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Abstract

The effect of tungsten substitution with molybdenum on the structure of
CuMo;_,W,0, (z = 0.20, 0.30, 0.50, 0.75) solid solutions was studied by
multi-edge X-ray absorption spectroscopy. The simultaneous analysis of EX-
AFS spectra measured at several (Cu K-edge, Mo K-edge and W Ls-edge)
absorption edges was performed by the reverse Monte Carlo method tak-
ing into account multiple-scattering effects. The degree of distortion of the
coordination shells and its dependence on the composition were estimated
from partial radial distribution functions (RDFs) g(r) and bond angle distri-
bution functions (BADF's) f(¢). The analysis of partial RDFs suggests that
the structure of solid solutions is mainly determined by the tungsten-related
sublattice, while molybdenum atoms adapt to a locally distorted environ-
ment. As a result, the coordination of both tungsten and molybdenum atoms

remains octahedral as in CuWQy for all the studied compositions.
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1. Introduction

CuMo;_,W,0Oy solid solutions possess many interesting properties that
directly depend on their composition and are conditioned by their crystallo-
graphic structure. Under ambient conditions, the Mo%" and W ions have
distinct (tetrahedral and octahedral, respectively) coordination by oxygen
atoms in pure CuMoQO, and CuWQy. Therefore, their mixing affects largely
the structure of solid solutions and allows one to tailor their properties. In-
deed, the solid solutions exist in one of the three crystal structures with
triclinic P1 symmetry, which are isostructural to the high-pressure phases of
CuMoOy (av, v, III) I 21 3].

In pure CuMoO, and at low tungsten content (z < 0.15), a first-order
phase transition between « and 7 phases takes place and is accompanied
by a change in the coordination of molybdenum/tungsten atoms by oxygen
atoms from tetrahedral to octahedral [4, B]. The phase transition can be
induced by temperature or pressure and is accompanied by a color change,
demonstrating thermochromic or piezochromic properties |2} 4, 5] 6, [7, 8, ],
10, 11, 12]. The high-temperature (low-pressure) phase is greenish, whereas
the low-temperature (high-pressure) phase is brownish [4], [5].

The pronounced chromic properties of materials based on CuMoO, are
closely related to changes in their local environment under the influence of ex-
ternal stimuli and open up various ways of their applications extending from
user-friendly temperature and pressure indicators to cost-effective “smart”
inorganic pigments, light filters and sensors [2}, @, [7, &, 111, 13].

Nanostructured CuMoQO, with a crystallite size of about 134 nm was

proposed recently for use as bifunctional catalysts for electrochemical water
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splitting and CO, reduction [I4]. Nevertheless, its electrocatalytic activity
turned out to be worse than that of another molybdate CusMo,Og due to a
larger density of catalytically active sites (copper ions) in the latter caused
by the unique topology of its lattice [I4]. At the same time, CuMoQO, appears
to be more promising for CO, reduction due to the stronger adsorption of
COy species at its surface [14].

CuMoQO4-CoMoQOy hybrid microspheres with hollow structure and decor-
ated with nanorods on their surface demonstrated ultrahigh catalytic per-
formance in hydrogen production via hydrolysis process from a hydrogen
storage material as ammonia borane [I5]. The use of mixed molybdates as
a catalyst reduces the energy barrier for the reaction stage determining its
rate to the lowest value compared to pure molybdates [L5].

A hybrid CuyO/CuMoO, nanosheet electrode with porous texture and
hence a large surface area was suggested in [10] for use as an asymmetric
supercapacitor in tandem with an activated carbon electrode. To reduce
internal resistance, the hybrid can be directly grown on the conductive sub-
strate as Ni foam with a 3D porous structure. The presence of MoO?F~ anions
during the growth process facilitates the formation of nanosheets [16].

The supercapacitive behaviour was also observed in mixed CuMoQO,/ZnMoQO,
composite with nanoflower morphology and numerous pore spaces [17]. It is
characterized by a high specific area and electrical conductivity. Compared
to pure molybdates, the composite showed favorable specific capacity and
stability [17].

