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Solid solutions, formed by combining two transition metal oxides with distinct properties, offer
promising potential for optimizing functional characteristics that may be lacking in the parent materials.
In this study, NiWO4 and NiMoO, semiconductors and homogeneous NiW; ,Mo,O,4 (x = 25, 50, and
75%) solid solutions were successfully synthesized via a co-precipitation method followed by heat
treatment, without any surfactants or toxic solvents. Using a combination of characterization
techniques—including X-ray diffraction, Raman and infrared spectroscopy, X-ray fluorescence, diffuse

Received 12th December 2024, reflectance spectroscopy, and photoluminescence (PL) spectroscopy—alongside density functional

Accepted 12th February 2025 theory calculations, we elucidate the relationship between the structure, electronic properties, and
PL emissions at the atomic level. Furthermore, we propose a relay mechanism in the conduction

band, where an electron transport ladder through the Ni-O-W/Mo framework acts as a driving force to
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1 Introduction

Solid solutions composed of complex metal oxides are integral
to modern semiconductor technology, with applications ran-
ging from sensor to catalysis." ™ This extended multifunction-
ality arises from the synergistic effects induced by the
coexistence of multiple metal cations, partially filled d orbitals,
and highly electronegative oxygen anions. Tungstates and
molybdates (MWO, and MMoO,, where M = Mn, Co, Ni, Zn,
and Cu) hold immense potential in the field of inorganic
semiconductors due to their unique physical-chemical proper-
ties.>™*?

Among these semiconductors, nickel tungstate (NiWO,,
NW) and nickel molybdate (NiMoO,, NM) exhibit structural
stability as well as interesting electronic and electrochromic
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properties,**'* which form the basis for a wide range of

applications, including catalysts, photovoltaic electrochemical
cells, electrocatalytic oxygen evolution reactions, and sensors,
among others.”>?* Both NW and NM are characterized by a
monoclinic phase and consist of mixed-valence transition
metal oxides, in which Ni** and W®"/Mo®" occupy octahedral
sites. More specifically, NW crystallizes in the P2/c space group
and C,, point group symmetry, featuring [NiOg] and [WOq]
clusters.” In turn, NM belongs to the C2/m space group, also
with C,p, point group symmetry, but with [NiOg] and [MoOg]
clusters.” This structural similarity suggests that the formation
of a solid solution should be easily achievable, resulting in
distinct properties compared to the pure systems. Furthermore,
to the best of our knowledge, there are no reports in the
literature on the successful preparation of a continuous
NiW,_,Mo0,0, solid solution with a monoclinic structure across
the entire compositional range.

Previous experimental and theoretical investigations of solid
solutions composed of tungstates®® " and molybdates**** have
provided a deep understanding of the structural and electronic
property changes, helping to rationalize the design of new
optical and photocatalytic materials, which are sometimes
absent in the parent materials.

Specifically, Ag,W,.50M0p.5004>° and o-Ag, W 75M0g 550,4>°
solid solutions have demonstrated that these systems exhibit

This journal is © The Royal Society of Chemistry 2025
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unique photoluminescence (PL) emissions with higher inten-
sities than those of single-structured, a-Ag,WO, and B-Ag2M004.34
Delving deep into the evolution of the structure and electronic
properties when metal cations are substituted during the for-
mation of metal oxide solid solutions, as well as managing the
relationship between the crystal structure and PL emissions, is
crucial for targeted applications.***> Although precise regulation
of the spatial distribution of the dopant in the host lattice is an
effective method to improve their properties, the experimental
determination and the corresponding mechanisms involved in
this process are still unclear. Theoretical investigations can greatly
aid in paving the way for the rational design of novel materials
with optimal composition and enhanced performance. Therefore,
it is desirable and necessary to use not only characterization
techniques but also advanced quantum-chemical calculation
methods to further deepen the understanding of the physiochem-
ical processes occurring during the formation of these complex
solid solutions.

The considerations above led us to synthesize complex
quaternary Niw,;_,Mo,O, (x = 25, 50, and 75) solid solutions
using a co-precipitation (CP) method, followed by heat treat-
ment in a conventional oven, without the need for expensive
surfactants or toxic solvents.

The synthesized materials were characterized using X-ray
diffraction (XRD), Raman and infrared spectroscopy, X-ray
fluorescence (XRF), scanning electron microscopy (SEM), ultra-
violet-visible (UV-vis) diffused reflectance spectroscopy, and PL
spectroscopy. These techniques were employed to evaluate the
effects of W® substitution by Mo®" into the NiWO, crystal
structure, as well as its impact on the morphology, energy band
structure, and PL emissions. Additionally, density functional
theory (DFT) calculations were performed to investigate the
geometry, band structure, and density of states (DOS) in detail.

