Mo6+ content is a bit lower than in the ZnO:Mo(20%) NRP sample, probably,
this is the consequence of the decreased effective surface area in the ZnO:Mo(30%) NRP
sample due to the hexagonal platelet presence (Zn5Mo2O11·5H2O) (see Figures 2 and S1
in the Supplementary Information section). Note that the Mo/Zn ratio is the same in the
ZnO:Mo(20 and 30%) NRP (Table 1).

Carbon on the surface of the ZnO:Mo NRP samples originates from the remained
precursors adsorbed on the ZnO surfaces. Its overall content is about 25–35% in the ZnO:Mo
NRP samples.

Overall oxygen content increases in the ZnO:Mo(1, 5 and 10%) NRP while it was
decreased by 0.7 at.% in the ZnO:Mo(20%) NRP as compared to the ZnO:Mo(10%) NRP
sample (Table 1). It was decreased by 3.5 at.% in the ZnO:Mo(30%) NRP as compared to the
ZnO:Mo(10%) NRP sample (Table 1). This also correlates well with the Mo6+ content. This is
the result of greater carbon content in the ZnO:Mo(30%) NRP compared to the ZnO:Mo(10%)
NRP samples covering the area of the ZnO:Mo(30%) NRP sample (Figure 1D). Therefore,
the increase, namely of the Zn-O-Mo moiety content, can be expected in this case. No
specific trends were observed for the single moieties. This is the result of the interplay
between different oxygen-containing moieties, as can be seen in Table 1.

The overall content of Zn2+ remained almost the same in the ZnO:Mo(1 and 5%) NRP,
while it gradually decreased in the ZnO:Mo(10, 20, and 30%) NRP samples (Table 1). The
Mo/Zn content ratio monotonously increased upon the Mo doping level (Table 1). This has
a good correlation with the XRD and Raman measurements above, indicating the escalating
presence of the Mo-containing material phases in the NRP samples (Figures 2 and 3).

3.2. Photoluminescence Properties

The photoluminescence of hydrothermally grown ZnO nano- and microrods is sen-
sitive to annealing in air, with the strongest effect on the exciton band observed for the
annealing temperature of 350 ◦C [17,22,26,31]. Therefore, the influence of annealing in air
at 350 ◦C was studied in the present case. The PL spectra of the as grown NRP samples
are shown in Figure 5A. They were composed of two–three bands: Er3 (2.04 eV) and Ee2
(3.25 eV) in ZnO:Mo(1%) NRP; Er3 (2.04 eV), Ee2 (3.25 eV) and E2 (very broad, having
maximum at about 2.8 eV) in ZnO:Mo(5 and 10%) NRP; Eb2 (very broad, having maximum
at about 2.8 eV) in ZnO:Mo(20 and 30%) NRP. Based on previous works [27,29,31,44,45], the
Er3 and Ee2 bands were attributed to neutral zinc vacancy-based defects (in particular, they
are of the two-component origin ascribed to neutral zinc vacancy-based defects (VZn

0 and
VZn

0 + D, D is some defect) [22]) and excitons [46,47], respectively. Mo has almost no effect
on the Er3 and Ee2 bands in the ZnO:Mo(1, 5, 10%) NRP (see Figure 5A). This also differs
from the tendencies previously reported for free-standing ZnO:Mo nanorods [23]. Based
on Figure 1 and the XRD analysis above, the ZnO:Mo(1, 5, and 10%) NRP consists of ZnO,
as well as zinc molybdate-based phases. The ZnO phase is thinning upon the increased
Mo doping level (see Figure 2). Therefore, the luminescence is expected to fade. The fact
that it does not vanish but remains at the same intensity level (see Figure 5A) provides
evidence for the improved luminescence properties with the presence of Mo. Based on
these considerations, one can expect the strongest Er3 and Ee2 bands to appear in the PL
spectra of ZnO:Mo(5%) NRP (Figure 5A).
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The Eb2 band (Figure 5A) is expected to originate from Mo-O-like emission centers in
zinc molybdate-based phases (Mo6+-O2− →Mo5+-O− known in ZnMoO4 [48,49]).

Low blue photoluminescence background, marked as the Eb1 band in Figure 5, is some-
times observed due to the contamination of the sample by organic dust particles/remained
precursors. It can be minimized by the careful selection of the area illuminated by the
excitation light. This explains why this band is absent in the PL spectra of the ZnO:Mo(1%)
NRP sample.

