%27 B 10 T 1k

2011 4 10 H

CHINESE JOURNAL OF INORGANIC CHEMISTRY

2 & i Vol.27 No.10

2061-2065

Zrl_xMxWMOOS_x/z *u Zl‘l_ MxWZOS—xIZ IE i?é'.{ll& E,‘J E%Hﬁ%j%ﬂ
EREETHXR

FEm L

A M
(A TP LR FACE F B Ae 5 AT MK P bR

KM AL

100875)

WE. ST Zr M\WMoOs_,(M=Er,Tm,Yb,Sc,In,Ga, A FI Zr, M,W,05 n(M=Eu,Er,Yb,Sc,In,Ga, Al)2 4~ 51 /) [E 5 44 | A &
AT B-ZrW,05 Z5 M2 (iR B AH); JG#H HA a-ZrW,0q Z5 28R (R FR o AH), HES7 T A FURE 9 5 i 280 M3 e 1Y
Vegard 7 Fi M AE T F3R BV R 09 B BE 38 T MY T AL A BT S Vegard B8 S, OER AT T o M0 S0 5 g AHIY S,
M KT R T a-Zr M,W,0_p @A T 20WO, | P THT A %5 10 BB i) A 7 8 J3E X it A% W /A28 1) DTk B t AR [ A 10 ot i 2 B B 7 o

VR BE S INTT9/] | F2 B ol T A L R B A LA AR

KW, WA, B U IKPERT; Vegard #H5
FESES . 0614.412; 0614.61'3; 0614.61%2

SCERARIRAD, A

XEHS . 1001-4861(2011)10-2061-05

Effect of Lattice Parameters of Zr,. M. WMoOQOs_,, and Zr,_ M W,Os_»
Solid Solutions on Lattice Distortion
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Abstract: The Zr, M,\WMoOs_,, (M=Er, Tm, Yb, Sc, In, Ga, Al) and Zr, _M,W,05_,,

(M=Sc, In, Ga, Al) solid

solutions were synthesized. Their XRD patterns show typical structure of B- and a- ZrW,0s, respectively. The

lattice parameters a's for both series of solid solutions are linear functions of the M** concentration” within the

limited solubility, and could be described by Vegard equations with the slope of S, or Sg" dependent of the

difference in ionic radius and the electro-negativity of the M* ion. However, S,¥ of a-Zr,_M,W,O¢_» appears to be

also associated with the partial orientation of 2[WOQ,] pair. In addition, the contraction of the lattice parameters

observed for both series of the solid solutions are possibly caused primarily by the oxygen vacancy defect.
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0 Introduction

ZrW,_ Mo, Og with cubic ZrW,05 (c-ZrW,05) type
structure ' is well-known as a class of materials of
considerable isotropic thermal contraction over a wide
temperature range . Recently, it has been reported
that the thermal stability and electric conductivity are

improved in the equivalent substituted Zr,_ M, W,_Mo, Oy
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(M: Hf**, Sn**, Ti**)P and aliovalent substituted
Zr MW,04., (M: Sc*, In**, Y*, Lu™, Yb*, Er’*, Eu™)
solid solutions, and the phase transition temperature (7,)
is adjusted even the M** substitution is as low as only a
few percents™.

Among ZrW,_Mo,Os thermal contraction solid
solutions, ZrWMoOg with ¢-ZrW,05 type structure

should be another favorable matrix besides ZrW,0Os.
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Because the T, of ZrWMoOxsis as low as 270 K Pland its
thermal stability is elevated up to 1073 K?!. Therefore,
we are interested in synthesizing the Zr; M, WMoOs
(M: trivalent metal ions) solid solutions and comparing
their properties with Zr, M, W,0s_,.

The limited solid solubility of some Zr,_Ln,W,05_
(Ln**=FEu, Er, Yb) solid solutions was reported in the
previous work 1.
solutions Zr,_,M,W,05_,, (M*=Sc, In, Ga, Al) and another
series of solid solutions Zr,_M,WMoQs_,, (M**=Er, Tm,

Yb, Sc, In, Ga, Al) were synthesized and characterized.