The main aims of the study were twofold: (i) to investigate
the local bonding patterns of [NiOg], [WOs], and [MoOg] clus-
ters and unveil the multicentric bonding character during the
substitution process in NiW; ,Mo,0, (x = 25, 50, and 75%)
solid solutions, and (ii) to model these phenomena in greater
detail to gain deep insights into the structure, electronic
properties, and PL emissions during the solid solution for-
mation. These findings provide both experimental references
and theoretical support for the design of these promising
materials for optical applications.

2 Results and discussion
2.1 Structural analysis

The XRD patterns of the as-synthetized samples are presented
in Fig. 1a. For both NW and NM, pure phases of their respective
materials were obtained, and the diffractograms were analyzed
based on the available crystallographic data for NW (ICSD No.
15852)*® and NM (ICSD No. 450142).” Both NW and NM
exhibit a monoclinic crystal structure, with NW crystallizing
in the P2/c space group and NM in C2/m. The NW structure
comprises each chain of [NiOg] clusters which is corner linked

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) X-ray diffraction pattern of the NW, NW75, NW50, NW25, and
NM samples; (b) zoomed-in view of the (111) peak at 20 30.8° with full
width at half maximum (FWHM) values; (c) schematic 3D representation of
the NM structure with C2/c; and (d) schematic 3D representation of the
NW structure with P2/c monoclinic symmetry.

to four chains of [WOg] clusters, and vice versa, creating open
channels along the [001] direction. In NM, Ni** and Mo®"
cations are also coordinated with six oxygen atoms, forming
[NiOg] and [MoOg] clusters, but these clusters are intercon-
nected via edge-sharing. As a result, the three-dimensional (3D)
atomic packing in both NW and NM is nearly identical, with
individual [NiOg], [WOe], and [MoO¢] clusters connected to
their neighboring [NiOg] and [MoOg/WOs] clusters through
edge-sharing. In other words, in both the NW and NM crystal
lattices, the [NiOg] and [MOg] clusters are linked via Ni-O-M
bridging links (where M = W*" or Mo®").

For the NW75 and NW50 samples, only peaks corresponding
to the NW phase were detected by XRD. However, in the NW25
sample, some peaks corresponding to the NM phase were also
detected, including (112), (112), (040), (313), and (421).

Moreover, local stress and strain are generated due to the
unit cell volume difference between the P2/c and C2/m phases.
In Fig. 1b, changes in full width at half maximum (FWHM)
values in the range of 10 to 80° can be observed during the
synthesis of solid solutions from NW to NM. A shift in the (111)
plane, characteristic of the NW phase, occurs due to the
incorporation of Mo®" cations into the lattice. These shifts are
observed at smaller 0 values, indicating the expansion of the
crystal lattice. Among the analyzed samples, NW75 exhibited
the greatest structural expansion, with a § FWHM value of
0.48°. A 3D representation of the monoclinic structures of both
NM and NW is illustrated in Fig. 1c.

The elemental analysis of W and Mo atoms, performed
using XRF spectrometry, is presented in Table S1 of the ESL.¥
The results show that the compositions of both cations closely
match the nominal values, confirming the formation of the
NW?75, NW50, and NW25 solid solutions.

To complement the experimental results, DFT calculations
using the B3LYP and HSEO06 functionals were performed to
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Table 1 Calculated values of the lattice parameters (a, b, and c in A), § angle (°), and formation energy values (AE; in Ry) for NW, NW75, NW50, NW25,
and NM solid solutions, using the B3LYP and HSEO6 functionals. For comparison, previously reported values are also included

B3LYP HSEO06
Model A b c p AE; a b c p AE; Ref.
NwW 4.578 5.759 4.803 87.66 —0.670 4.563 5.680 4.775 87.84 —0.678 “
NW75 4.585 5.734 4.822 88.01 —0.664 4.568 5.664 4.789 88.10 —0.672 “
NW50 4.590 5.714 4.840 88.26 —0.658 4.572 5.649 4.802 88.33 —0.665 “
NW25 4.595 5.692 4.859 88.64 —0.653 4.577 5.633 4.817 88.61 —0.659 “
NM 9.579 8.757 7.691 113.92 —0.647 9.512 8.682 7.659 114.13 —0.652 “
NWP 4.602 5.672 4.921 90.05 — 7
NWP 4.605 5.674 4.930 89.99 — 36
Nwihee 4.578 5.759 4.803 87.64 — 7
NM®P 9.564 8.732 7.648 114.26 — 38
Nmthee 9.369 8.413 7.010 113.00 — 39
“ This work.
determine the changes in lattice parameters and f angle asso- (a) [ (b) :

NW25 A ' FWHM
ciated with the substitution process of we by Mo®" cations. HR snam:
An analysis of the results in Table 1 shows good agreement I _
between the theoretical results and the experimental data, as H g s S L
well as consistency with previous experimental and theoretical £ s
results reported in the literature. Furthermore, the results ‘E‘ g’ A~
. . . . . g 8 ' 29.6¢cm
indicate that the formation of a solid solution leads to an £ £
increase in the a, b, and ¢ lattice parameters and f values,
resulting in lattice expansion from NW to NM. These findings sedem

are consistent with the shift in the (111) peak observed earlier
(see Fig. 1b).