The PL spectra of the NRP samples annealed in air at 350 ◦C were composed only
of one–three bands: Er2 and Ee2 in the ZnO:Mo(1, 5, 10%) NRP; Er2 in the ZnO:Mo(20%)
NRP; Er2,4 in the ZnO:Mo(30%) NRP. The Er2 band remained almost unchanged in the
annealed ZnO:Mo(1, 5%) NRP. This is consistent with the behavior of the Er3 band in the
as grown ZnO:Mo(1, 5%) NRP samples discussed above (Figure 5). Therefore, the same
effect of Mo can be expected there. The intensity of the Er2 band measured in the annealed
ZnO:Mo(10%) NRP is lower by a factor of ~2 compared to the annealed ZnO:Mo(1, 5%)
NRP samples. This can be explained by the creation of Mo5+ (not observed in the annealed
ZnO:Mo(1%) NRP discussed in detail below). The Mo5+ must be created from Mo4+ by
the hole capture, as discussed in previous works [23,26]. The hole is transferred from
the neutral zinc vacancy responsible for the Er2 [23], and, therefore, the Er2 decreased.
Negligibly weak Er2 band has been measured in the annealed ZnO:Mo(20, 30%) NRP.
The negligibly weak Er4 band at roughly 2.11 eV was resolved in the PL spectrum of
the annealed ZnO:Mo(30%) NRP. It corresponds very well to one of the components (at
about 2.1 eV) in the complex 2.0 eV emission band observed in the ZnO:Mo free-standing
nanorods [22,23,27,29,31]. It is noteworthy that the ZnO phase is minor while the presence
of zinc molybdates is strong in the ZnO:Mo(20, 30%) NRP (see XRD results above). The
intensity of the red PL bands (Er2–4 in Figure 5) in the NRP samples was not enough to
provide reliable statistics, and, as a result, the precise analysis of the corresponding decay
kinetics was impossible.

The Eb2 band was not observed in the annealed ZnO:Mo(20, 30%) NRP samples
(Figure 5B). All of these allowed us to conclude that annealing in air has the tendency
to improve the ZnO structure by removing surface defect states and causing the partial
decomposition of zinc molybdates [26].

The Ee2 band intensity was strongly lowered upon the increased Mo doping level
from 1 to 5 and 10% in the NRP samples (Figure 5A). This should be the effect of the
dominating presence of the unintentional zinc molybdate (Zn5Mo2O11·5H2O) and d-MoN
phases (Figures 2 and S1 in the Supplementary Information section). The Mo-O-like
emission (Eb2 band in Figure 5A) has most likely been transformed into a non-radiative
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path due to annealing (the Mo charge state is changed according to the EPR below), and
the Zn5Mo2O11·5H2O is now reabsorbing the high emission energy of the exciton emission
centers in the ZnO phase. No exciton band was detected in the annealed ZnO:Mo(20,
30%) NRP. This is expected since there was no ZnO phase, and the corresponding exciton
emission was detected in the as grown ZnO:Mo(20, 30%) NRP samples.

To study the Ee2 band in more detail, the PL spectra of the ZnO:Mo(1, 5, 10, 20, and
30%) NRP samples annealed in air at 350 ◦C were measured at 3 K, as well, and shown in
Figure 6.
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Figure 6. UV PL spectra of the Ee band measured at 3 K in ZnO:Mo(x) NRP (B) samples, x = 1, 5, 10,
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The Ee2 band is characterized by a free exciton peak at 3.39 eV and a relatively asym-
metric shoulder at lower energies. The bound exciton emission at 3.35 eV (peak 2) was
attributed to the neutral-donor-bound exciton complexes [50,51] that may originate from
surface-related defects, such as VZn

0, which act as a neutral acceptor. The 2.9–3.3 eV shoul-
der is typical for LO phonon replicas, two-electron satellites, and donor–acceptor pairs [47].
The Ee2 band in the ZnO:Mo(20 and 30%) NRP was negligibly weak, but still, peak 1 could
be resolved, proving the existence of a very brief ZnO phase.