In this work, supplemental solid

It is found that the lattice parameters as for these solid
solutions are a linear function of M** concentration x™
and can be described by Vegard equations with slopes
St and Sg", which are dependent of the nature of the
M?* ions (therefore marked a superscript M by the item),

especially the ionic radius and their electro-negativity.
1 Experimental

Zri M\WMoOg_, (M=Er, Tm, Yb, Sc, In, Ga, Al)
and Zr; M, W,05_» (M=Sc, In, Ga, Al) solid solutions
were prepared from commercially available ZrOCI, -
8H,0, (NH.),¢W 1,04 +5H,0, (NH,)sMo,0y -4H,0, Al
(NO3);*9H,0 and M,O; (M=Er, Tm, Yb, Sc, In, Ga) of
AR reagents by the previously described procedures™!.
Briefly, according to the stoichiometric requirement,
M,0; was dissolved in a nitric acid (for Al, AI(NO;); was
used) and added to ZrOCl/(NHy)sMo;0, or ZrOCl,
aqueous solution for preparation of Zr;_ M, WMoOg_,, or
Zr; M, W,0;_»,respectively. The solution was dropped
(NH,)10W 1,041 - SH,O solution to
give a white co-precipitate, and then dried at ~373 K.

under stirring into a

After triturated, the obtained powder was annealed at
873 K for 3 h and used as the precursor.

The precursors were annealed at different
temperatures using a Pt crucible and then followed by
quenching in atmosphere. For Zr, M,\WMoOs_, (M=Er,
Tm, Yb, Sec, In, Ga, Al) the precursor pellets were
annealed at 1253 K for 1 h; for Zr, M,W,05_, (M=Sc,
In)and Zr, M,W,0;., (M=Al, Ga), first at 1473 K for 2
h or 1453 K for 1 h, respectively, followed by annealing
at 1433 K for 3 h.

X-ray diffraction (XRD) patterns were collected by

the procedure described previously . The lattice

parameter was calculated with the Unitcell program'

by indexing the XRD reflections using SiO, (PDF # 33-
1161) as the internal standard.

2 Results and discussion

The XRD patterns of Zr, _M,WMoOg_,, (M=Er, Tm,
Yb, Sc, In, Ga, Al) solid solutions displayed in Fig.1 (a)
can be well indexed to the structure model of cubic
ZrWMoOs (Space Group: Pa3!", hereafter denoted as 8-
Zr; _M,WMoOy _,, solid solutions). The similar XRD
patterns obtained for Zr; M,\W,0;_» (M=Sc, In, Ga, Al)
solutions are shown in Fig.1(b), but the substitution of
the Mo by the second W ion in these cases leads to
occurrence of a 310 diffraction of super-structure,
which is related to an ordered structure characteristic
for a-ZrW,05 type (Space Group: P2,3"; denoted as a-
Zr M, W,0s_ solid solutions).

As shown in Fig.2, the lattice parameter a for all
the solid solutions varies with the substitutions M** and

the substituted concentration of M**, a™. The exhibited
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Fig.1  XRD patterns of (a) Zr'WMoOg and ZryeMqp WMoO;0s;
(b) ZrW,04 and ZrgeMgp;W,0705 solid solutions at

room temperature
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Fig.2 Dependence of lattice parameter a on M*
concentration x™ for solid solutions (a)
B-Zr, M\WMoOs..» (M=ErO, Tm ¥, Yh®,
Scll.InA,Ga® Al[ ])and (b) o-Zr; M, W,05
(M=Eu¥ ,ErO,Yh@®@,ScHll, InA, Ga®, AlC])
at room temperature
dependence of lattice parameter on a™ can be
described by Vegard equation (1) when xy<x,", a
“threshold”, above which lattice parameter approaches
to a constant * corresponding to the saturated
solubility of the solid solutions (Table 1):
aﬁM — aﬁ() + SﬁM . xM e "
a" = a +SM e M (e<x’) @)
Where the lattice parameters for 8-Zr, M, WMoOs_,

and a-Zr, M, W,05_» solid solutions are noted as ag" and

a, respectively. They are dependent of substitution
M**. @’ (914.15 pm) and a,” (915.68 pm) are lattice
parameters of ZrWMoOg and «-ZrW,0; at room
temperature. The slopes Sg" and S, are characteristic
parameters for the dependence of lattice distortion on
the M** ionic radii involved in the B-Zr,_M,WMoOj_,,
and a-Zr; M, W,0s_,» solid solutions, respectively.