The formation energy (AEy) of the pure materials and the
solid solutions was calculated, and the corresponding values
are also presented in Table 1. Negative values of AE; indicate
greater stability of the crystal.”” The pure NW with a more
negative AE; value exhibits greater stability compared to all
solid solutions and pure NM.

In Fig. S1 and Table S2 of the ESI,{ the calculated values of
the Ni-O, W-0, and Mo-O bond distances, as well as the values
of J-T distortion (o}7) for each [NiOs], [WOs] and [MoO¢] cluster,
which act as J-T active sites, are reported, obtained at the
B3LYP level. Analysis of the results indicates that the geometric
distortions of these clusters during the formation of solid
solutions are minimal, i.e. low values of ojr. There are subtle
changes in the local environment around the Ni**, W®*, and
Mo°®" cations. This result was anticipated, as the ionic radius
(0.69 A) and electronegativity (1.8) of the Mo®" cation are
similar to those of W® (0.66 A and 1.7). An increase in the
lattice parameter occurs only in NM due to the change in the
point symmetry group, from P2/c to C2/m.

In our case, the 3d orbitals of the Ni*' cation in the
octahedral environment of the [NiOg] cluster split into two
degenerated sets of orbitals: t,, orbitals (dy;, d;,, and d,,) and
e, orbitals (d,._y. and d,.). The adjacent [WOg] and [MoOg]
clusters induce slight geometrical distortion (corresponding to
elongated or compressed octahedra) to minimize the overall
energy of the system, i.e. J-T distortion.

The Raman spectra of NW, NM, and solid solutions are
presented in Fig. 2. According to group theory, 36 distinct
Raman vibrational modes are present in these structures, of
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Fig. 2 (a) Raman spectra of the NW, NW75, NW50, NW25, and NM
samples, with vertical lines indicating the positions and relative intensities

of the experimental Raman-active modes. (b) Zoomed-in view of the band

centered at 884 cm™%.

which 18 are expected to be active modes (8A, + 10By). As shown
in Fig. 2a, the NW exhibits Raman modes at ~100, 149, 416,
537, 695, and 885 cm™'. The B, vibrational mode at 100 cm ™!
with a low intensity is associated with the symmetric bending of
O-Ni-0."!

The most intense mode at 884 cm™' (A, mode) corresponds
to the symmetric stretching of the W-O bond in the [WOg]
cluster.”” The Raman modes at 100, 140, 255, 368, 385, 704,
824, 911, and 960 cm™ ' are associated with NM. The weakly
intense mode below 500 cm ™' corresponds to the Raman-active
Ni-O bond in the [NiOg] clusters.

Regarding the Mo-O bond in the [MoOs] clusters, the
strongest band at 960 cm ™' represents symmetric stretching,
while the vibration signals at 824 cm ' and 811 cm ™' corre-
spond to asymmetric stretching.>®

The FWHM values for the most intense Raman mode at
884 cm ™!, present in NW and NW75, NW50, and NW25 solid
solutions, are 36.4, 29.6, 58.6, and 37.9 cm ™, respectively (see
Fig. 2b). Consequently, the NW50 sample exhibits a slight
structural disorder in a short-range. The substitution of W°*
by Mo®" may adjust the distortion of the local environment of
the [MoOg] cluster and self-adapt the different structures of
solid solutions. The relationship between this structural

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Theoretical Raman spectra of NW, NW75, NW50, NW25, and
NM. (b) Zoomed-in view of the 350-800 cm™* region. The black and blue
vertical lines indicate the positions and relative intensities of the experi-
mental Raman-active modes for NW and NM, respectively.

disorder, the composition of the conduction band (CB), and PL
emissions will be discussed in the following sections.

The theoretical Raman spectra obtained at the B3LYP level
are presented in Fig. 3a.

As observed experimentally (Fig. 2), the most intense peak in
the NW structure, located at 867 cm™' (A, mode), shifts with
the increasing incorporation of Mo®" cations. The Raman
spectra in the 350-800 cm ™' range are highlighted in Fig. 3b.
At 431 cm™ ', a shift to a lower wavelength is observed with
increasing Mo®* content, corresponding to the O-Ni-O bending
(A; mode) in pure NW. Meanwhile, at 766 cm™', the A, mode
associated with the Mo-O stretching in [MoOg] clusters, char-
acteristic of the NM structure, appears only in the NW50 and
NW25 solid solutions. These results demonstrate an excellent
correlation between the theoretical and experimental Raman
spectra.

