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Abstract

The atomic structure of nanosized and microcrystalline tungstates MeWO,
(Me = Co, Ni, Cu, Zn), synthesized by co-precipitation technique, has been
studied by x-ray absorption spectroscopy at the W Lz-edge and Co/Ni/Cu/Zn
K-edges, x-ray diffraction and Raman spectroscopy. The distortion of metal—
oxygen octahedra is caused by the electron—lattice coupling and is further
enhanced in nanosized tungstates due to formation of the double tungsten—
oxygen bonds at the nanoparticle surface.
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1. Introduction

The atomic structure of nanocrystalline materials differs from that in the
bulk due to relaxation phenomena [1]. The unit-cell volume compression
is common for metal nanoparticles [2, 3|, whereas its expansion occurs in
most nanosized metal-oxides [4, 5]. Since physical properties of nanoparti-
cles are determined by their structure, an understanding of nanoscale lattice
modifications is advantageous for properties tuning but is a challenging task
6,7, 8, 9].

In this study we have explored a size-induced relaxation of the local struc-
ture in several tungstates by extended x-ray absorption fine structure (EX-
AFS) spectroscopy, x-ray powder diffraction and micro-Raman spectroscopy.
Our recent results on nanosized ZnWO, [10, 11] have been extended to other
tungstates — CoWO,, NiWO, and CuWOQy, thus, allowing us to elucidate in

more details the effect of size, temperature and transition metal type.

2. Experimental detalils

Nanocrystalline powders were synthesized by co-precipitation method
from aqueous solutions of NasWO,4-2H50 and Co(NO3)2-6H20, Ni(NO3),-6H-0,
CuS0O4-5H20 or Zn(NOj3)2-6H,0 at room temperature (20°C), pH=8 [10,
11]. Microcrystalline samples were obtained by annealing of nanopowders at
800°C for 4-8 hours.

X-ray powder diffraction (XRD) patterns (Fig. 1) were recorded at 20°C
using Bragg-Brentano powder diffractometer (0/26 scans) equipped with con-

ventional copper anode (Cu Ka) tube.
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Figure 1: (Color online) X-ray diffraction patterns of as-prepared (lower curves) and

annealed at 800°C (upper curves) MeWO, (Me=Co, Ni, Cu, Zn) powders.

Micro-Raman scattering spectra (Fig. 2) were collected in back-scattering
geometry at 20°C using a confocal microscope with spectrometer Nanofinder-
S (SOLAR TII, Ltd.). The measurements were performed through Nikon
Plan Apo 20x (NA=0.75) optical objective. DPSS laser (532 nm, 150 mW
cw power) was used as the excitation source, and the Raman scattering
spectra were dispersed by 1800 grooves/mm diffraction grating, mounted in
the 520 mm focal length monochromator. The elastic laser light component
was eliminated by the edge filter (Semrock LP03-532RE). The Peltier-cooled
back-thinned CCD camera (ProScan HS-101H) was used as a detector.

X-ray absorption measurements were performed in transmission mode at
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the HASYLAB/DESY C (CEMO) bending-magnet beamline [12] at the Co
(7709 eV), Ni (8333 eV), Cu (8979 eV) and Zn (9659 eV) K-edges and W
L3 (10207 eV) edge. The storage ring DORIS III operated at E=4.44 GeV
and I,,,,=140 mA. The x-ray beam intensity was measured by two 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 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 edge jump close to 1.0. Measurements were performed

at 10 and 300 K using the Oxford Instruments liquid helium flow cryostat.

3. EXAFS data analysis

X-ray absorption spectra were analysed using the conventional procedure
[13, 14]. Fourier transforms (FTs) of the experimental EXAFS spectra x(k)k?
at T'= 300 K for CoWO, and CuWOQy, are shown in Fig. 3. The experimental
data for NIWO, and ZnWO, were reported elsewhere [15, 16]. The photo-
electron wavenumber is defined as k = [(2m./h?)(E — Ey)]'/?, where m, is
the electron mass, h is the Plank’s constant, and Ej is the photoelectron
energy origin. The Ej position in the experimental signals was set at the
energy point to have the best match between k-space scales of the experi-
mental and theoretical EXAFS spectra. Note that the positions of the F'T
peaks in Fig. 3 are shifted 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
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in the range of ~0.8-2.2 A, were analysed.