The solubility limit of tungsten in CuMo;_, W, Oy solid solutions to retain

both a and v structure types under ambient conditions is between ~10%
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and 15% [4], [1§]. An increase of the tungsten content above ~15% leads to
the wolframite-type (CuMoOy4-III) phase with the octahedral coordination
of metal ions and brownish colour [I, 8, T9]. This phase does not exhibit
pronounced thermochromic behaviour and has properties that are promising
for possible use as photoanodes in water-splitting photoelectrochemical cells
[T, [, (19, 201, 21].

The chromic properties of CuMo;_, WOy solid solutions are determined
by the interband transition due to the oxygen-to-metal charge transfer across
the band gap and the intraband d-d transition of Cu®" ions [4, [6, 22, 23]. The
intraband transitions contribute to absorption in the red spectral range below
1.8 eV [4,[6], 24], whereas the interband one depends on the composition. The
bandgap is ~2.3 eV in pure CuWQO, with distorted octahedral coordination
of tungsten atoms [25], 26] but decreases to ~2.0 eV in CuMogg5Wo.3504
[19, 20]. The bandgap reaches its minimum before the phase transition to
the a-phase. When the transition occurs, the bandgap starts to increase
from ~2.2 eV in CuMog gsWo.1204 [23] to above ~2.5 eV in a-CuMoO, with
tetrahedral coordination of molybdenum atoms [4], [6] 22, 24]. Thus, the
electronic structure and related properties of CuMo;_, W O, solid solutions
depend on the local environment of metal atoms, which can be successfully
probed by X-ray absorption spectroscopy (XAS). Our previous XAS studies
were dedicated to CuMoOy, [27, 28, 29] and CuMog.9o0Wo.1004 [30]. Recently,
we demonstrated that the resonant X-ray emission spectroscopy (RXES) at
the W Ls-edge can be used to determine the crystal-field splitting parameter
for the 5d(W)-states that allows one to distinguish between tetrahedral and

octahedral coordination of tungsten atoms in CuMo;_, W,y solid solutions
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[31].

In this study, we focus on the effect of tungsten substitution with molyb-
denum on the structure of CuMo;_, W,Oy4 solid solutions for high tungsten
content with x > 0.20. The low symmetry of such compounds makes the ana-
lysis of the extended X-ray absorption fine structure (EXAFS) a challenging
task due to a large number of scattering paths [32]. To address this issue, the
reverse Monte Carlo method [33], 34] was used to determine the structural
model of a particular solid solution, which is in agreement simultaneously
with several experimental EXAFS spectra measured at the absorption edges

of metals present in the material.

2. Experimental

Polycrystalline CuMo;_, W, 0,4 (z = 0.20, 0.30, 0.50, 0.75) solid solutions
were synthesized using solid-state reaction method and characterized in our
previous studies [30), BI]. Briefly, stoichiometric mixtures of CuO, MoOj
and WOj3 were heated at 650°C in air for 8 hours and then cooled to room
temperature. One set of samples with x < 0.15 was greenish, and the second
set with z > 0.20 was brownish (see the inset in Fig. [2(a)). Pure CuMoO,
and CuWO, were used for comparison.

All samples were characterized by X-ray powder diffraction. X-ray diffrac-
tion patterns of CuMo;_, W, O, powders (Fig. [1|) were measured at 300 K us-
ing a Brucker D2 PHASER 6-60 powder diffractometer equipped with a copper
anode (Cu Ka) tube. The transition from a-CuMoQO, phase to wolframite-
type CuWO, phase occurs above x>0.2 [31].

