Journal of Non-Crystalline Solids 357 (2011) 2595-2599

journal homepage: www.elsevier.com/ locate/ jnoncrysol

Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

=
" JOURNAL OF
NON-CRYSTALLINE SOLIDS

Static and dynamic structure of ZnWQ,4 nanoparticles

A. Kalinko *, A. Kuzmin

Institute of Solid State Physics, University of Latvia, Kengaraga Street 8, LV-1063 Riga, Latvia

ARTICLE INFO ABSTRACT

Article history:

Received 14 September 2010

Received in revised form 10 February 2011
Accepted 12 February 2011

Available online 16 March 2011

Keywords:

ZnWOy;
Nanoparticles;

Zn K-edge;

W Ls-edge;

EXAFS;

X-ray diffraction;
Raman spectroscopy;
Photoluminescence

Static and dynamic structure of ZnWO, nanoparticles, synthesized by co-precipitation technique, has been
studied by temperature dependent x-ray absorption spectroscopy at the Zn K-edge and W L;-edge.
Complementary experimental techniques, such as x-ray powder diffraction, Raman and photoluminescence
spectroscopies, have been used to understand the variation of vibrational, optical, and structural properties of
nanoparticles, compared to microcrystalline ZnWQO,. Our results indicate that the structure of nanoparticles
experiences strong relaxation leading to the significant distortions of the WOg and ZnOg octahedra, being
responsible for the changes in optical and vibrational properties.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Tungstates having general formula AZ2TWO, are extremely
interesting compounds, which find many practical applications as
scintillators [1-3], optical fibers [4], solid state Raman lasers [5,6],
catalysts [7], high-temperature solid lubricants [8], gas sensors [9],
and phase-change optical memories [10]. Among them wolframite-
type ZnWOy,, also known as mineral sanmartinite, has attracted
recently a considerable interest both from experimental and theoret-
ical points of view [11-14] due to optical and catalytic properties as
well as possibility of preparation in nanosized [9,15] and thin film
forms [10,16,17].

It is known that the structure of nanomaterials experiences a
relaxation (either contraction or expansion) compared to their bulk
counterpart, leading to a size-induced property change [18,19]. Thus,
the knowledge of the relaxation processes is crucial for understanding
and tailoring of nanomaterial properties, however their detailed
studies still remain a challenge [20]. The problem with probing atomic
structure at the nanoscale is mainly related to limitations induced by
experimental methods, therefore the use of several complementary
techniques is an advantage.

In this work we have applied x-ray absorption spectroscopy at the
Zn K-edge and W Ls-edge to probe the local structure and its
temperature dependence in ZnWO,4 nanoparticles in comparison with
microcrystalline compound. The complementary use of the experi-
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mental techniques, such as x-ray powder diffraction, Raman and
photoluminescence spectroscopies, allowed us to construct a nano-
particle model consistent with their structural, vibrational, and optical
properties.

2. Experimental details

ZnWO, nanoparticles were synthesized using co-precipitation
technique [7,21] by the reaction of ZnSO,4 - 7H,0 and Na,WO, " H,0 at
room temperature (20 °C), pH=38, and reaction time 1-2h. All
chemicals used were of analytic grade reagents (purity 99%,
“Reahim”) without further purification. The water solutions of the
two salts were prepared by dissolving 10 mmol of the salt in 100 ml of
double-distilled water with vigorous stirring. Next they were mixed in
1:1 molar ratio, and white precipitates appeared immediately. After
completion of the reaction, the precipitate was filtered off, washed
several times with double-distilled water, and dried in air for 12 h at
80 °C thus resulting in the white-colored nanocrystalline ZnWQ,4
powder. The microcrystalline ZnWO, powder was also produced to
use for comparison by annealing nanocrystalline powder in air for 4 h
at 800 °C. Thus all powders obtained were white-colored.

The samples were characterized at room temperature (20 °C) by x-
ray powder diffraction, Raman and photoluminescence spectro-
scopies [21].