To extract structural information, the first shell EXAFS contributions
x (k)k? were best-fitted using a model-independent approach [17, 18] allowing
the reconstruction of the true radial distribution function (RDF) G(R)

_ [ GR) .
(k) = /R R F ek Ry SRR + @k R)AR, ()

where R is the interatomic distance, F'(w, k, R) is the scattering amplitude
function, and ®(r, k, R) is the phase shift function. The obtained RDFs are
shown in Fig. 4.

The advantage of the method provided by Eq. (1) is that the true RDF
G(R) can have an arbitrary (even strongly distorted) shape [17, 18]. This
point is very important in the case of tungstates, especially nanocrystalline,
where strong static distortion of the metal-oxygen octahedra is present [15],
particularly in the case of WOg and CuOg octahedra experiencing strong
Jahn-Teller distortion [19]. The significant distortion of octahedra makes the
use of conventional EXAFS data analysis approach [13], i.e., an approxima-
tion of the RDF G(R) by a set of Gaussian functions, inaccurate since such
model is not able to account for an asymmetry of peaks in the RDF and is
also not unique due to strong overlap between some peaks. However, the ob-
tained RDF's can be utilized for the reconstruction of nanoparticle structure
using advanced simulation techniques such as reverse Monte Carlo [20, 21] or
Molecular Dynamics methods [9]. This problem is beyond the scope of the
present manuscript and will be addressed by us in future work.

Note that the scattering amplitude F (7, k, R) and phase shift ®(r, k, R)
functions, used in Eq. (1), were independently calculated for metal-oxygen

atom pairs by ab initio real-space multiple-scattering code FEFF8 [22] using
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Figure 2: (Color online) Raman scattering spectra of microcrystaline and nanosized
MeWO, (Me = Co, Ni Cu, Zn) powders. The position of the main band at 955 cm™! in
nanosized tungstates is indicated by dashed vertical line. Measurements were performed

at 20°C.

the complex exchange-correlation Hedin-Lundqvist potential. The FEFFS8
calculations were performed based on the crystallographic structure of tungstates
(CoWO, [23], NiWOy [24], CuWOy [25] and ZnWO, [26, 27]), considering a
cluster of 8 A size around the absorbing metal atom. The size of the cluster
allowed us to be confident in the accuracy of the calculated cluster potential
and to simulate theoretical W Lz and Me (Me = Co, Ni Cu, Zn) K edge EX-
AFS spectra, required for accurate evaluation of the Ey values. 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

FEFFS code [22].



Published in Solid State Communications 183 (2014) 22-26.

4. Results

The XRD patterns for all as-prepared powders of tungstates have strongly
broadened Bragg peaks (Fig. 1). Since the Raman scattering spectra of
as-prepared powders are close and also strongly broadened (Fig. 2), and
their EXAFS signals do not contain significant outer shell (beyond ~4 A)
contributions (Fig. 3), we concluded that our samples are mainly composed
of very fine (less than about 2 nm) nanocrystallites [10, 11]. However, some
larger nanocrystallites are present in CoWO, sample and are responsible for
a few small Bragg peaks in Fig. 1. Their relative amount is nevertheless
small, so that they do not produce any observable contribution into Raman
scattering and EXAFS spectra.

Note that the tungstate powders become microcrystalline upon annealing
in air at 800°C [10], showing XRD patterns corresponding to respective wol-
framite phases with monoclinic (CoWOy, [23], NiWO, [24], ZnWO, [26, 27])
or triclinic (CuWOy, [25]) symmetry.

The Raman scattering spectra of microcrystaline tungstates are shown
in Fig. 2. Since they have two formula units (Z = 2) per primitive cell, the
group theory analysis predicts 36 lattice modes, of which 18 even vibrations
are Raman active [19, 28, 29, 30]. Only twelve of them can be observed in the
frequency range reported in Fig. 2. The position of the most intense band,
located at 882-905 cm™! and corresponding to the stretching W-O vibration,
shifts systematically to higher frequencies upon transition from CoWO, to
ZnWQO,. The Raman scattering spectra of nanoparticles differ significantly
from that in microcrystalline powders. They are dominated by one broad

band, located at ~955 cm™!. One should note that a care should be taken
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when measuring the Raman scattering from tungstate nanoparticles, since
they can be easily crystallized under excessive laser irradiation.