Multi-edge X-ray absorption spectroscopy experiments of CuMo;_, W, 04
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Figure 1: X-ray diffraction patterns of polycrystalline CuMo;_, W, O, solid solutions. The
standard PDF cards of CuMoO4 (PDF Card 01-070-5393) and CuWO, (PDF Card 01-

080-1918) phases are shown for comparison.

samples were performed at room temperature in transmission mode at the
Elettra XAFS bending-magnet beamline [35]. The spectra were collected at
the Cu (8979 eV) and Mo (20000 eV) K-edges and W (10207 eV) Ls-edge.
Elettra storage ring operated in a top-up mode in which frequent beam in-
jections maintained a quasi-constant beam current for user operations. In
particular, at 2.4 GeV the stored beam current is set to 160 mA and top-up
occurs every 20 minutes, injecting 1 mA in 4 s to maintain the current level

constant to less than 7%. The synchrotron radiation was monochromatized
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Figure 2: The experimental Cu, Mo K-edge and W Ls-edge normalized XANES (a-c) and
EXAFS x(k)k? (d-f) spectra and their Fourier transforms (g-i) for CuMo;_, W, Oy solid
solutions and pure CuMoQO4 (z = 0) and CuWOy4 (x = 1). The FTs were calculated in
the k-space range of 2.5-14.5 A=!. The selected samples are shown in the inset in (a).

using Si(111) (for the Cu K and W L3 edges) and Si(311) (for the Mo K-
edge) double-crystal monochromators. Three ionization chambers filled with
a mixture of Ar, He and Ny gases were used to measure the radiation intens-
ity before and after the sample and after the reference. Powder samples were
gently milled in an agate mortar and deposited on the Millipore membranes.
Reference Cu, W and Mo metal foils were used for energy calibration. Each

sample was measured twice with a large signal-to-noise ratio so that the
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experimental EXAFS spectra obtained coincide almost perfectly after multi-
plication by k%. Normalized X-ray absorption near edge structure (XANES)
spectra, the EXAFS spectra x(k)k? extracted using the Athena code [36]
and their FTs calculated with the Gaussian window using the EvAX code
[33, 34, B7] in the k-space range of 2.5-14.5 A~! are shown in Fig. . Note
that the positions of peaks in the FTs were not corrected for the phase shift,
therefore, they are located at slightly shorter than crystallographic distances.

3. Methods

EXAFS spectra of CuMo;_,W,O4 (z = 0.20, 0.30, 0.50, 0.75) solid solu-
tions were analysed using the reverse Monte Carlo method with the evol-
utionary algorithm (RMC/EA) approach, implemented in the EvAX code
[33, B34, 37]. Note that the use of the evolutionary algorithm as an optim-
ization method significantly reduces the simulation time [34]. A detailed
description of the RMC/EA method and its application to pure CuMoO,
and CuMog 9o Wy 1904 solid solution can be found in [29, [30].

To perform RMC/EA simulations, an initial model of the material struc-
ture should be constructed first. Here, the diffraction data reported in [I], 3§]
were used to build the structural model of CuMog25Wq7504. For other solid
solutions (z=0.20, 0.30, 0.50), the lattice parameters corresponding to the
CuMoO4-I1I phase [I] and Wyckoff positions of atoms taken from the CuWO,
structure [39] were combined to build an initial unit cell.

Next, the unit cell was enlarged 3x3x3 times, and W atoms were ran-
domly substituted with Mo atoms while maintaining the stoichiometric ratio

of elements. The enlarged cell was additionally increased 2x2x2 times to
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obtain a supercell, which was employed as the RMC simulation box contain-
ing 2592 atoms in total. Such a large box was used to collect reasonable
statistics for atoms that are the minority in the solid solution. Note that the
RMC/EA simulations for pure CuWO, were performed based on a structural
model from [39] employing a 5x5x5 large supercell with 1500 atoms. The
periodic boundary conditions (PBC) were imposed to avoid surface-related
effects.

Several RMC/EA simulations with different random substitutions and
pseudo-random number sequences were performed to obtain better statistics.
During the RMC/EA simulation, all atoms in the supercell were randomly
displaced at each iteration with the maximum allowed displacement of 0.4 A
with the goal to minimize the difference between the Morlet wavelet trans-
forms (WTs) of the experimental and configuration-averaged (CA) EXAFS
spectra [40]. Such optimization criterion guarantees the agreement between
experiment and theory simultaneously in k£ and R spaces. The number of
atomic configurations (supercells) simultaneously considered in the EA al-
gorithm was 32 [34]. In all simulations, 6000 iterations were made to ensure
convergence.