X-ray absorption measurements were performed in transmission
mode at the HASYLAB DESY C1 bending-magnet beamline in the
temperature range from 10 K to 300 K at the Zn K (9659 eV) and W L
(10,207 eV) edges. The storage ring DORIS Il operated at E = 4.44 GeV
and I,.x = 140 mA. The x-ray beam intensity was measured by two
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ionization chambers filled with argon and krypton gases. The higher-
order harmonics were effectively eliminated by detuning of the
double-crystal monochromator Si(111) to 60% of the rocking curve
maximum, using the beam-stabilization feedback control. The Oxford
Instruments liquid helium flow cryostat was used to maintain the
required sample temperature. The temperature was stabilized to
within 4-0.5 K during each experiment. The powder samples were
deposited on Millipore filters and fixed by Scotch tape. The deposited
powder weight was chosen to give the value of the absorption jump
close to 1.0 at both Zn K and W L3 edges. The two edges were
measured using scans over long energy interval from 9500 eV to
11,300 eV (Fig. 1).

3. EXAFS data analysis

X-ray absorption spectra at the Zn K-edge and W Lz-edge (Fig. 1)
were analyzed using the EDA software package [22]. The EXAFS
signals y(k) were defined as

x(k) = [Hexp(E)—Ho(E)—Mb(E) / Bo(E) (M

where plexp(E) is the experimental absorption coefficient, u,(E) is the
pre-edge background extrapolated beyond the absorption edge, 1o (E)
is the atomic-like contribution, k= [(2me/h?)(E — Ey)]"/? is the wave
vector, and Ey is the photoelectron energy origin. The Eq position in
the experimental signals was set at 10,210 eV for W L;-edge and at
9664 eV for Zn K-edge to have the best match between k-space scales
of the experimental and theoretical, calculated by the FEFF8.2 code
[23], EXAFS signals.

The experimental EXAFS y(k)k? signals and their Fourier trans-
forms (FT) at selected temperatures are shown in Figs. 2 and 3,
respectively. Their shapes are close in the whole temperature range,
however the EXAFS signals intensity and the FT peaks amplitude
decrease upon increasing temperature due to the thermal damping
effect. The same 10% Gaussian window was used in FT and back-FT
transformations. Note that the positions of the FT peaks are shifted in
Fig. 3 from their true crystallographic values because the FTs were
calculated without phase shift corrections. In this work only the first
coordination shell contributions, singled out by the back-FT procedure
in the range of ~0.8-2.4 A, are considered.

To extract structural information, the first shell EXAFS y(k)k?
signals were best-fitted using a model-independent approach [24]
allowing the reconstruction of the true radial distribution function
(RDF) G(R)

y(k) = [ %F(m k,R)sin(2kR + (1, k, R))dR, 2)
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Fig. 1. X-ray absorption spectra in nanoparticles (dashed line) and microcrystalline
(solid line) ZnWO, at 10 K. The two edges (Zn K and W L3) are separated by 550 eV.
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Fig. 2. Experimental W Lz-edge and Zn K-edge EXAFS spectra from nanoparticles and
microcrystalline ZnWO,. Only representative signals are shown for clarity.

where F(m,k,R) is the scattering amplitude function and &(m,k,R) is
the phase shift function. The scattering amplitude (F) and phase shift
() functions for W-0 and Zn-0O atom pairs were calculated by ab
initio multiple-scattering code FEFF8.2 [23] using the complex
exchange-correlation Hedin-Lundqvist potential. The calculations
were performed based on the crystallographic structure of ZnWO,4
[13,25,26], considering a cluster of 8 A size around the absorbing atom
(W or Zn). Calculations of the cluster potentials were done in the
muffin-tin (MT) self-consistent-field approximation using default
values of MT radii as provided within the FEFF8.2 code [23].

