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Abstract

In this letter, we report a simple and efficient synthetic procedure where the first step is a
coprecipitation/calcination method used to obtain magnesium niobate MgNb,Og (MN) nanocrystals
and in the second stage a microwave assisted hydrothermal method (MAH) is employed to
synthesize zinc sulfide (ZnS) nanocrystals and ZnS/MN heterostructures. These heterostructures
were characterized by X-ray diffraction (XRD), micro-Raman (MR) spectroscopy, field emission
scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), high-resolution
TEM (HR-TEM), selected area electron diffraction (SAED), energy dispersive X-ray spectrometry
(EDX). XRD patterns ‘and MR spectra indicate that MN and ZnS nanocrystals have an
orthorhombic and cubic structure, respectively. FE-SEM, TEM and HR-TEM images proved the
presence of aggregated MN nanocrystals, ZnS nanocrystals and the presence of ZnS nanocrystals on
the surface of MN nanocrystals. Their optical properties were investigated by ultraviolet—visible
spectroscopy (UV-vis) and photoluminescence (PL) measurements at room temperature. ZnS/MN
heterostructures show a decrease in the values for the optical band gap with respect to both
components. The presence of the ZnS nanocrystals in this heterostructure promotes a high intense
PL emission.
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1. Introduction

Ceramic samples based on binary niobates with general formula [(M)Nb,Og] (where: M = Caz+,
Mg2+, or a transition metal) exhibit a crystalline columbite-type orthorhombicstructure at room
temperature [1-2]. There is a growing interest in this material because this ceramic oxide presents
an interesting electronic structure [3-4]. In particular, magnesium- niobate MgNb,Os (MN)
nanoparticles show excellent dielectric and optical properties [5-8]. It has been widely used as a
precursor in the synthesis of Pb(Mg;;3Nby3)O3 (PMN) (single-phase) and PMN-PbTiO; (PT) solid
solutions. The synthesis of zinc sulfide (ZnS) nanoparticles has been the focus of recent scientific
research due to their important nonlinear optical properties, luminescence, and other important
physical and chemical properties [9-10].

The ability to synthetize semiconductor/semiconductor heterostructures with enhanced
luminescence and conductive properties is a challenging problem [11-12]. The photoluminescence
behavior of nanostructured materials depends not only on the structure but also is controlled by
surface chemical bonding and optical transitions in the region of the surface/interface [13-15]. MN
is a luminescent material with energy gap of 3.6 eV, while ZnS can presents a zinc-blende and/or
wurtzite phases, with energy gaps of 3.7 eV and 3.8 eV, respectively.

Figure 1(a,b) shows a schematic representation of the MgNb,O¢ and ZnS crystals (1x1x1) unit
cells with their respective clusters.

<Fig. 1(a,b)>

Fig. 1(a) illustrates a unit cell for MN crystals with a columbite-type orthorhombic structure, a
space group of (Pbcn) and point-group symmetry (Dpp). In this unit cell, magnesium atoms (Mg)

and niobium (Nb) atoms are coordinated to six oxygen (O) atoms which form distorted octahedral



[MgOgc]/[NbOg] clusters [16]. These octahedra are formed by 6-vertices, 6-faces and 12-edges. In
addition, the MN crystals are characterized by an ionic character between the Mg—O bonds, while
the Ti—-O bonds present a covalent nature. Fig. 1(b) shows a unit cell for ZnS crystals with a
sphalerite-type cubic structure, space group (F-43m) and point-group symmetry (7y). In this unit
cell, the zinc (Zn) atoms are coordinated to four oxygen atoms forming the polyhedra with a
tetrahedral configuration related to [ZnS4] clusters [17]. These tetrahedra are formed by the 4
vertices, 4 faces and 6 edges.

In this research, MN nanocrystals were obtained by a coprecipitation/calcination method and in
the second stage a microwave assisted hydrothermal method was employed to synthesize zinc
sulfide (ZnS) nanocrystals and ZnS/MN heterostructures in the order to investigate the optical and
structural properties of these novel heterostructures. Based on the experimental results, a plausible

mechanism for a relationship between optical properties and order-disorder effects is proposed.