3.3. CL and EDX Mapping

To study the spatial distribution of luminescence over the nanorods and the influence
of Mo on it, the correlated SEM, spectrally unresolved CL, and EDX images were obtained
for the NRP samples. They are shown in Figure 7. Smaller rods emitted brighter than the
larger ones in the ZnO:Mo(1%) NRP sample (Figure 7A,B). This also correlates with the
Mo spatial distribution (Figure 7C), i.e., Mo tends to stay in the smaller ZnO rods. Partly, a
similar conclusion can be made in the case of the ZnO:Mo(5%) NRP sample (Figure 7F–H).
However, in this case, larger rods also emit brightly. The situation is completely different
in the ZnO:Mo(10%) NRP (Figure 7K–M). There, the luminescence originates exclusively
from the large rods, whereas Mo is concentrated in the platelet structures.
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Figure 7. SEM images (A,F,K), CL (B,G,L) and EDX maps of Mo (C,H,M), Zn (D,I,N) and O (E,J,O)
measured in: ZnO:Mo(1%) NRP (A–E); ZnO:Mo(5%) NRP (F–J); ZnO:Mo(10%) NRP (K–O).

All of these observations have a very good correlation with the PL measurements
above and confirm the influence of Mo on the luminescence properties of the ZnO:Mo
nanorods, as well as the transformation of ZnO:Mo into the complex zinc molybdate phase.
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3.4. Core and Shell Shallow Donors as Well as Mo5+ Detected by EPR

EPR spectra measured in the as grown ZnO:Mo NRP samples are shown in Figure 8.
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The EPR spectra of the ZnO:Mo(1, 5, 10%) NRP were composed of the SD1,2 sig-
nals: at the g factor g = 1.954 (SD1), the typical signal of ZnO (see [22,27,29,31] and the
references therein), and at g = 2.0023 (SD2), the g factor of the free electron [52]. The
SD1 signal originates from the core (bulk part of a single ZnO nanorod), whereas the
SD2 signal originates from the shell (the part of the ZnO nanorod at the surface) based
on the core–shell model [53]. The SD1 signal is typical for ZnO and is produced by the
shallow donor Zn+ + D, D = Al/Ga/H [54–58]. The intensity ratio for the SD1 signal in
the ZnO:Mo(1, 5, 10%) NRP is 5:2:1. This can be explained as follows: the source of the
SD1 signal captures a hole (D + Zn+ + h+ → D + Zn2+) or, oppositely, releases an electron
(D + Zn+ → D + Zn2+ + e−). The deliberated electron is then captured by Mo6+, creating
Mo4+ (Mo6+ + 2e− → Mo4+), whose existence is proved by the creation of Mo5+ after
annealing in air, as discussed below.

The SD2 signal is about two orders of magnitude weaker than the SD1 one (see
Figure 8A). The intensity ratio for the SD2 signal in the ZnO:Mo(1, 5, 10%) NRP is 3:2:2.

There was a new, relatively broad signal at the g ~1.92 (typical for Mo5+ [23,27,29,59])
detected in the EPR spectra of the as grown ZnO:Mo(20 and 30%) NRP samples (Figure 8A).
Since the correlation between the signal intensity and Mo content was observed, it was
attributed to the Mo5+. To scrutinize its origin, the Mo5+ spectra have been fitted using
Equation (2):

Ĥ = βŜĝH, (2)

where β is the Bohr magneton, Ŝ is the vector of electron spin operator (electron spin
S = 1/2 was considered), ĝ is a g tensor, and H is the vector of the resonance magnetic
field. The terms counting for hyperfine coupling with the 95,97Mo nuclei were omitted since
the Mo5+ signals observed (Figure 8A) were broad and, as a sequence, the corresponding
contributions to the spectra were not resolved (for more details, see previous works [23,52]).
The experimental and calculated spectra are shown in Figure S2 in the Supplementary
Information section for the as grown ZnO:Mo(20 and 30%) NRP samples. The fit is very
good. The fit parameters are listed in Table 2.
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Table 2. The g tensor values, peak-to-peak width (∆Hpp), and double integral intensity (I) are
determined from fit for the EPR lines of Mo5+ centers (Equation (2)). The error of the g tensor values
determination was ±0.003. The error of the ∆Hpp determination was ±0.2 G. The error of the I
determination was ±5 × 103 arb. units.