The infrared spectra are shown in Fig. 4. NW75, NW50, and
NW25 solid solutions presented the same spectral profile as the
pure NW sample. The A, mode located at around 877 cm ™,
corresponds to the symmetric stretching vibrations (O-W-0) in
the distorted octahedral [WOg] clusters, while the band at
837 cm ' is associated with the optical B, mode. Another
low-intensity band at 689 cm ™" can be attributed to the anti-
symmetric stretching vibrations in the distorted octahedral
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Fig. 4 Infrared spectra of NW, NW75, NW50, NW25, and NM samples. The
vertical lines indicate the positions and assignation of the active modes.
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[WOq] clusters. The band at 535 ecm™' corresponds to sym-
metric stretching vibrations (O-W-O-W-0O) between [WOg]-
[WOq] clusters. Additionally, the symmetric stretching vibra-
tions (-O-Ni-O-) of the distorted octahedral [NiOg4] clusters
were detected at 470 and 450 cm "%

2.2 Morphological analysis

Fig. 5 shows the morphology and the average particle size
distribution of all samples obtained from SEM images.
As observed, the NW sample (Fig. 5a) exhibits faceted morpho-
logies: however, with the increasing incorporation of Mo®"
cations, the particles became agglomerated and lost their
defined morphology, as seen in Fig. 5(c, e, and g). The pure
NW sample has an average size of 97.3 nm, while the NM
sample has an average size of 39.4 nm.

For the NW75, NW50, and NW25 solid solutions, the average
particle sizes were 39.4, 36.5, and 35.2 nm, respectively. Thus,
the formation of the solid solution results in a reduction in
particle size. This phenomenon may be attributed to short- and
long-range structural changes that increase the system’s dis-
order, ultimately leading to a decrease in particle size.

2.3 Electronic properties, DOS, and PL emissions

The diffuse reflectance spectroscopy graphs are shown in Fig. 6,
where the NW and NM samples exhibit band gap energies
(Egaps) of 4.42 eV and 3.96 eV, respectively. The Eg,, values of
solid solutions decrease as the Mo®" content increases (see
Fig. 6 and Table 2). The theoretical calculations at the B3LYP
and HSEO06 levels reveal that the electronic transitions between
the valence band (VB) and CB exhibit an indirect band gap, with
the corresponding K-points in the Brillouin zone listed in
Table 2. From NW to NW25, the indirect transition in the o

(d
97.3 nm|

I :

,,,,, %

120 160 240
Width (nm)

39.4 nm

20 0 60

o 50 40 50
Width (nm) Width (nm)

Fig. 5 SEM images and average particle size distribution for (a) and (b)
NW, (c) and (d) NW75, (e) and (f) NW50, (g) and (h) NW25, and (i) and (j) NM
samples.
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Fig. 6 UV-vis spectra of (a) NW, (b) NW75, (c) NW50, (d) NW25, and (e)
NM samples.
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channel, for both functionals, occurs between the Z-point in the
VB and the Y-point in the CB, with the only difference being the
K-point in the VB for NM. Additionally, in the B channel, the
transition occurs between the Y-point in the VB and a different
k-point in the CB, depending on the system. The experimental
and calculated Eg,, values for NW are higher than those
for NM.

As the quantity of Mo®" cations in the solid solution increases,
the indirect Eg,, values decrease, approaching the values observed
for NM.

The formation of NiW;_,Mo,0, solid solutions introduces
new energy states within the band gap region due to the
presence of Mo®" cations. Consequently, this leads to a shift
in the Fermi energy levels and a reduction in the Eg,,. The
decrease in the optical Eg,, value may be attributed to distor-
tions in the [WOg], [NiO¢], and [MoOg] clusters, which promote
the creation of intermediary energy states between the VB and
CB. These newly formed energy states are reflected in the DOS
representation shown in Fig. 8.

The PL spectrum of the as-synthetized samples, shown in
Fig. 7a, exhibits a broad emission range spanning from 400 to
650 nm, with an intense blue emission peak located at 450 nm
observed for the NW50 sample. These broad emission bands in
the visible region are commonly attributed to the recombina-
tion of trapped charge carriers,***> which is associated with a
distinctive multiphoton phenomenon. In this process, multiple
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Fig. 7 (a) PL emissions and (b) CIE chromaticity diagram of the pure NW
and NM, and NW75, NW50, and NW25 solid solutions.

energy levels and/or different light emission centers can trap
electrons within the band gap.

As electrons in these intermediate electronic states combine
with holes from the VB, this process induces radiative recom-
bination, leading to the appearance of PL emission lines.*®*”

The PL emission data of pure NW and NM, as well as the
NW75, NW50, and NW25 solid solutions, were used to con-
struct the chromaticity diagram shown in Fig. 7b, to visualize
the change in the color emission perceptible to the human eye.
This analysis was performed using the coordinates of the
Commission Internationale de I'Eclairage (CIE), calculated with
Spectralux software.*® The pure NW sample emits in the green
region, with a shift toward the blue region as the substitution of
W®" cations by Mo®" increases up to 50%. In the NW25 sample,
the emission shifts to greenish yellow.

Due to the higher presence of MoOg in the NW25 sample, its
characteristics are like those of the pure NM sample, which also
emits in the green region. However, the NW25 sample exhibits
more efficient energy transfer between [MoOg] and [WO,].**~>!