A close inspection of Fig.2 (ref Table.1) reveals
that the slopes Sg" and S, of Vegard equations (1)
appear to be a function of the difference in radius, Ar,
and the charge change, AZ, of the ions involved M** and
can be described by equations (2):

Sg" = CaAr-CpAZ 2
SM=CuAr-C,AZ

where Ar=r(M*)—r(Zx*), AZ=Z(M*)-Z(Zx*)=—1, Cg, Cp,
and Cy, Cy are constants related to the relative size and
charge difference of with respect to Zr*.

Fig.3 demonstrates the linear dependence of Sg" or
S on Ar. It indicates that the Vegard slope is not only
dependent on the difference of ionic radii Ar, but is also
affected by the electronegativity difference between the
substitution and substituted cations even as expatiated
by Lubarda for alloy®. Based on the argument, Sg" or S,
of the investigated solid solutions are divided into two
groups denoted as Sg* (M=A=Al, Ga, In) and S5 (M=
R=Er’*, Tm**, Yb**, Sc**) with constants Cg", Sg* and
Cy", Cg®, respectively, according to the closeness in
electronegativity. The analogous correlation is also valid
for S, which is divided into S,* and S.® with constants
Ch, Cot and C&, CLt

It is interesting that the values of C,* are larger
than that of C,* (v is a sign of a or B) in a-Zr, _,
M, W,0s_,, or B-Zr; M, WMoOs_,, as shown in Fig.3. This

phenomenon seems to be correlated to the fact that the

Table 1 Solid solubilitys x," and Vegard Slopes S;* and S,™ for B-Zr,_ M,WMoOs_,, and

o-Zr, .M, W,0s_, solid solutions

M Eu Er Tm Yb Se In Ga Al
r(M*)" / pm 94.7 89.0 88.0 86.8 74.5 80.0 62.0 53.5
2" (B-phase) / 0.037 0.035 0.033 0.018 0.036 0.021 0.015
S/ pm / 1.0 26 25 216 104 _155 190
%" (a-phase) 0.016™ 0.033 1 / 0.044 14 0.063 0.044 0.036 0.033
S/ pm 0.7 -10.3 / -16.5 -27.1 -21.2 -9.3 -9.6

*Shannon radius refers to ref!™.
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Fig.3 Dependence of S, (the subscript v is a or 8) on Ar

in B-Zr, _M,WMoOg_,(M=Er, Tm, Yb, Sc, In, Ga

and Al legend as O), and a-Zr, M,W,0;_,,

(M=FEu, Er, Yb, Sc, In, Ga and Al, legend as H)
electronegativity difference of the elements in the R
group is larger than that in the A group with respect to
that of O element. In other words, the ionicity is greater
between M** and O*” ion, the lattice distortion owing to
the difference of the ionic radius (Ar) is larger.

However, it is noticeable that the contrary sign of
C," and Cp" in Fig.3 is related to the different matrixes
(ordered a-ZrW,0;3 and disordered B-ZrWMoOyg). The
different properties in the two kinds of matrixes will be
discussed in the last section.

When Ar=0, C,,* or C,® (v is a sign of « or B) in a-
Zr; MW,0z5 . or B-Zr, M ,WMoOyg _,, which are the
intercepts on the Vegard slope axis in Fig.3, reflects the
effect of the introduction of the aliovalent substitution
on the defect of My in the lattice. The effect is that a
half amount of oxygen vacancy defects [’

with double positive charge is introduced in the
lattice to maintain the neutrality of the crystal, and the
lattice volume is reduced because of the association of
the oxygen vacancy defects!"”. As shown in Fig.3, it is
the evidence for C,,">C,," that the interaction of oxygen
vacancy in the solid solution substituted by the M** in R
group is stronger than that of the M** in A group. The
association of the oxygen vacancy dominates the
contraction of the lattice volume although some radii of
M?* are larger than that of Zr*.

It is reasonable to suggest that the contrary trend

of the Vegard slope Sg* from S,* in Fig.3 might be

caused by the additional lattice distortion Aag_"=a,’-
ag” upon conversion of B-ZrW,04 to a-ZrW,05 as well as
associated with the change of the parameter w/" in
orientational order degree of 2|WO,] tetrahedral pair in

a-ZrW,0gdefined as?+*)

[(]310/1210)Zr M W, 0, ]T
M - 1y Wals 3
or \/ [(131()/[210)21»W'20x]298 K ( )

Where ,w" is the order degree parameter of

2 [WO,] tetrahedral pair orientation in a-ZrW,0y
structure; I, represents the integrate intensity of hkl
diffraction.