2. Experimental details
2.1. Synthesis of MgNb;Os nanocrystals

MgNb,O¢ nanocrystals were synthesized by the coprecipitation/calcination method. First, a
stoichiometric amount of niobium chloride (NbCls, 99.9%, Aldrich) was dissolved in deionized
water and stirred at 40 °C until total solution was obtained, with a NbCls:H,O molar ratio was 1:1.
The above solution was mixed with another solution containing magnesium acetate (99%, Vetec,
Mg(OAc),:H,O molar ratio 1:1) to obtain a final solution with a Mg:Nb molar ratio of 1:2.
Ammonium hydroxide (NH4OH, 30%, Synth) was slowly added to the above solution dropwise and
this solution was stirred at 70 °C until a gel was formed. The gel was dried at 60 °C for 12 h in an
oven. The resulting white and dry powder was then ground with an agate pestle. This powder was
calcined between 700 °C and 1000 °C for 1 h in an electric furnace for crystallization of MN
nanocrystals.

2.2. Synthesis of ZnS/MgNb,0¢ heterostructure



ZnS nanocrystals were obtained and the capping process of the ZnS layer on the MN
nanocrystals was accomplished MAH method. ZnS nanoparticles were synthesized using a
stoichiometric amount of zinc acetate (99.99%, Aldrich, Zn(OAc),:H,O molar ratio of 1:1) was
dissolved in deionized water and ammonium hydroxide solution was added drop wise until a clear
solution was obtained (solution 1). Thioacetamide (CH3CSNH,, 99.0%, Aldrich) was separately
dissolved into deionized water (solution 2). The thioacetamide:H,O molar ratio was 1:1. Under
vigorous magnetic stirring, solution 2 was then quickly added to solution 1. The zinc solution and
thioacetamide solution were prepared with a 1 to 1 mole ratio. The final solution was transferred to
a teflon autoclave, which was sealed and placed inside MAH system (2.5 GHz, maximum power of
400 W, MW ETHOS ONE). The MAH was performed at 180 °C for 1 h. The precipitate was
collected on a filter, washed with deionized water, and dried at 60 °C overnight. The same
procedure previously described was employed for the synthesis of ZnS/MN heterostructure. MN
(previously prepared by the homogeneous precipitate method) was added to the mixture of the
solution 1 and solution 2. Then, the final solution was transferred into a Teflon autoclave. The
MAH treatment was performed at 180 °C for 1 h. The precipitates were filtered and dried at 60 °C

for 12 h and the ZnS/MN heterostructure was obtained.

2.3. Characterization

The ZnS/MN heterostructure was structurally characterized by XRD in the 20 range from 10° to
75° using Cu-Ka radiation (Rigaku-DMax/2500 PC). MR measurements were recorded using a
Modular Raman Spectrometer (Horiba, Jobin Yvon), model RMS-550 with an Ar laser excitation at
514 nm and fibre-microscope. The morphology, microanalysis and size of nanoparticles and
heterostructure were determined by TEM (JEOL / JEM-2100), coupled with an INCA Energy TEM
200 (Oxford) EDX and FE-SEM (Supra 35-VP, Carl Zeiss). UV-vis spectra were taken using a
Varian spectrophotometer (Model Cary 5G) in the diffuse reflection mode. PL spectra were

collected with a Thermal Jarrel Ash Monospec monochromator and a Hamamatsu R446



Photomultiplier. The 350.7 nm (2.57 eV) exciting wavelength of a krypton ion laser (Coherent
Innova) was used with the output of the laser kept at 200 mW. All measurements were taken at

room temperature.

3. Results and discussion

3.1. XRD patterns and Raman scattering analyses

XRD patterns of MgNb,O¢ nanocrystals, ZnS nanocrystals and the ZnS/MgNb,Og

heterostructure, respectively.

<Fig. 2(a—c)>

XRD patterns indicate that all materials synthesized are a pure phase as shown in Fig. 2(a—c). Fig.
2(a) shows a structural evolution of the formation of the pure phase related to MN nanocrystals with
the increase of calcination temperature (700 °C to 1000 °C). These materials possess a long-range
structural order. All XRD peaks of MN crystals indicate that this material exhibits a columbite-type
orthorhombic structure and space group (Pbcn) in good agreement with the JCPDS card 33-0875.
The XRD peaks of ZnS nanocrystals, Fig. 2(b), indicate a sphalerite-type cubic structure and space
group (F-43m) in good agreement with the JCPDS card 05-0566. Analysis of Fig. 2(c) and the
shaper and broader XRD peaks points out the presence of ZnS/MN heterostructure.