It is well established that the PL spectra of NW are associated
with the intrinsic emission of the wolframite structure®>*
and the presence of structural defects (oxygen vacancies in the
crystal structure).”® The blue and green emissions may be
attributed to the intrinsic [WOg] clusters, ie., the WOg®~
complex, with double emission from one and the same center
(*Tyu="Asg), while the yellow emission results from recombina-
tion of electron-hole pairs localized at oxygen anions, as reported
in the ZnWO, and CdWO, crystals by Ovechkin et al>* and
Lammers et al.>

Table 2 Experimental and theoretical £y, values (eV), obtained using the B3LYP and HSEQ6 levels, for the NW, NW25, NW50, NW75, and NM systems

B3LYP HSEO06

Direct (I'-T) Indirect Direct (I'-T) Indirect
Model Exp. Alpha Beta Alpha Beta Alpha Beta Alpha Beta
NwW 4.42 4.33 3.60 3.95 7-Y 3.54 Y-B 4.03 3.47 3.62 7-Y 3.43 Y-I'
NW75 4.25 4.03 3.35 3.59 3.26 3.81 3.26 3.36 3.19
NW50 3.99 3.81 3.17 3.33 3.04 3.64 3.09 3.16 2.98 Y-A
NwW25 3.91 3.81 3.08 3.27 2.97 Y-I' 3.63 3.03 3.10 2.91 Y-I'
NM 3.96 4.29 4.48 4.24 r-y 4.40 4.12 4.37 4.04 A-Y 4.25 Y-C
NW* 3.00* NW? 3.917
NM* 2.23%

“ Experimental. * Theoretical.
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Other authors point out the presence of strong electron-
phonon coupling, which may account for the blue band, while
the transitions of T,,—T,, and T;4-T,, in the WO*~ complex
are responsible for the appearance of the green and yellow
bands.’>*® On the other hand, Harshan et al.*' proposed that
the emission peaks in the range of 470-494 nm are related to
the intensive transition between the ground state *A,, and the
excited state *T; of Ni*" (3d®) cations in the distorted octahedral
[NiOg] cluster.

After detailed analysis of the reported results on the PL
emissions of molybdates with monoclinic symmetry, we con-
clude that the corresponding structures present the local
coordination of Mo®" as four, i.e., a tetrahedral [MoO,] cluster,
belonging to the B-phase, as discussed in molybdates such as
MgMoO,*” and CoMo00,.”®**° In contrast, six oxygen anions
surround one Mo®" cation to render the [MoOg] cluster, as
present in the NM crystal lattice, corresponding to the a-phase,
which belongs to the C2/m space group.

Based on the above considerations, we argue that the nature
of the PL emissions of NW and NM, as well as of the solid
solutions, remains unclear. A detailed interpretation of the
electronic structures of the solid solutions is made more
challenging by the presence of spectral signatures of electronic
states associated with [NiOg], [WOg], and [MoOg] clusters in our
measurements. The presence of these electronic states leads
to electron-hole recombination through intermediate energy
levels, resulting in light emission during the PL process. However,
the theoretical description of these electronic states, particularly
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the excited states, is challenging, as it requires high accuracy,
which is beyond the scope of the present study.

In our case, we propose that the slight lattice distortions
associated with the J-T effect in the 3d® electronic configu-
ration of Ni** cations at the [NiOg] cluster, which is sensitive to
the crystal field environment of the adjacent [WOg] and [MoOg]
clusters, promote charge transfer among these clusters to
modulate the PL emissions. Therefore, taking advantage of
the fact that PL emissions are sensitive to the composition of
DOS, specifically to the electronic states forming the CB, we
conducted systematic atom-level analysis on the orbital overlap
between Ni*" at the [NiOg] cluster and the adjacent [WOg] and
[MoOg] clusters.

This orbital hybridization can be considered a signature of
the electronic cloud in the CB, which may serve as a guide to
understanding and rationalizing the PL emissions throughout
the solid solution.

Previously, Evarestov et al.®® showed that in NW, the VB is
formed by hybridized O 2p and Ni 3d orbitals, whereas the CB
is formed by the empty W 5d orbitals with an admixture of the
empty Ni 3d (e,) states at the bottom of the CB. In our case,
using the B3LYP functional, detailed analysis of the total DOS
in Fig. 8 reveals that the VB is formed by the contributions of O
and Ni atoms, while the CB is derived mainly from the lattice
former (W and/or Mo atoms), with a smaller contribution from
O and Ni atoms.