Fourier transforms of the experimental W L3 and Co(Cu) K edges EXAFS
spectra y(k)k?* are shown in Fig. 3. The amplitude of all peaks, especially
beyond the first one, is strongly reduced in nanopowders, as expected. The
effect is more pronounced at the W Ls-edge, indicating stronger relaxation
of tungsten environment. The RDFs for the first coordination shell around
metal atoms were extracted, as described in Section (3), from the first peak
in FTs and are shown in Fig. 4 for all microcrystalline (solid lines) and
nanosized (dashed lines) tungstates. They correspond to the distribution of
oxygen atoms within metal-oxygen octahedra. A comparison of the RDFs
obtained at 10 and 300 K in CuWO, suggests that the effect of thermal
disorder leads to some peak broadening and is relatively small, in particular,
in nanopowders where static relaxation dominates.

In microcrystalline CoWO, [23] and NiWO, [24] the six oxygen atoms
of slightly distorted Co(Ni)Og octahedra contribute into one broad peak,
centered at ~2.08 A in the RDF Gco—o(R) and at ~2.05 A in the RDF
Gni—o(R), respectively. The WOg octahedra in both tungstates are strongly
distorted: the six oxygens are divided into two groups of four (at ~1.83 A)
and two (at ~2.15 A) atoms.

In microcrystalline CuWO, [25] the RDF Gcy_o(R) is split into two
peaks, composed of four and two oxygen atoms. At the same time, the
distortion of WOg octahedra is the strongest one among all four tungstates:
six oxygen atoms are divided into 3 groups of three (at ~1.81 A), two (at

~2.02 A) and one (at ~2.20 A) atoms.
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The distortion of metal-oxygen octahedra in microcrystalline ZnWO, [26,
27] is stronger than in CoWO, and NiWQO,, but weaker than in CuWO,. The
oxygen atoms in both ZnOg and WOg octahedra are divided into three groups
of two oxygen atoms each. The group of nearest four oxygens is responsible
for a single peak at ~2.02 A in the RDF G7zn—0(R), whereas remaining two
oxygens give rise to the peak at ~2.25 A. In the case of the RDF Gw_o(R),
the three groups of oxygen atoms are well resolved and contribute into the
three peaks at ~1.80 A, ~1.95 A and ~2.14 A, respectively.

In nanosized tungstates, the RDFs Gy—o(R) are more broadened. Be-
sides, the distortion of ZnOg octahedra becomes stronger in nano-ZnWQOy,
leading to further separation of nearest four and distant two oxygen atoms.
The modification of the RDFs Gw_o(R) is more dramatic. The distortion
of WOg4 octahedra increases in all tungstates in such a way that the near-
est four oxygen atoms move slightly closer, whereas the distant two oxygens
move away. This effect is most evident in the RDFs Gw_o(R) for nanosized

NiWO4, COWO4 and ZDWO4.

5. Discussion

The absence of Bragg peaks in XRD patterns of nanoparticles (Fig. 1)
suggests that the size of crystallites in as-prepared powders is below 2 nm.
Taking into account nanoparticles stoichiometry, the size of metal-oxygen
octahedra (~4 A) and their connectivity in crystalline tungstates, one can
conclude that nanoparticles are built up of just a few metal-oxygen octahe-
dra.

Chemical bonding in microcrystalline tungstates can be successfully probed
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Figure 3: (Color online) Fourier transforms (FTs) of the experimental W Lz and Co(Cu)
K edges EXAFS spectra x(k)k? for microcrystalline and nanoparticles Co(Cu)WO, at
T = 300 K. Both modulus and imaginary parts of FTs are shown.

by Raman spectroscopy, providing an access to the half of vibrational modes
(Fig. 2). An increase of the stretching W-O frequency from 882 cm™! in
CoWOy, to 905 cm™! in ZnWQy indicates some strengthening of tungsten—
oxygen bonds [31], which compete with the Me-O bonding. Note that the
corresponding W-O bond lengths are almost equal (~1.79 A) in the four
tungstates [23, 24, 25, 26, 27].