Theoretical CA-EXAFS spectra were calculated at each RMC/EA iter-
ation for the given structure model using the ab-initio real-space multiple-
scattering FEFF8.5L code employing the complex exchange-correlation Hedin-
Lundqvist potential [41, 42], and the EXAFS amplitude reduction factor S2
was set to 1.0. Both single-scattering (SS) and multiple-scattering (MS) con-
tributions were taken into account. MS contributions included all scatterings

up to the 5th order, as higher-order scatterings contribute at large distances

10
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Figure 3: Results of RMC/EA calculations for the Cu K-edge, Mo K-edge and W Ls-edge
in CuMo;_, W04 (x=0.20, 0.30, 0.50 and 0.75) at room temperature. (a) The experi-
mental and calculated EXAFS spectra x(k)k? and their Fourier transforms (only modulus
is shown). The FTs were calculated in the k-space range used in the fits and shown in the

upper row. (b) Fragments of initial and final structural models for CuMog 50 Wo.5004.

outside of the analysis range. A large number of scattering paths was reduced
by grouping similar ones and including into the analysis only important paths
with the relative amplitude of corresponding partial contribution to the total
EXAFS greater than 0.1-1% [34].

Examples of the obtained RMC/EA fits for all samples at three metal
absorption edges (only two edges were used for CuMog 95 W 7504) are shown
in Fig. [3] As one can see, the calculated Cu and Mo K-edge and W Lz-edge
EXAFS spectra, obtained from the multi-edge RMC/EA simulation, agree
reasonably well with the corresponding experimental spectra.

The final coordinates of atoms in the RMC simulation box were used to
calculate partial radial distribution functions (RDFs) and bond angle distri-

bution functions (BADFs) around absorbing atoms (Fig. [4f).
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Figure 4: Partial radial distribution functions (RDFs) g(r) and bond angle distribution
functions (BADFs) f(y) in CuMo;_,W,04 (x = 0.20, 0.30, 0.50, 0.75, 1.00) obtained
using RMC/EA calculations.

4. Results and discussion

First, we describe the compositional dependencies of the experimental
XANES and EXAFS spectra, as well as their FTs, while the structural
changes obtained by the RMC/EA simulations will be discussed next.

The Cu K-edge XANES spectra of CuMo;_, W, 0O, solid solutions demon-
strate relatively weak sensitivity to tungsten content (Fig.[2f(a)). At the same
time, the Cu K-edge EXAFS spectra (Fig. [J[(d)) are more informative and
reflect the gradual change in the copper local environment. In particular,
there are pronounced changes in R-space above ~2.1 A (Fig. (g)) The
difference in the shape of FTs in the range of 2.1-3.6 A in Fig. (g) reflects
the dependence of the EXAFS signal on the composition of solid solutions,

i.e., the substitution of Mo with W atoms. These two atoms are well separ-
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ated in the Periodic Table and so have different scattering amplitudes that
significantly affect their contribution to FTs even if they are located at close
crystallographic distances.

Molybdenum ions in a-CuMoQO, have tetrahedral coordination [I] which
is responsible for the high intensity of the pre-edge peak at the Mo K-edge ori-
ginating from the 1s(Mo)—4d(Mo)+2p(O) transition (Fig.[2(b)) [27] 29, 43].
Upon increasing tungsten content, the pre-peak amplitude decreases indicat-
ing a change in the local environment of molybdenum from tetrahedral to a
more distorted one, which affects also the Mo K-edge EXAFS spectra (Fig.
2(e,h)). Indeed, the analysis of experimental Mo K-edge EXAFS spectra us-
ing the RMC/EA method (see below) suggests a change from the dominant
tetrahedral to octahedral coordination above x = 0.10.