It is well known that the hybridization between different
orbitals plays a crucial role in determining the electronic

(a) NW E..=387eV (b) |NM E,. . =-460eV
. = Mo dd,z+4d,, +4d,
2 Nidd, +3d, W5d,z +5d,, = Ni3d,2+3d, +adaptdd,
= =
g ] \ ™02 g O, Nizd, #]
& Pz W5d,2+ 54 ;// s 2 i3,
8 Ni34a,e Ni3d,+3d, 3 Ni3d,z +3d, Mo 4d 2 + 44
o a +3da,2 ad
vz
—— Niatoms ~—— Ni atoms
W atoms —— Mo atom
—0 = —— O at
E_ =387eV Tom oS B =495V Total 005
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Fig. 8
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Total DOS projected on Ni, W, Mo, and O atoms at the (a) pure NW and (b) NM and for the (c) NW75, (d) NW50, and (e) NW25 solid solutions.
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properties of both NW and MN. Detailed analysis reveals that
the top of the VB in the o channel at NW involves the
hybridization of Ni 3d,, + 3d,, orbitals and O 2p, orbitals,
whereas the bottom of the CB is formed mainly by empty W 5d.-
+ 5d,, + 5d,2_,» orbitals. For the B channel, the VB is formed by
Ni 3d,2_, orbitals hybridized with O 2p, orbitals, while the CB
is composed of the hybridization between W 5d,: + 5d,., orbitals
with Ni 3d,, + 3d,, orbitals. For NM, a similar profile is
observed, with the top of the VB composed only of the Ni
3d,y and 3d,2_,. orbitals in the o and B channels, respectively.
Regarding the bottom of the CB, the o channel is composed of
empty Mo 4d,> + 4d,; + 4d,>_, orbitals, while at the B channel,
there is hybridization between the Mo 4d,. + 4d,, orbitals with
Ni 3d,, orbitals. A more detailed analysis of the partial DOS for
the NW (Fig. S2) and NM (Fig. S3) can be found in the ESL¥

During the formation of the Niw,_,Mo,O, solid solutions,
small changes at the top of the VB are observed, particularly in
the NW25 model, where hybridization between O 2p, orbitals
and Ni 3d,._,» orbitals occurs exclusively in the B channel. The
Mo 4d orbitals become significant contributors to the bottom
of the CB in both o and B channels. In NW75 and NW50,
contributions from the W e, orbitals and Mo 4d,, orbital are
observed. The atomic orbital contribution of W atoms in NW25
decreases and is represented by W 5d,2_,» orbitals, maintaining
the same Mo orbital contribution. Furthermore, as the NiW; _,-
Mo, O, solid solutions form, the Mo 4d orbital contribution to
the CB increases at the bottom of this band in both o and B
channels. In NW75, the Mo 4d,2 + 4d,;, + 4d,2_, orbitals and W
5d,. + 5d,, orbitals become the main components of the CB.
On the other hand, in NW25, the W 5d,. orbital begins to
contribute to the bottom of the CB.

An interesting observation is made for the NW50 solid
solution: at the bottom of the CB, only the presence of Mo
4dz + 4d,; + 4d,>_» orbitals is detected, with no contribution
from the W 5d,. orbitals. Therefore, for the solid solutions, the
main changes are observed at the CB. The partial DOS projec-
tions onto orbitals can be found in the ESIf in Fig. S4-S6.
Consequently, this leads to the emergence of spatially extensive
hybrid bands at the CB, formed by subtle coupling among the
Ni 3d, W 5d, Mo 4d, and O 2p orbitals. The corresponding
charge-transfer configurations result from a complex mixing of
orbitals, generating an electronic chain along the [NiOg], [WOs],
and [MoOg] clusters, thereby enhancing the transfer of photo-
excited electrons to modulate the intensity of the PL emissions
of the solid solutions. By exploiting previous analysis, our
findings discern the assembled J-T effects at the [NiOg],
[WO¢], and [MoOg] clusters to regulate the PL emissions
and boost the orbital hybridization along the Ni-O-W/Mo
framework of solid solutions (see Scheme 1).

To elucidate the electronic characteristic and the photogen-
erated charge migration mechanism within the solid solutions,
the PL curves were analyzed in detail. The broad emission band
was deconvoluted into three Gaussian curves, corresponding to
emission peaks centered at 439, 483, and 557 nm (see Fig. 9).

As we know, samples with a higher contribution in the red or
yellow regions, characterized by longer wavelengths, resulting
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Scheme 1 Schematic illustration of the [NiOgl, [WOgl, and [MoQg] clus-
ters, as J-T active sites, which are assembled by orbital hybridization to
drive the PL emissions.

W w0 %0 s ee 0 70 a0 40 S % 0 0 70

Wavelengih (sm)

Fig. 9 PL deconvolution spectra of (a) NW, (b) NW75, (c) NW50, (d) NW25,
and (e) NM samples.

Waveengih (vm)

from the presence of more defects in the lattice, such as deeper
defects (e.g., oxygen vacancies). On the other hand, PL emission
in the blue regions, at lower wavelengths, indicates the
presence of more shallow defects, such as structural defects,
with concomitant changes in the W/Mo-O distances and O-W/
Mo-O angles. Indeed, slight structural defects, such as distor-
tions in the local environment of Ni**, W°', and Mo®", can
significantly affect the position and intensity of the observed
PL emissions (see Fig. 7). Therefore, the NW25 sample exhibits
deeper defects in the 557 nm region in the yellow (76.7%),
similar to the pure NM sample (88.7%), while the NW50
sample shows more shallow defects at 483 nm in the blue
region (40.8%). On the other hand, we can relate the peak at
439 nm to the orbital hybridization among the intra-cluster
Ni-O-W/Mo framework at the CB, while the peaks at 483 and
557 nm correspond to the intrinsic emissions of [NiOg] and
[WOg]/[M0Og] clusters, respectively. As observed, the first
and second parameters exhibit a maximum at NW50, while
the contribution of the third is higher at pure NW and NM
structures.