The best-fits were performed in the k-space ranges of 1.5-16 A™!
at the W Ls-edge and 1.5-10.5 A" at the Zn K-edge. The k-space
range at the Zn K-edge is shorter due to the close presence of the W
Ls-edge (Fig. 1). The results of the best-fits and corresponding RDFs
are shown in Figs. 4 and 5. Note very good agreement between the
experimental and theoretical first shell EXAFS signals in Fig. 4, and
significant difference between distortions of the WOg and ZnOg
octahedra in nanoparticles and microcrystalline ZnWO, (Fig. 5).
Finally, the obtained RDFs were decomposed into a set of Gaussian
functions depending on the three structural parameters (the
coordination number N, the interatomic distance R and the mean-
square relative displacement o), which are reported in Table 1.

4. Results and discussion

Crystalline ZnWO,4 has monoclinic (P2/c) wolframite-type struc-
ture built up of distorted WOg and ZnOg octahedra joined by edges
into infinite zigzag chains, consisting of octahedral units of the same
type and running parallel to c-axis [13,25,26]. The octahedra
distortion results in the splitting of the W-0 and Zn-O distances
into three groups with the bond lengths of 1.790, 1.905, and 2.130 A
for tungsten atoms and 2.023, 2.086, and 2.217 A for zinc atoms
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Fig. 3. Fourier transforms (FT) of the experimental W L3-edge and Zn K-edge EXAFS
spectra from nanoparticles and microcrystalline ZnWO,. Both modulus and imaginary
parts are shown. Only representative signals are shown for clarity.

[13,25,26]. Our XRD measurements [21] confirm the wolframite-type
of microcrystalline ZnWO,, whereas no Bragg peaks appear in the XRD
pattern for nanoparticles, indicating that the nanoparticles size is
below 2 nm.

The vibrational properties of nanoparticles and microcrystalline
ZnWO0, were studied by us recently using Raman spectroscopy, which
is sensitive to local vibrations and, thus, is perfectly suitable for
nanoparticles studies [27].

In microcrystalline ZnWO,, the group theory analysis predicts 36
lattice modes, of which 18 even vibrations (8A;+ 10Bg) are Raman
active [28,29]. Only eleven of them (907, 787, 709, 679, 547, 516, 409,
355, 343, 315, and 276 cm™ ') are observed in the frequency range
accessible in our experimental setup [21] due to the cut-off by the
edge filter around 270 cm™'. The highest mode at 907 cm™' with a
full width at half maximum (FWHM) of about 9 cm ™! corresponds to
the stretching W-O vibrations [28,29]. The Raman signal changes
drastically in nanoparticles. Here only the highest mode survives, but
shifts to higher frequencies (950-960 cm™!), and the band becomes
broadened (FWHM =50 cm™'). We attribute the band broadening to
the tungsten site and nanoparticles size distributions, whereas the
position of the band is typical for the double tungsten-oxygen bonds
[30] and can be related to the presence of the W=0 bonds at the
nanoparticle surface.

Luminescent properties of nanoparticles also differ from that
observed in microcrystalline material [21]. The luminescence band at
2.55 eV in microcrystalline ZnWO,4 has a complex shape being similar
to thatin Ref. [31]: it envelops three emission bands, namely yellow at
2.28 eV, green at 2.51 eV, and blue at 2.80 eV [21]. The green-blue
luminescence is believed to be due to radiation transitions of the
charge transfer type between oxygen and tungstate states in regular
octahedral WOg groups [2,32-34], while yellow luminescence was
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Fig. 4. Best fits (solid lines) of the first coordination shell experimental (open circles) W
Ls-edge and Zn K-edge EXAFS signals from nanoparticles and microcrystalline ZnWO,
at different temperatures.

tentatively attribute to defective tungsten groups lacking one oxygen
atom [16].