It is well known that Raman spectroscopy is a suitable structural analytical technique used to the
identification of traces at impurities (secondary phases), as well as changes in the structure, at a
wide range of ceramic materials when XRD has not enough resolution. Spectroscopic techniques
are sensitive to the short-range order showing a higher limit of detection, therefore much more
appropriate to check traces of free niobium oxide in columbite powders and to investigate the
degree of structural order-disorder at short-range in the materials. Fig. 3 (a-c) shows MR spectra

collected at room temperature of the MN nanocrystals calcined at different temperatures, ZnS



nanocrystals and ZnS/MN heterostructure, respectively. Neither niobium chloride and magnesium
acetate can be seen in the MR spectra of the MN nanocrystals calcined at 700 and 1000 °C (Fig. 3a
and b), revealing that NbCls has completely reacted with Mg(OAc),. This could be attributed to
high reactivity of magnesium and niobium species. The spectra present typical bands corresponding
to the normal vibration modes of MgNb,O¢ [18]. Peaks centered at 847 and 905 cm can be
indexed to the O-Nb-O stretching vibration mode. The MR spectrum of ZnS nanocrystals (Fig. 3(c))
is consistent with the previously reported results from Cheng et al. [19].

It is notable that the MR spectrum of the MN-700 °C exhibited broad vibrational modes,
indicating structural disorder at short-range. In addition, the disorder structure in the MN was
decreased when increased calcination temperature. This was a consequence of the enhancement in
crystallinity of the columbite phase. The MR spectrum of the ZnS/MN-700 °C heterostructure did
not present well-defined Raman peaks due to short-range disorder. However, this behavior was not
observed in the ZnS/MN-1000 °C heterostructure, indicating a high degree of short-range structural
order in the lattice.

<Fig. 3(a—¢)>

3.2. FEG-SEM images and EDX pattern analyses

Typical FE-SEM .images and EDX patterns of ZnS nanocrystals and ZnS/MN heterostructure
samples with MN treated at different temperatures (700 °C and 1000 °C) are shown in the Fig. 4(a-
c), respectively.

<Fig. 4(a-c)>

FE-SEM images shown in Fig. 4(a) indicate that MN crystals heat-treated at 700 °C are covered
by some of ZnS nanocrystals. Moreover, the MN nanocrystals have an agglomerated nature with
diameter of approximately 100 nm because of the synthesis method. These ZnS/MgNb,Og
heterostructures exhibit the presence of the following chemical elements (Nb, Mg, Zn, S and O) as
shown by the EDX spectrum. The amount of these elements depends on the selected area of the

EDX analyses. The morphology of ZnS/MgNb,Og heterostructures is substantially altered with the



increase of heat-treatment to 1000 °C (Fig. 4(b)). The temperature raise promotes a major
agglomeration of ZnS nanocrystals on the MN nanocrystals surface due to an increase in the overall
diffusion rate during the sintering process. Finally, the ZnS nanocrystals are shown in Fig. 4(c),
with a nearly-spherical shape; the average crystal size is in a range of 4 to 10 nm. These
nanocrystals also have an agglomerate nature caused by high surface energy and Van der Waals
forces. Fig. 4(c) shows the EDX pattern analysis which indicates the presence of Zn and S elements

as the majority composition of ZnS nanocrystals.

3.4. TEM and HR-TEM images analyses
TEM images of ZnS/MN heterostructure samples with MN treated at different temperatures and
ZnS nanocrystals are shown in the Fig. 5(a-d), respectively.

<Fig. 5(a-d)>

TEM images presented in Fig. 5(a) show the presence of several ZnS nanocrystals on the MN
nanocrystal surfaces; some ZnS nanocrystals were diffused into the MN nanocrystals. The presence
of these ZnS/MgNb,Og heterostructures is best illustrated by means of the HR-TEM images in Fig.
5(b) and Fig. 5(c), respectively. More specifically, Fig. 5(b) the lower right inset shows the fringe
spacing of 0.32 nm indexed to the (111) planes of spharelite ZnS. The ZnS nanocrystals remain in
contact with the MN nanocrystals and the coalescence process takes place, resulting in the
formation of irregular large morphologies of thousands of aggregated nanocrystals (Fig. 4(c)). The
SAED analysis illustrated (inset) was obtained from Fig. 5(d) shows that the diffraction patterns
111,220 and 311 planes, respectively, and confirmed that these ZnS nanocrystals present a single

phase with a cubic structure and are in reasonable agreement with the complementary XRD data.