The W Ls-edge XANES spectra are dominated by a strong white line peak
at 10207 eV due to the dipole allowed transition 2pz/(W)—5d(W)+2p(O).
The shape of the white line contains information on the crystal field splitting
of the W 5d-states [44], [45], which is masked by a large value of the natural
width (~4.5 eV [46]) of the 2ps/2(W) core level. As a result, the experi-
mental XANES spectra do not show significant changes upon tungsten con-
tent increase due to the limited resolution. However, one can overcome this
problem by performing resonant X-ray emission spectroscopy (RXES) exper-
iments and obtaining high-energy resolution fluorescence detected (HERFD)
XANES as reported in [31]. Note that the analysis of the W Ls-edge HERFD-
XANES allows one to identify the type of tungsten coordination distinguish-
ing between tetrahedral and octahedral environments that can be used to

determine the hysteretic behaviour of the temperature-induced structural
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phase transition between the o and v phases in CuMo;_, WOy solid solu-
tions with = < 0.20 [31].

In our recent study [30], we found that an addition of 10 mol% of tungsten
to CuMoO, induces detectable local distortions and, while molybdenum ions
maintain tetrahedral coordination as in pure a-CuMoQy, tungsten atoms
tend to have a more distorted environment and promote an increase of the a-
to-y phase transition temperature. Indeed, the W Lz-edge EXAFS spectrum
for = 0.10 differs from all other EXAFS spectra (Fig. [J[f)). The difference
is well visible in the k-space at ~6.5 A~ and in R-space at ~3 A. The
spectra of brownish samples with 0.20 < z < 0.50 show gradual change
towards the spectra characteristic of the CuWO, phase where tungsten ions
are octahedrally coordinated. At an even larger tungsten content x = 0.75,
the W Lg-edge EXAFS spectrum becomes close to that of pure CuWO,. The
transition to the CuWO, phase is accompanied by a significant increase of
the second coordination shell peak at about 3 A in the FT (Fig. (1)) its
amplitude continuously increases with an exchange of molybdenum atoms
with tungsten ones.

The detailed information on the structure of CuMo;_,W,O, solid solu-
tions was obtained from the results of RMC/EA calculations (Fig. [3{a)).
Using the RMC/EA method makes it possible to refine the structural model
within the multiple scattering approach simultaneously for a set of EXAFS
spectra measured at three (for x = 0.20, 0.30, 0.50) or two (for z = 0.75
and 1.0) absorption edges. Simultaneous analysis of absorption edges for
all metals constituting our solid solutions is crucial for obtaining a reliable

structural model as has been demonstrated previously for CuWOy in [47]. For
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example, we show in Fig. (b) fragments of the initial and final structural
models for CuMog 50W.5004. A displacement of atoms from equilibrium po-
sitions due to an increase in the disorder after the RMC/EA simulation is
well evident. The averaged partial RDFs and BADFs, calculated from the
atomic coordinates of the several RMC/EA models, are shown in Fig. 4] for
the solid solutions and CuWOQy,.

In the CuMoOy-I1I phase, which was used as a starting model to simulate
the structure of the solid solutions (z=0.20, 0.30, 0.50), all metal ions are oc-
tahedrally coordinated by oxygen ones [1]. Due to the Jahn-Teller distortion,
the CuOg octahedra are axially distorted with two groups of Cu—O bonds in
an equilibrium structure: 4x1.97 A, and 2x(2.38-2.42 A) [1], 38, 39]. Mo-
lybdenum and tungsten ions are present in the 6+ oxidation state so that
their coordination octahedra are subject to the second-order Jahn-Teller dis-
tortion with the off-center position of the metal ions [48]. It is visible that
the MoQOg octahedra are slightly stronger distorted than WOg. For both Mo
and W ions, two main groups of metal-oxygen distances can be distinguished
in the RDFs gyo_0(r) and gw_o(r). The nearest group of three oxygen
atoms is responsible for the first sharp peak in the RDFs and is located at
about 1.8 A for both W and Mo. The second group of three oxygen atoms
is quite broad and can be roughly divided into two subgroups with 2 and 1
oxygen atoms. In the case of tungsten, two subgroups of oxygen atoms are
located at the mean distances of about 2.0-2.1 A and 2.15-2.25 A, while in
the case of molybdenum, both distances are slightly longer — 2.05-2.15 A and
2.20-2.40 A.