In nanoparticles, the maximum of the luminescence band experi-
ences ared shift by 0.15 eV, and the complex shape of the band becomes
more evident: it can be decomposed into three sub-bands peaked at
2.14 eV, 2.40 eV, and 2.69 eV [21]. The red shift of the band allows the
exclusion of the presence of the quantum size effect, which should
cause, on the contrary, a blue shift. The luminescence decay kinetics in
nanoparticles is faster than in microcrystalline ZnWO,4 [21] and cannot
be described by three component exponential decay, associated with
the three types of self-trapped excitons [34], opposite to the case of
microcrystalline [21,26] or single-crystal [35] ZnWO,. The shift of the
luminescence band position to lower energies and the acceleration of
the luminescence kinetics can be explained by a significant deformation
of WOg octahedra and by an influence of surface defects in nanopar-
ticles. A simple estimate suggests that by taking the approximate size of
the WOg or ZnOg octahedra being about twice the metal-oxygen bon, i.e.
~4 A, the nanoparticle with a size of 2 nm will consists of less than 125
octahedral units, most (80%) of which will be located at the surface. As a
result, the relaxation of the structure is inevitable leading to the
decrease of the band gap and to appearance of defect centers able to trap
excitons with different lifetimes. Such picture agrees well with the
Raman results, discussed above, and with the results of our recent
studies of the excitation spectrum in nanosized ZnWO, [36], which
indicate a decrease of the optical band gap.

Thus, the direct proof of the metal-oxygen octahedra distortion in
nanoparticles is required to provide a solid basis for the above-
mentioned explanations. This information was obtained by x-ray
absorption spectroscopy independently for W and Zn environments.
Moreover, the temperature dependent EXAFS study allowed us to
separate the static and thermal disorder contributions.
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Fig. 5. The reconstructed RDFs G(R) for the first coordination shell of tungsten and zinc
in nanoparticles and microcrystalline ZnWO, at representative temperatures. See text

for details.

The temperature dependent W Ls-edge and Zn K-edge EXAFS
spectra in nanoparticles and microcrystalline ZnWO, are shown in Fig. 2.
The EXAFS signals for nanoparticles show weak temperature depen-
dence and do not contain high-frequency contributions that indicates
the absence of long-range order. In fact, the Fourier transforms of the
EXAFS spectra, shown in Fig. 3, support this conclusion. While in
microcrystalline ZnWO, the structural peaks are well visible up to 8 A,
the ordered region in nanoparticles is limited by about 4 A.

The first coordination shell contribution from the nearest oxygen
atoms gives a strong peak at 0.8-2.4 A and is comparable in both
nanoparticles and microcrystalline ZnWO,. However, already the
second peak at =3 A, being due to contributions from outer shells and
multiple-scattering effects generated within the first shell, is strongly
damped in nanoparticles. Further we analyze and discuss only the first
coordination shell contribution.

Table 1
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First, we have tried to analyze the first shell EXAFS signals using
the conventional method, based on the multi-component fitting
procedure within the Gaussian/cumulant approximations. However,
the fitting procedure did not give good results, especially, in the case
of nanoparticles. This indicates on the complex shape of the atomic
distributions, in particular, strong distortion of the first shell
octahedra. Therefore, a model-independent approach [24] allowing
the reconstruction of the true RDF G(R) was used.

The best-fit results are shown in Fig. 4. Very good agreement
between experimental and calculated EXAFS y(k)k? signals was
obtained at both W L3 and Zn K edges. The simulated RDFs G(R) at
selected temperatures are shown in Fig. 5.

The RDF for microcrystalline ZnWQO, corresponds well to the
crystallographic structure [13,25,26], which assumes the existence of
three groups of W-0 bonds (2x1.79 A, 2x1.91 A, and 2x2.13 A) and
Zn-0 bonds (at 2x2.03 A, 2x2.09A, and 2x2.23 A). In fact, the
strong distortion of the WOg octahedra in microcrystalline ZnWO0,
results in the three distinct peaks, located at 1.80 A, 1.94 A and 2.14 A

(see dashed line in Fig. 5 and Table 1). The local environment of zinc is
also distorted, however, the first two groups of totally four oxygen
atoms in ZnOg octahedra are located at close distances and, thus,
contribute into the single broad peak at 2.05 A, whereas the last group
of two oxygen atoms contributes into the peak at 2.24 A (see dashed
line in Fig. 5 and Table 1).