Sample Treatment Mo Center g1 g2 g3 ∆Hpp, G I, arb. Units

ZnO:Mo(20%) NRP As grown Mo1 1.918 1.918 1.918 40 70.23 × 105

ZnO:Mo(20%) NRP As grown Mo2 1.938 1.925 1.890 20 11.70 × 105

ZnO:Mo(30%) NRP As grown Mo1 1.918 1.918 1.918 40 119.38 × 105

ZnO:Mo(30%) NRP As grown Mo2 1.938 1.925 1.890 20 198.95 × 105

ZnO:Mo(10%) NRP AA 350 ◦C Mo1′ 1.908 1.908 1.908 110 331.67 × 105

ZnO:Mo(20%) NRP AA 350 ◦C Mo1′ 1.908 1.908 1.908 110 21.77 × 105

ZnO:Mo(20%) NRP AA 350 ◦C Mo2′ 1.936 1.925 1.896 40 3.98 × 105

ZnO:Mo(30%) NRP AA 350 ◦C Mo2′ 1.936 1.925 1.896 40 8.85 × 105

ZnO:Mo(30%) NRP AA 350 ◦C Mo2” 1.929 1.927 1.872 53 25.31 × 105

The Mo5+ spectrum measured in the annealed ZnO:Mo(20 and 30%) NRP is, indeed,
composed of two signals referred to as Mo1,2 in Table 2. The Mo1 is isotropic with g = 1.918.
Its g factor differs from the Mo5+ signal detected in the as grown ZnO:Mo free-standing
nanorods samples (g = 1.905 [23]). Another signal, Mo2, is anisotropic. The Mo1 is sig-
nificantly more prevalent than the Mo2 component in the as grown ZnO:Mo(20%) NRP,
with the intensity ratio being 7:1 (Mo1 to Mo2). However, the situation is inverse in the
ZnO:Mo(30%) NRP, with the intensity ratio being 1:2 (Mo1 to Mo2) (see Table 2). The
Mo1 intensity was increased by about 20 times in the ZnO:Mo(30%) NRP compared to the
ZnO:Mo(20%) NRP. All of these allowed us to conclude that the Mo1,2 contributions origi-
nate from zinc molybdates and d-MoN (Figures 2 and S1 in the Supplementary Information
section) and not the ZnO phase in the as grown ZnO:Mo(20 and 30%) NRP samples.

3.5. NRP Samples Annealed in Air at 350 ◦C

Annealing in air at 350 ◦C resulted in a roughly threefold drop in the SD1 signal
compared to the as grown samples (see Figure 8B). Its spectral position remained un-
changed. This has previously been observed for the ZnO:Mo free-standing nanorods [23].
The intensity ratio for the SD1 signal in the ZnO:Mo(1, 5, 10, and 20%) NRP is 99:59:34:1.
Remarkably, a very weak SD1 signal also appeared in the EPR spectrum of the annealed
ZnO:Mo(20%) NRP; however, it was not observed in the as grown ZnO:Mo(30%) NRP.
This may indicate the creation of the ZnO phase by the destruction of the zinc molybdate.
Part 99:59:34 = 3:2:1 for the annealed ZnO:Mo(1, 5, 10%) NRP has approximately the same
tendency as discussed above for the as grown ZnO:Mo(1, 5, 10%) NRP. Moreover, it is
consistent with the trends observed for the Ee2 band upon the Mo doping level (Figure 5B).
The smaller the number of shallow donors, the smaller the number of free carriers, and, as
a result, the exciton-related band drops.

The SD2 signal was increased by about 1.5–3 times in the ZnO:Mo NRP annealed in
air at 350 ◦C compared to the as grown samples (see Figure 8B). The intensity ratio for the
SD2 signal in the annealed ZnO:Mo(1, 5, 10, 20, and 30%) NRP is 2:1:2:1:2. This is a rather
random ratio that is inconsistent with the trends observed for the as grown NRP samples
(see Figure 8A). All of these indicate that the SD2 signal should originate from dangling
bonds, which are obviously affected by oxygen from air refilling the oxygen vacancies
initially existing in the materials.

Again, the relatively broad signal appeared at the g factor at roughly g = 1.9 (typical for
Mo5+ [23,27,29,59]) in the EPR spectra of ZnO:Mo(10%) NRP and at the g factor at roughly
g = 1.92 (also typical for Mo5+ [23,27,29,59]) in the ZnO:Mo(20 and 30%) NRP samples
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after annealing in air (Figure 8B). Similar to the as grown NRP samples, the g = 1.9 signal
was attributed to the Mo5+ incorporated into the ZnO rods [23,26]. The g = 1.92 signal is
expected to originate from zinc molybdates, considering the dominating zinc molybdates
phase in the ZnO:Mo(20, 30%) NRP and the shift of the g factor value compared to the
ZnO:Mo(10%) NRP. The number of the Mo5+ is larger in the annealed ZnO:Mo(30%) NRP
as compared to the ZnO:Mo(20%) NRP. This could be explained by the larger amount of
Mo4+ existing in the ZnO:Mo(30%) NRP compared to the ZnO:Mo(20%) NRP sample.