Various types of distortions of metal-oxygen octahedra are well reflected
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by the BADFs f(yp) (Fig. [). Axial distortion of CuOg octahedra results
in a monomodal BADF O-Cu-O with an average angle value of ¢ ~88°. At
the same time, off-center displacement of Mo or W atoms from the center of
the octahedra leads to bimodal BADFs O-Mo—O and O-W-0 with maxima
at ¢ ~80° and 96°.

Proper account for the multiple-scattering and disorder effects in the cal-
culated EXAFS spectra allows a reliable analysis of the contributions from
the outer coordination shells. In Fig. [d] the partial RDFs for metal-metal
atom pairs are shown up to 5.0-5.5 A. In the structure of CuMo;_,W,O,
solid solutions with « > 0.20 (Fig. B[(b)), the metal-oxygen distorted octa-
hedra of one type share edges and form zigzag chains along the c-axis [3§].
The zigzag chains are arranged in alternating layers that are perpendicular
to the a-axis direction [38].

The RDFs goy—cu(r) include contributions from two nearest copper atoms
located within the same chain of CuOg octahedra (the peak at ~3.0 A) and
six more distant copper atoms (four in the neighbouring chains and two in
the same chain), giving the origin of the peak at ~4.7 A

Eight copper atoms located in the four neighbouring chains of CuOg octa-
hedra contribute to the RDFs gy, /W,Cu(r). The change in the composition
of solid solutions leads to some small modifications in the structure result-
ing in the broadening of the main peak at ~3.5 A at low tungsten content
(x < 0.50).

The RDFS gcu/mo/w—Mo /w(r) show a clear dependence on the number of
Mo/W atoms varying with the composition. Upon increasing tungsten con-

tent, the amplitude of the peaks becomes larger in the RDFs gcu/voyw—w(r)
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but decreases in the RDFs gou/mo/w—mo(r). The ability of molybdenum
atoms to be in a locally distorted environment extends to the outer shells so
that the RDFs gnio—cu/mo(7) are stronger broadened than the RDFs gw_cu/w (7).

Thus, our results show that both Mo and W ions are octahedrally coordin-
ated by oxygen ions in solid solutions with large tungsten content (z 2 0.2).
However, previous studies of CuMo;_, WO, solid solutions revealed that at
room temperature for x < 0.15, tungsten ions co-exist in the octahedral and
tetrahedral environment [31], while molybdenum ions have dominant tet-
rahedral coordination [4, I8, B0]. This means that tungsten atoms have a
decisive influence on the structure of CuMo;_,W,O, solid solutions.

Finally, we would like to draw attention to the origin of large variations of
some peaks in FTs, well observed in the range of 3-4 A at the Cu K-edge and
W Ls-edge in Fig. p|(a,b). Here the contributions of the SS and MS processes
are shown for two samples — CuWQO, and CuMog 50Wy5004. Additionally, a
set of the partial W Li-edge EXAFS contributions for selected photoelectron
scattering paths is presented for CuMog 50 Wg 5004 in Fig. (c) The relatively
small amplitude of the MS oscillations compared to the SS ones in the k-space
(Fig.[F[(a,b)) looks deceiving because the SS signal from the first coordination
shell dominates the total EXAFS spectrum. However, when compared in R-
space, the MS contribution reaches from 20-30% (at the W Ls-edge) up to
50-60% (at the Cu K-edge) of the SS one in the range of 3-4 A and even more
at larger distances. Therefore, the MS contribution should not be ignored in
the RMC simulation to get a reliable structural model.