Nanosized tungstates are much weaker Raman scatterers (Fig. 2): the
only visible broad band at ~955 cm™! was attributed previously to the dou-

ble tungsten-oxygen W=O0 bonds at the nanoparticle surface [10]. The band

10
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Figure 4: (Color online) The reconstructed RDFs G(R) for the first coordination shell
of tungsten and transition metals in microcrystalline (solid lines) and nanosized (dashed

lines) MeWO, (Me = Co, Ni, Cu, Zn). See text for details.

has a single-peak shape in CoWQy,, NiWO, and ZnWO,, but has more com-
plex structure in CuWO,, suggesting the presence of slightly inequivalent
non-bridging W=0 bonds. A well known correlation [31] between the force
constant (or stretching frequency) and the length of the W-O bond suggests
the W=0 bond length of about 1.7 A.

In fact, the existence of short tungsten—oxygen bonds in nanopowders is
clearly visible in the RDFs Gw_o(R) (Fig. 4). In general, the WOg octahedra
distortion originates from strong electron-lattice coupling, which leads to

the second-order Jahn-Teller (SOJT) effect due to a covalent interaction of

11
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empty 5d orbitals in W% ions with filled 2p orbitals in the oxygen atoms
[32]. An additional contribution into the WOg octahedron deformation comes
from competing interaction of oxygens with the 3d transition metal ions.
It manifests most strongly in CuWO,, where the axial distortion of CuOgq
octahedra is stabilized by the first-order Jahn—Teller (FOJT) effect caused
by the 3d” electron configuration of Cu®* ions [19, 33, 34, 35]. As a result,
the RDFs G¢y_o(R) have close shape in both microcrystalline and nanosized
powders, and the difference between the RDFs Gw_o(R) is caused mainly
by peak broadening.

In CoWO,, NiWO, and ZnWOQy,, the bonding between 3d and oxygen
ions is less rigid, so that their local environment is able to relax in nanopow-
ders, giving more freedom to tungsten ions to adapt themselves. Therefore,
tungsten ions are able to attract four nearest oxygens, thus enhancing the
distortion of WOg octahedra. The remaining two oxygen atoms are weakly
bonded to tungsten and are responsible for the distant peak in the RDF at
~2.1-2.3 A (Fig. 4). Such value of the tungsten-oxygen bonds is typical for
W-OH; bonding in hydrates WO3-nH,O [31, 36] and for W-OH bonds at
the tungsten oxide surface [37]. Note that in hydrates the W—OH, bonds
are located opposite to the short terminal W=0 bonds [31], discussed above.
The presence of OH groups or H,O molecules in our nanocrystalline powders
follows from the synthesis procedure (see Sec. (2)) and is required to maintain
nanoparticle electroneutrality. Unfortunately, hydrogen atoms cannot be re-
liably detected in EXAFS spectra, whereas their contribution into Raman

scattering spectra of nanopowders is masked by strong band broadening.

12
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6. Conclusions

The analysis of the W Ls-edge and Me (Me = Co, Ni, Cu, Zn) K-edge
EXAFS spectra by the regularization-like method has allowed us to reliably
determine a distortion of WOg and MeOg octahedra in microscrystalline and
nanosized tungstates. The distortion is caused by the electron—lattice cou-
pling, which depends on the electronic structure of Me?" and W ions.
Additional structure relaxation in nanosized tungstates induces further de-
formation of the octahedra and a formation of the double tungsten—oxygen
bonds, being responsible for the broad band at ~955 cm~! in Raman scat-
tering spectra.

The obtained information on the structure relaxation in nanosized tungstates

is relevant for understanding and tuning of their functional properties [15,

38, 39].
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e MeWO, (Me=Co,Ni,Cu,Zn) were prepared by co-precipitation method.

e Local structure of MeWO, was studied by Raman and x-ray absorption spectroscopy.
e The atomic structure of nanocrystalline MeWO;, is strongly relaxed.

¢ Distortion of metal-oxygen octahedra is caused by the electron-lattice coupling.