In this scenario, the modulation of PL emissions results
from the hybridization of Mo 4d.. + 4d,; + 4d,>_, orbitals into
W 5d,. orbitals, thereby perturbing the electronic structure.
This behavior plays a pivotal role in defining the electronic
structure and the nature of PL emissions. Therefore, subtle
changes occurring during the formation of the solid solu-
tion impact the Eg,, values, the composition of the CB, and

This journal is © The Royal Society of Chemistry 2025
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cluster—cluster electronic transitions, ultimately modulating
the PL emissions.

3 Conclusions

The synthesis of solid solutions is an effective strategy for fine-
tuning the properties of advanced materials. This combined
experimental and theoretical study enhances our understand-
ing of the evolution of the structure, morphology, band gap,
and PL from NiWO,, homogeneous NiW;_ ,Mo,0, (x = 25, 50,
and 75%) solid solutions to NiMoO,. These materials were
successfully synthesized via the co-precipitation method,
followed by heat treatment in a conventional oven.

Their characterization was carried out using XRD, Raman,
infrared, XRF, UV-vis, and PL spectroscopies, along with DFT
calculations. The structural parameters and band gap values
obtained using the B3LYP and HSEO06 functionals show con-
sistent results.

The main conclusions can be summarized as follows: (i) for
x < 50%, the substitution of W®" by Mo®" cations resulted in
XRD patterns showing only peaks corresponding to the NW
phase, while at x = 75%, characteristic peaks of the NM phase
emerged alongside those of the NW phase; (ii) SEM images
reveal agglomerated particles with no defined morphology, and
a reduction in particle as the concentration of Mo®* cations
increases; (iii) DOS analysis indicates that the VB is primarily
composed of Ni(3d) and O(2p) states, while the CB is mainly
derived from W(5d)/Mo(4d) and O(2p) states; (iv) the formation
of Niw,;_,Mo,0, solid solutions introduces new energy states
within the band gap region due to Mo®" cations, leading to a
shift in Fermi energy levels and a concomitant decrease in the
Eg,p value; (v) the significant enhancement of the PL emission
intensity in the blue region at 483 nm of NW50 solid solution is
attributed to shallow defects in the lattice and the contribution
of 4d Mo orbitals to the CB; (vi) DFT calculations elucidate the
role of competing emissions from [NiOg], [WOs] and [MoOg]
clusters, establishing a relay mechanism based on an electron
transport ladder through the Ni-O-W/Mo framework at the CB.
This electronic channel is formed by J-T active sites ([NiOs],
[WO¢] and [M0Og] clusters), maximizing the orbital overlap of
O(2p) with d orbitals from Ni, W, Mo cations, thereby driving
the PL emission.

The conceptual framework constructed in this study pro-
vides a comprehensive understanding of the multifaceted
characteristics of solid solutions. These findings highlight a
novel approach for fine-tuning PL emissions by revealing the
key hybridization of atomic orbitals within the complex DOS
structure at the CB of semiconducting oxides. The diverse
alignment patterns of J-T active sites ([NiOg], [WOs] and
[MoOg] clusters) offer an in-depth insight into electronic
coupling within a three-dimensional ordered structure.

Overall, this work advances our understanding of PL emis-
sion in solid solution by disentangling the subtle changes in
the electronic structure of [NiOg], [WOs], and [MoOg] coordina-
tion environments, which is crucial for optical applications.

This journal is © The Royal Society of Chemistry 2025
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The proposed model can be extended to other solid solutions
based on ternary metal oxides, providing a straightforward
framework for rationalizing the relationship between the struc-
ture, electronic properties, and PL emissions, thereby guiding
the design of solid solutions with tailored optical performance.

4 Experimental and theoretical
methods
4.1 Synthesis

The samples were synthesized using the CP method, followed
by heat treatment in a conventional oven. We began by synthe-
sizing the pure NW and NM phases. For NW synthesis, 1 X
10 mol of Na,WO,2H,0 (99.9%, Sigma-Aldrich) and 1 x
10~ mol of Ni(NO,),-6H,0 (99%, Sigma-Aldrich) were each
diluted in two beakers with 50.0 mL of distilled water. The
Ni(NO3),-6H,0 solution was then added to the Na,WO,-2H,0
solution, forming a yellow precipitate. The final system was left
under magnetic stirring at room temperature for 10 min. After
this process, the precipitate was centrifuged, washed several
times with distilled water (~pH 7), and dried in an oven at
60 °C for 12 h. The resulting powder was then placed in a
conventional oven at 500 °C for 2 h, with a heating rate of
10 °C min~". The pure NM phase was synthesized in the same
manner as NW, using Na,MoO, (99.8% purity, Sigma-Aldrich)
as the precursor. The same procedure was followed to prepare
the Niw, _,Mo,0, (x = 25, 50, and 75%) solid solutions. Varia-
tions in the lattice former were implemented at concentrations
of 25, 50, and 75% using Na,MoO,. The samples were labeled
as NW75, NW50, and NW25 according to the percentage of W°*
cations remaining in the solid solution.