To gain better insight into the Mo distribution over different surroundings, the Mo5+

spectra detected in the annealed ZnO:Mo(10, 20, and 30%) NRP samples (Figure 8B) have
been fitted using Equation (2). Again, the terms counting for the hyperfine coupling
with the 95,97Mo nuclei were omitted since the Mo5+ signals observed (Figure 8B) were
very broad, and, as a sequence, the corresponding contributions to the spectra were not
resolved [23,52]. The calculated spectra fit the experimental ones very well, as can be seen in
Figure S3 in the Supplementary Information section. The fit parameters are listed in Table 2,
as well. The Mo5+ signal was composed of one Mo1′ component in the ZnO:Mo(10%)
NRP, the superposition of Mo1′ and Mo2′ signals in the ZnO:Mo(20%) NRP, and the
superposition of Mo2′ and Mo2” signals in the ZnO:Mo(30%) NRP samples. The Mo1′

one is isotropic with the g = 1.908. It is close to the value reported earlier for the low-level
doped ZnO:Mo(0.05–1%) [23]. The intensity of the Mo1′ component lowers upon Mo
doping (the zinc molybdate and d-MoN phases are created). Therefore, it is expected to
originate from ZnO rods. It should be noted that the ZnO nanorods presence was deduced
from EPR spectra in Figure 8B in the ZnO:Mo(20%) NRP sample. It was not detected
at all in the ZnO:Mo(30%) NRP sample. The ZnO:Mo(30%) NRP sample is composed
exclusively of the hexagonal platelets of the zinc molybdate phase (see Figures 1D and S1
in the Supplementary Information section). The Mo2′ has a slightly rhombic g tensor. It
is about 6 times weaker than the Mo1′ one in the ZnO:Mo(20%) NRP. The intensity of the
Mo2′ signal in the ZnO:Mo(30%) NRP was increased by roughly twice compared to the
ZnO:Mo(20%) NRP. The new signal, Mo2”, also appears there, roughly three times more
than the Mo2′ one. The g tensor values of the Mo2” signal slightly differ from the Mo2′

signal. Therefore, both signals are expected to originate from two different Mo5+ centers
localized in the zinc molybdate phase and d-MoN, most likely at the regular and perturbed
Mo sites.

4. Conclusions

ZnO:Mo nanorods were grown as free-standing particles. At low doping levels (below
5%), Mo becomes incorporated into the ZnO rods bulk, whereas the increased Mo content
from 5–10–30% led to the creation and dominance of the byproduct material phases, found
to be Zn5Mo2O11·5H2O and d-MoN. The Zn5Mo2O11·5H2O phase is predominately present
at the hexagonal platelets. The morphology of d-MoN is not known. XPS indicates the
presence of Mo as Mo6+. The luminescence properties of the free-standing particles were as
follows. Exciton emission is multicomponent. Besides the typical free and bound exciton
components, the bound exciton emission at 3.35 eV was attributed to the neutral-donor-
bound exciton complexes [50,51] that may originate from surface-related defects such as
VZn

0, which acts as a neutral acceptor in the free-standing ZnO nanorods.
Shallow donor levels, whose presence was confirmed by EPR, are also affected by the

Mo states. Moreover, the Mo4+ presence in the materials was confirmed, as well. Its content
depends on the Mo doping level. It appears partly in the ZnO host and in the byproduct
Mo-related material phases. Considering the much larger sensitivity of EPR compared to
XPS (sensitive to the surface only), the mentioned quantity of Mo4+ appears far below the
measurable limit of the XPS, while Mo6+ strongly dominates, taking into account the large
doping levels of Mo.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ma16093294/s1, Figure S1: The XRD pattern of ZnO:Mo(10%) NRP
shown along with the XRD patterns of ZnO, Zn5Mo2O11·5H2O, C12H7NO2 and MoN PDF data (for
details see main article); Figure S2: Mo5+ experimental EPR spectra measured at 60 K in the as grown
ZnO:Mo(20%) (A) and ZnO:Mo(30%) (B) NRP samples shown along with the calculated signals.
Mo3,4 indicate contributions from two different Mo5+ centers; Figure S3: Mo5+ experimental EPR
spectra measured at 60 K after the annealing in air at 350 ◦C in the ZnO:Mo(10%) (A), ZnO:Mo(20%)
(B) and ZnO:Mo(30%) (C) NRP samples shown along with the calculated signals. Mo1′,2′,2′ ′ indicate
contributions from two different Mo5+ centers.
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