3.5. UV-vis absorption spectroscopy analyses
The optical band gap energy (Eq,,) was calculated by the Kubelka and Munk method [20] which
is based on the transformation of diffuse reflectance measurements to estimate Eg,, values with

good accuracy within the limits of assumptions when they are modeled in three dimensions [21]. In



particular, it is useful in limited cases of an infinitely thick sample layer. The Kubelka—Munk

equation for any wavelength is described by Eq. (1):

1-R)? k
F(R,) = Rk - X (1)

2Reo
where F(R,) is the Kubelka—Munk function or absolute reflectance of the sample. In our case,
magnesium oxide (MgO) was the standard sample in reflectance measurements. R, = Rgampie/Rme0
(R is the reflectance when the sample is infinitely thick), & is the molar absorption coefficient, and
s is the scattering coefficient. In a parabolic band structure, the optical band gap and the absorption
coefficient of semiconductor oxides [22] can be calculated by Eq. (2):
ahv = C(hv — Ezqp)" 2)
where o is the linear absorption coefficient of the material, 4v is the photon energy, C; is a
proportionality constant, Eg, is the optical band gap and n is a constant associated with different
kinds of electronic transitions (n = 1/2 for a direct allowed, n = 2 for an indirect allowed, n = 1.5 for
a direct forbidden and n = 3 for an indirect forbidden). According to the literature [23], niobates and
sulfides exhibit an optical absorption spectrum governed by direct electronic transitions. In this
phenomenon, after the electronic absorption process, electrons located in maximum energy states in
the valence band (VB) revert to minimum-energy states in the conduction band (CB) under the
same point in the Brillouin zone. Based on this information, Eg,, values for MgNb,Og nanocrystals,
ZnS nanocrystals-and ZnS/MgNb,Og heterostructures were calculated using n = 1/2 in Eq. 2.
Finally, using the remission function described in Eq. 1 with k£ = 2a, we obtain the modified
Kubelka~Munk equation as indicated in Eq. (3):
[F(Ro)hV]? = Cy(hv — Egqp) (3)
Therefore, finding the F(R.,) value from Eq. (1) and plotting a graph of [F(R.,)hv]” against hv, we
can determine Eg, values for MN nanocrystals, ZnS nanocrystals and ZnS/MgNb,O¢
heterostructures with greater accuracy by extrapolating the linear portion of UV-vis curves.
Fig. 6(a—e) show UV-vis spectra where we employed Eq. (3) by extrapolating the linear portion

of UV-vis curves to calculate approximate Eg,, values of MN nanocrystals heat treated at 700 °C



and 1000 °C, the ZnS/MN-700 °C heterostructure, the ZnS/MN-1000 °C heterostructure and the
ZnS nanocrystals, respectively.
<Figs. 6(a—e)>

In Fig. 6(a-e), distinct Eg,, values calculated from UV-vis spectra indicate the existence of
intermediary energy levels within the optical band gap. These energy states are basically composed
of O 2p orbitals near the valence band (VB) as well as Nb 4d orbitals and Mg 3s orbitals below the
conduction band (CB). The origin of these energy levels as related to their respective molecular
orbitals is directly related to structural order-disorder in the random lattice which is a consequence
of a symmetry break between O-Mg—O, O-Nb-O bonds, (oxygen vacancies) and/or distortions on
both octahedral [MgOg]/[NbOg] clusters as well as tetrahedral [ZnS4] clusters [24]. Analysis of Fig.
2(a) shows that MN heat treated at 700 °C has broad XRD peaks, which is characteristic of presence
of pure MN nanocrystals with high E,,;, values (4.15 V). The increase of thermal treatment to 1000
°C can remove the large majority of surface defects found at 700 °C. However, the structural defects
at medium range still remain due to presence of distortions on octahedral [MgOg]/[MgQO¢] clusters
which promotes a reduction E,, values (4.06 eV). Fig. 6(c,d) shows a decrease in both E,,, values
(4.06 eV and 3.55 eV) for the ZnS/MN-700 °C heterostructure and the ZnS/MN-1000 °C
heterostructure. This result indicates a synergistic effect of a mixture of electronic levels and
orbitals rising from the orthorhombic structure of MN crystals and cubic structure of ZnS

nanocrystals with low E,,, values (3.48 eV) shown in Fig. 6(e).