4.2 Characterization

The samples were characterized by XRD using a D/Max-2500PC
diffractometer (Rigaku, Tokyo, Japan) with Cu Ko radiation
(2 =1.5406 A) in the 20 range of 10-80° and a scanning speed of
1° min~"'. XRF spectrometry was performed using an EDX-720
(Shimadzu). Raman spectra were recorded with an iHR550
spectrometer (Horiba Jobin-Yvon, Kyoto, Japan) coupled to a
silicon charged-coupled-device (CCD) detector and an argon-
ion laser (Melles Griot, Rochester, NY USA), operating at
514.5 nm with a maximum power of 200 mW. Fourier-
transform infrared spectroscopy (Bruker Vector 22 FTIR, Bill-
erica, MA USA) was used to record the samples’ spectra in the
400-1100 cm ™" range. UV-vis diffuse-reflectance measurements
were obtained using a Varian Cary spectrometer model 5G
in the diffuse-reflectance mode, with a wavelength range of
200-800 nm and a scan speed of 600 nm min~". The morpho-
logies of the samples were observed with a SEM operating at
5 kV (Supra 35-VP, Carl Zeiss, Jena, Germany). PL measure-
ments were performed at room temperature by using a 355 nm
laser (Cobolt/Zouk) as the excitation source, focused on a
200 pm spot at a constant power of 5 mW. The luminescence
signal was dispersed using a 19.3 cm spectrometer (Andor/
Kymera) and detected using a silicon CCD (Andor/IdusBU2).
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Fig. 10 (a) NW bulk model expanded ina 2 x 1 x 1 supercell; (b) NW75
model; (c) NW50 model; and (d) NW25 model.

4.3 Computational methods and model systems

First-principles calculations for the models NiW; _,Mo0,0, (x =
25, 50, and 75%) solid solutions, as well as the pure NW and
NM phases, were carried out using DFT with the B3LYP®"%*
hybrid functional, as implemented in the CRYSTAL17
program.®® It is well known that the B3LYP functional tends
to underestimate the band gap of solid-state materials.®**
To validate our computational approach, we performed addi-
tional calculations using the HSE06°® functional, comparing
the optimized structural parameters and band gap values with
those obtained from B3LYP. The Ni, W, Mo, and O atoms were
described using the 86-411(41d)G, Cora, SC_HAYWSC-
311(d31)G, and 6-31d1 bases sets, respectively.®” Regarding
the diagonalization of the density matrix, the reciprocal space
was sampled using a shrinking factor of 6, generated according
to the Monkhorst-Pack scheme. The accuracy of the Coulomb
and exchange series evaluation was controlled by five thresh-
olds, set to 1075, 1078, 1078, 107%, and 107 .

For modelling solid solutions, the NW was represented by a
2 x 1 x 1 supercell, resulting in a model with a 4-unit
molecular formula in the structure (Z = 4). From this NW
supercell, W®" cations were substituted by Mo®* cations accord-
ing to the experimental data (25, 50, and 75%), as illustrated in
Fig. 10. The NM bulk, which has a C2/m structure, was modeled
without expansion since its unit cell already contains a 4-unit
molecular formula (Z = 4).

The formation energy (AEg) of the NW75, NW50, and NW25
solid solutions was calculated using the following equation:**"°

E; — (WENi + xEw + yEo + zEmo)

AE; =
! w+x+y+2)

€

where Ey;, Ew, Eo, and Ey, denote the total energy per atom of
the pure Ni, W, O, and Mo elements, respectively, with w, x, y,
and z representing the number of each atom in the cell model.
The term WEy; + XEw + YEo + ZEy, corresponds to the sum of the
energies of the constituent elements, while E; is the total energy
obtained from the optimization calculation. The Jahn-Teller
(J-7T) distortion parameter was employed to quantify the degree
of distortion in the [NiOg], [WO¢], and [MoOs] clusters and is
defined as follows:

6
ar = \/gz (ri = ()’ @)
i=1
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where r; represents the six metal-oxygen (Ni, W, and Mo-0)
bond distances in the octahedral clusters, and r; is the average
bond distance.”* The analysis of the structural and electronic
properties was also performed using the CRYSTAL17 program.

The partial and total DOS of the models were generated
along the appropriate high-symmetry directions of the corres-
ponding irreducible Brillouin zone.
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