The RDFs in nanoparticles are broadened compared to microcrys-
talline ZnWOQy,, especially at large distances, whereas the first peak is
well defined and shifts to shorter distances (Fig. 5). This means that
both tungsten and zinc atoms make stronger bonds with nearest
oxygen atoms, whereas remaining oxygen atoms become weakly
bound. The RDFs in nanoparticles show only minor temperature
changes, especially around tungsten: this indicates that static disorder
dominates the thermal one. Note that both octahedra distortion and

nanoparticle distribution contribute into this effect.

The comparison of the RDFs around tungsten and zinc atoms
suggests that the shortest W-O bonds are stronger, being more
covalent [14], than the Zn-0 bonds. The average coordination of both
tungsten and zinc atoms remains always close to octahedral (Table 1)
taking into account the error of the fit. The slightly smaller value of the
total coordination number (5.3-5.7 atoms) for zinc atoms in
nanoparticles can be related to the larger correlation between N and
02 parameters during the fit due to the shorter Zn K-edge EXAFS

signal k-range (Fig. 4). Thus the behavior of the RDFs confirms strong
distortion of the WOg and ZnOg octahedra in nanoparticles and is also
favorable to the formation of the short W=0 bonds, observed in the

Raman spectrum [21].

5. Conclusions

Nanoparticles and microcrystalline ZnWO0, were studied by
temperature dependent x-ray absorption spectroscopy at the Zn K

Parameters (N (£0.2), R (+0.02 A), 0 (+0.0005 A?)) of the Gaussian functions obtained by the decomposition of the RDFs G(R) in Fig. 5.

First shell W-O RDF G(R) decomposition into the Gaussians

T (K) Ny Ry (A) o7 (A?) N> Ry (A) 03 (A?) N3 Rs (A) o3 (A Ny R4 (A) o3 (A?)
Nanoparticles 50 2.7 1.78 0.002 1.2 1.92 0.006 1.6 2.13 0.004 0.5 2.25 0.001
Nanoparticles 150 2.7 1.78 0.002 1.1 1.91 0.007 1.7 2.13 0.004 0.4 2.25 0.001
Nanoparticles 300 2.8 1.78 0.002 1.2 1.93 0.007 1.5 2.13 0.003 0.5 2.25 0.001
Crystal 10 2.5 1.80 0.002 1.5 1.94 0.002 2.0 2.14 0.001

First shell Zn-O RDF G(R) decomposition into the Gaussians

T (K) Ny Ri (A) o7 (A%) N> Ry (A) 03 (A?)
Nanoparticles 50 3.7 2.00 0.005 1.7 220 0.012
Nanoparticles 150 3.7 2.00 0.005 2.0 2.20 0.016
Nanoparticles 300 3.0 2.00 0.005 23 2.18 0.014
Crystal 10 4.0 2.05 0.004 2.0 224 0.005
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and W L3 edges. The obtained results were compared with that
determined by complementary experimental techniques as x-ray
powder diffraction, Raman and photoluminescence spectroscopies
allowing us to probe different aspects of local atomic and electronic
structures.

We have found that observed changes in the optical properties and
lattice dynamics of nanoparticles cannot be attributed only to the size
reduction, but are related to the relaxation of their atomic structure,
including formation of surface defects.

The presence of strong structural relaxation was confirmed by x-
ray absorption spectroscopy study. The independent analysis of the
EXAFS signals at the W L3 and Zn K edges by model-independent
approach [24] allowed us to reconstruct the first coordination shell
RDFs and to follow their temperature dependencies. The significant
distortions of the WOg and ZnOg octahedra, directly observed in
nanoparticles by EXAFS, show only minor temperature dependence.
The distortion results in the shortening of metal-oxygen bonds to the
nearest oxygen atoms, whereas the longest bonds becomes weaker.
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