In CuMo;_,W,Oy, solid solutions having close crystallographic structures

and, thus, close geometry of scattering paths, the changes in the EXAFS spec-
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Figure 5: Contributions of different scattering paths into the Cu K-edge and W L3-edge
EXAFS spectra of CuWO, and CuMog 50Wo.5004: Cu K-edge (a) and W Ls-edge (b)
EXAFS spectra and corresponding FTs calculated for the k-space range 3.3-15.3 A=1. SS
and MS contributions are calculated for a structure configuration obtained in RMC/EA
simulation. Contributions of selected scattering paths are shown at the W Lg-edge for
CuMog 50 Wq 5004 structure (c). Mismatch of phases in W-Mo and W-W scattering paths
is highlighted with a rectangle.

tra are caused by the different contributions of molybdenum and tungsten
atoms, due to the large difference in their atomic masses and electron con-
figurations. The atomic mass of W (183.84 amu) is almost twice larger than
that of Mo (95.95 amu) which should lead to the difference in the amplitude of
their thermal vibrations and, thus, in the damping of EXAFS oscillations due
to the difference in the mean-square relative displacement (MSRD) factors.
Also, the molybdenum (Z(Mo)=42) and tungsten (Z(W)=74) atoms are well
separated in the Periodic Table, so they will make different contributions to

the EXAFS spectra due to the difference in their scattering amplitudes. Note
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that the latter effect will influence only FTs but not RDFs. Both effects are
responsible for a strong reduction of the peak at ~3.1-3.2 A in the Cu K-
edge and W Lz-edge FTs when 50% of tungsten atoms are substituted with
molybdenum ones (Fig. [f|(a,b)).

It is also interesting that the W Lg-edge EXAFS contributions from W-
Mo and W-W scattering paths with r ~ 3.2 A have nearly opposite phases
(Fig. [f|(c)) leading to destructive interference. In addition, damping of the
EXAFS oscillations is larger for the W-Mo scattering path due to a wider
W-Mo distribution (MSRD 0% ,;, =~ 0.0163 A?) than for W-W (MSRD
03w =~ 0.0049 A?), which is associated with larger static distortions of the

molybdenum environment (Fig. .

5. Conclusion

Multi-edge X-ray absorption spectroscopy was used to study the local
atomic structure in CuMo;_,W_,O4 (z = 0.20, 0.30, 0.50, 0.75) solid solu-
tions at room temperature. The structural models for each composition
were obtained from the simultaneous analysis of EXAFS spectra measured
at several (Cu K-edge, Mo K-edge and W Ls-edge) absorption edges by the
reverse Monte Carlo method. By minimizing the difference between the Mor-
let wavelet transforms of the experimental and theoretical EXAFS spectra,
good agreement was achieved in both k£ and R spaces, which indicates the
reliability of the obtained structural models.

It was shown that multiple-scattering effects play an important role in the
analysis of CuMo;_,W,Oy solid solutions and should be taken into account

to describe accurately the contributions from the outer coordination shells.
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A detailed analysis of the partial radial distribution functions (RDF's)
g(r) around absorbing metal atoms and bond angle distribution functions
(BADFs) f(p) gave information on the degree of distortion of the coordina-
tion shells and its dependence on the composition.

Molybdenum and tungsten atoms are octahedrally coordinated by oxygen
atoms in all studied solid solutions; however, MoOg octahedra are somewhat
more distorted than WQOg. For both metals, the distorted octahedra consist
of three short and three long metal-oxygen bonds, and the group of the
nearest three oxygen atoms has narrow distribution.

The ability of molybdenum atoms to adopt a locally distorted environ-
ment allows them to adjust to the solid solution structure determined by
tungsten-related sublattice. Only at low tungsten content of about x = 0.15
[31], a transition from CuWO,-type structure with octahedral coordination
of tungsten to a mixture of a and y-CuMoO,-type structures occurs for
0.075 < x < 0.15, followed by a transition to a-CuMoOy-type structure with

tetrahedral coordination of molybdenum for 0 < 2 < 0.075 [4] [1§].
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