3.6. PL emission analyses

Fig. 7 shows the PL emission of MN-700 °C nanocrystals, MN-1000 °C nanocrystals, the
ZnS/MN-700 °C heterostructure, the ZnS/MN-1000 °C heterostructure and ZnS nanocrystals,
respectively.

<Figs. 7>



According Zhou et al. [25], PL emission of MgNb,O¢ powders is related to a charge transfer band
from Nb>* ions to O” ions near 257 nm. Moreover, these authors state that their MN powders
prepared by the solid state reaction method have a low intensity of luminescence emission at room
temperature. Other researchers [26], report that the visible PL emission band for MN:Ni** crystals at
26 K is located at 527 nm. However, these crystals have a PL emission ten times lower at ambient
temperature and attributed this optical behavior to a multiphonon sideband characteristic of a 'Ts —
’A, transitions. Polgar et al. [27] have obtained MN single crystals by the Czochralski method and
attributed that their PL. emission maximum near 530 nm is related to an oxygen deficiency. Fang et
al. [28] report, that MN nanocrystals exhibit a broad and strong blue PL emission band maximum at
450 nm which they ascribed to the self-activated niobate octahedra group [NbOg]”. Some authors
[29] have proposed that the PL properties of ZnS nanocrystals can be asssociated to surface defects.
Other researchers [30-31] relate the PL emission in ZnS nanocrystals to the presence of sulfur
vacancy and point defects.

The PL behavior can be explained by the presence of photogenerated electron-hole pair (excitons)
processes and in terms of the electronic transitions between the VB and CB. In this paper, we
explain that PL properties of MN nanocrystals and ZnS nanocrystals and ZnS/MN heterostructures
are related to structural defects at medium range present in the lattices of orthorhombic, cubic and
orthorhombic/cubic heterostructures. The distortions on octahedral [MgOg]/[NbOg] clusters in MN
nanocrystals, - tetrahedral [ZnS4]/[ZnS;V"] clusters, and octahedral/tetrahedral [MgQOg]/[ZnS,]
clusters. and octahedral/tetrahedral [NbOg]/[ZnSs] clusters are due to lattice-mismatched
heterostructures. Therefore, based in our experimental results of XRD patterns (Fig. 2(a—c)) and the
change in Eg,, values (Fig. 6(a—¢)), we can attribute the presence of structural defects in the lattice
and electronic structure of pure crystals and heterostructures. Morphological aspects are able to
dislocate crystal lattice planes as well as adjacent particles in aggregates which produce defects in
crystals. Therefore, these crystals (ZnS/MN) have favorable conditions to promote the charge

transfer process from distorted [NbOglq or [MgOglq clusters to undistorted [NbOg], , [MgOg], or

10



[ZnS4], and [ZnS;V,*] complex vacancies clusters and to [ZnS4]* clusters. Other factors can also be
involved in this case such as the degree of orientation between surface defects. All these factors
have an influence in the intensity of the PL emission.

In this particular case of MN nanocrystals heat treated at 700 °C and 1000 °C a low PL emission
is observed, while ZnS nanocrystals have an intense PL emission at room temperature (Fig. 7). In
addition, we can verify that the ZnS/MN-700 °C and 1000 °C heterostructures have a‘high intense
PL emission with a displacement from 489 nm (blue region) to 515 nm (green region). Therefore, a
synergistic effect takes place which significantly improves the optical properties (Fig. 7) of the as-
synthetized ZnS/MN heterostructures. The main difference in PL spectra of ZnS nanocrystals can
be attributed to the ratio between the interface [NbOg], / [MgOg], clusters and disorder/vacancies in
[NbOgla , [MgOglq and [ZnS3V{'] clusters. The order-disorder effect or structural distortions
remaining in the lattice promote a constant electronic charge transfer between ordered (o) and

disordered (d) vacancy (V") clusters, which is possible according to equations 5-11:

[MgO,T} + [MgOsly = [MgOg] +IMgOsl ©
[NbOG], + [NbOG]; = [Nb06]; 4 [NbOg] ©)
[NDOGT + [MgOely= [Nb06](; +[MgOel )
[MgOs]) + [NbOG]; = [MgOG](; + [NbOsl 4 ®)
[Zns4]’(§ + [ZnS,V*] = [ZnS4](; + [ZnS; V] ©)
[MgO, ]} + [ZnS,V¥] = [MgOG](; + [ZnS; V] (10)
[Nb06]§ + [ZnS,V*] = [Nb06](') + [ZnS; V] a1

The equations (5-11) represent the possible cluster-to-cluster charge transfer mechanisms
involving electronic transitions and recombination processes between clusters in an MN

nanocrystal, ZnS nanocrystals and ZnS/MN heterostructures. We believe that these structural
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defects are due to symmetry breaking processes between the clusters at medium range, promoting
the formation of intermediate levels between the VB and CB, which decrease the band gap, and

consequently an improvement in PL emission properties at room temperature (Fig. 7).

4. Conclusions

In summary, we have successfully obtained MN crystals by the coprecipitation/calcination
method at 700 °C and 1000 °C, while ZnS nanocrystals and ZnS/MN heterostructures have been
synthetized by means of the MAH method. XRD patterns and MR spectra confirmed that the MN
nanocrystals have a columbite-type orthorhombic structure and space group (Pbcn); ZnS
nanocrystals have a sphalerite-type cubic structure and space group (F-43m) and ZnS/MN
heterostructures have both structures. FE-SEM images show that ZnS/MN heterostructures have
irregular morphologies, non-uniform particle size distribution, and an agglomerated nature. TEM
and HR-TEM images proved that the ZnS nanocrystals are located on the surface of MN
nanocrystals. An analysis of the UV-vis spectra indicates the presence of intermediary levels
between the VB and CB of ZnS/MN. heterostructures and a reduction of Eg,, values. Finally, an
improvement of optical properties and a displacement of the PL band emission to the green region
were observed for ZnS/MN heterostructures, and a plausible mechanism for a relationship between

optical properties-and order-disorder effects is proposed.
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Figure Captions

Figure 1. Schematic representation of the unit cells. (a) MgNb,O, crystal; (b) ZnS crystal.

Figure 2. XRD patterns from (a) MgNb,O, columbite phase obtained at diferente temperatures for
1h with heating and cooling rates of 10 °C min"; (b) ZnS pure and the corresponding JCPDS

standard; (c) ZnS/MN heterostructures.

Figure 3. Micro-Raman spectra of the (a) MN-700 °C and ZnS/MN-700 °C heterostructure; (b)

MN-1000 °C and ZnS/MN-1000 °C heterostructure; (¢) ZnS pure, respectively.

Figure 4. FE-SEM images and EDX patterns-of (a) ZnS/MN-700 °C; (b) ZnS/MN-1000 °C and (c)

ZnS in FEG-SEM images.

Figure 5. a) TEM image of ZnS/MN-1000 °C; (b) HR-TEM image of region A; (c) HRTEM image

of region B; (d) TEM image of ZnS pure. The inset in (d) shows the SAED pattern of ZnS.

Figure 6. UV-vis_spectra of the (a) MN-700 °C; (b) MN-1000 °C; (c) ZnS/MN-700 °C; (d)

ZnS/MN-1000 °C and (e) ZnS pure.

Figure 7. The PL spectra of MN-700 °C, MN-1000 °C powders, ZnS/MN-700 °C, ZnS/MN-1000

°C heterostructures and ZnS nanocrystals at room temperature.
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Graphical Abstract:

Highlights

e ZnS/MgNb,O¢ heterostructures were obtained by copreciptation/calcination method and a
microwave assisted hydrothermal method combined.

e The ZnS nanocrystals indicate a sphalerite-type cubic structure and MgNb,Og nanocrystals
indicate a columbite-type structure.

e  ZnS/MgNb,0Og¢ heterostructures showed photoluminescence properties.

e Photoluminescence emission is related to structural defects at medium range present in the

lattice of orthorhombic, cubic and orthorhombic/cubic heterostructures.