(3) by
determining the relative XRD intensity dependent of

The w;" is deduced from equation

concentration x™ of the solute and the dependence of
Wz k" on x¥ is shown in Fig.4, where wys (" linearly
related to the concentration™ of M** in solid solution
describes as equation (4):
wygM = 1-CMM 4)
The slope CY can be understood as a structural
parameter associated with substitution defect My. This
defect is thought to be surrounded by disordered
tetrahedral pair 2|WO,] to form a local cluster. The total
volume of cluster decreases with increasing the ionic
radius. Hence, the slope i.e., C" will be different and
inversely proportional to the difference in radii of the
ions Ar=r(M?**)-r(Zr**). The orientational order degree
parameter @y is dependent of the species and
decreases with increasing the concentration x™ of
substitution defects®.
1) for o-
71, _M,W,04_,, solid solutions can be derived from that
1.1
1.0
09 r
0.8 -

2
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S 06 ® 71, Br,W;04..» Slope: -10.5
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0.5 v Zr1,S¢,W,0s..» Slope: -14.5
« Zr,In,W,04.,» Slope: -12.7
0.4 » 711, Al,W,0s.., Slope: -4.0
03 * Zr,,Ga,W,0s.., Slope: -2.5

02 . . . . ,
-0.00 0.00 0.01 0.02 0.03 0.04
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Therefore, the Vegard equation

Data of a-Zr, M, W,0s_»(M=Er, Yb) refer to Ref.2d

Fig.4 Relative order parameter (w"ys¢) as a function of

the concentration of M* in Zr,_M,W,Os_»
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of B-Zr;_M,W,0z_» by including the contribution from
the lattice increment Aag ,,° and orientational order
parameter wyg " induced by different substitution
defect My, i.e,

a = aﬁ’M+w298 KMAaﬁLO(O

= ag"+ Sp"M+(1-C"M)Aag

= a, +HSp"-CAag ) &M 5)
Where subscript B’ denotes B-Zr; _.M,W,05 _n;
Aag_,"is 0.82 pm.

Comparing equations (5) with (1) the relationship
between S, and Sz™ presents as:

S = S5M-CMAgy 0 ©6)

Consequently the lattice distortion of «-
Zr; M, W,0; _,» solid solution not only results from the
different relative size and charge change between M**
and Zr** ions but also from the orientational order
degree change of the tetrahedral pair 2[WO,]. Equation
(6) also can interpret the opposite sign of C," against
Cs" in Fig.3 that the additional contribution C¥Aag " of
S, enhances the lattice distortion of a-Zr; M, W,05_»
than Sg* of B-Zr;_M,W,0g_», especially the minus slope
of S, results from the larger slope of the dependence of
wys " on a™ for a-Zr; _In,W,0g _» than that of «-

Zri M, W,05_» (Ga and Al) solid solutions.
3 Conclusions

Two series solid solutions of B-Zr; .M, WMoOs _
(M=Er, Tm, Yb, Sc, In, Ga, Al) and a-Zr;, M, W,0; .
(M=Sc, In, Ga, Al) were synthesized. The former has the
B-ZrW,0; structure with disordered orientation of 2
[WO,] pair, while the latter has the a-ZrW,0y structure
with certain ordered 2 [WO,] pair orientation. For both
series of solid solutions, the decrease in lattice
parameter (a) with the increasing concentration of the
substitutions can be expressed by Vegard equations;
and the limited solid solubility of the solid solutions is
threshold of the

concentrations. The slopes S, and S5 of Vegards

determined by the dependent
equations are specific parameter characteristic for the
dependence of lattice distortion on the M* ion. There is
a linear dependence on the difference of ionic radii
among the elements in the same group of the periodic

table of elements. The lattice distortion is proportional

to the ionicity between M? * and O* = for PB-
Zri .M, WMoOg_,, and a-Zr;_M,W,0¢_» The orientational
order degree also enhances the lattice distortion of a-
Zr, M, W,05_» additionally. The minus Vegard slopes
Stand Sg" despite the positive C,; (v denotes a or B)
and Ar prove that the association of the oxygen
vacancy dominates the contraction of the lattice

parameters.
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