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Phase equilibria in the Nd203-MoO2-MoO3 system have been investigated at 1273, 1473, and 1673°K 
under a controlled gaseous atmosphere with emphasis on the formation and stability of ternary phases. 
New fluorite-related compounds of molybdenum VI and V have been characterized: Nd6Mo012, 
Ndl0Mo202~, and NdaMoO 7. In the MoO2-rich portion of the phase diagram a new cubic-related 
molybdenum IV compound, Nd2Mo3Oa, has been found. On the basis of phase equilibria at 1473°K, 
the standard free energies of formation of NdzMoOs, NdaMoO7, Nd6MoO~2, and Nd2MoO6 were 
determined from metallic molybdenum, Nd2Oa, and oxygen. The role of the rare earth element in 
selective oxidation of molybdenum and crystal chemical properties of the ternary compounds is 
discussed in relationship to the neighboring systems of praseodymium and samarium oxides. 

Introduction 

In previous work it has been .shown that 
the oxidation states IV, V, and VI of mo- 
lybdenurn in mixed rare earth oxides are 
strongly stabilized against reduction 
through the rare earth element (1, 2). In- 
vestigation of several rare earth-molybde- 
num-oxygen systems indicates that molyb- 
denum can be selectively oxidized by fixing 
the oxygen partial pressure and choosing 
the rare earth element (3). In the present 
study phase equilibria in the Nd2Oz-MoO 2- 
MoO3 sys tem have been established be- 
tween 1273 and 1673°K under varying oxy- 
gen partial pressure ranging from 10 -5 to 
10 -~4 atm. 

On the pseudobinary line Nd203-MoO3, 
the following new fluorite-type compounds 
were identified as stable phases for 
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Nd20~/Mo = 3/1, 5/2:Nd6MoO12 and 
Ndt0M020~. Two new molybdenum V 
compounds have been characterized for the 
ratio Nd2Oa/Mo = 3/2, 1/2: Nd3MoO 7 and 
NdMoO4. In the molybdenum-rich portion 
of the phase diagram, two compounds have 
been found for the molar ratio Nd203/Mo 
= 1/2 and 1/3:Nd2M0207 and Nd2MoaOa. 
Stability ranges of all compounds have 
been determined and are compared to those 
observed in the neighboring systems. The 
role of the rare earth element in selective 
oxidation of molybdenum to oxidation 
states IV, V, and VI is discussed. Based on 
the phase equilibria at 1473°K, the standard 
free energies of formation of Nd2MoOs, 
Nd3MoO7, NdeMoO12, and NdzMoO6 have 
been determined. X-ray diffraction data are 
given for all compounds. Their structural 
relationship to the homologous compounds 
formed in the systems with La, Pr, and Sm 
is discussed. 
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Experimental 

1. Materials 

Starting materials were neodymium ses- 
quioxide (Rhtne-Poulenc, 99.9%) and mo- 
lybdenum powder obtained by reduction in 
hydrogen at 12730K of the molybdenum 
(VI) oxide (Merck, > 99.5%). Desired ratios 
of Nd~Oz/Mo were mixed in an agate mor- 
tar, pressed into pellets and sintered under 
controlled gaseous atmospheres at 1273, 
1473, and 1673°K. 

2. Apparatus and Procedures 

Heating was achieved in an electrical 
furnace with a temperature control of 
_5°C. Control of oxygen pressures was 
achieved by mixing carbon dioxide and 
hydrogen in various ratios. The oxygen 
partial pressure was measured by means of 
a solid electrolyte cell composed of 
(ZrO~)0.as(CaO)0.15. The difference between 
measured and calculated oxygen partial 
pressures was within +_0.10 in terms of log 
P02 in the range 10-5-10 -~4 atml The equilib- 
rium between condensed and gaseous 
phases was reached ,by oxidation and re- 
duction reactions. After equilibration, the 
samples were rapidly cooled. Heat treat- 
ments extended 3 or 4 days until equilib- 
rium was achieved and at least two heat 
treatments were performed. 

3. Analysis 

Phases were identified by the powder X- 
ray diffraction method with a Siemens dif- 
fractometer. The oxygen content of the 
samples after reaction was determined ther- 
mogravimetrically and the mean oxidation 
number of molybdenum deduced. 

Lattice parameters of all compounds 
were calculated from Debye-Scherer dif- 
fractograms (calibrated with KCI) using 
nickel-filtered CuKa radiation (h = 1.5405 
/~). Data were refined by least-squares 
computer program. Reported intensities 
were derived from relative peak heights. 

Results 

1. Phase Equilibria 

Figure 1 shows phase equilibria in the 
Nd~O3-MoO2-MoOa system at 1273°K. 
Stable phases under the present experimen- 
tal conditions were found for the molar 
ratios Nd2Oa/Mo:3/1,  5/2, 1/1, and I/3 
corresponding to formulas NdtMoOl~, 
Nd10Mo~O21, Nd~MoOt, and Nd2(MoO4)a 
on the pseudobinary line Nd~Oz-MoO3, 
and to formulas Nd~MoO5 and Nd~MosOa 
on the pseudobinary line Nd~Oz-MoO2. 
For the ratio 1/1 a molybdenum V + VI 
compound, Ndl~MotOas, forms between 
Nd2MoO5 and Nd~MoO6. A molybdenum 
V compound, NdsMoO7, forms for the ratio 
3/2 and for the ratio 1/2 a molybdenum 
V compound with scheelite structure, 
NdMoO4 has been observed. 

Phase equilibria are significantly different 
at 1473°K. A portion of the phase diagram 
between 1273 and 1473°K has been pub- 
lished in a preliminary study (4). Figure 2 
shows that the scheelite phase is no longer 
stable whereas the molybdenum IV com- 
pounds Nd2MoO5 and Nd2Mo3Oa are still 
observed. Stability ranges in terms of oxy- 
gen partial pressure of the observed com- 
pounds at 1273°K and 1473°K are listed in 

Nd203 

Nd2MoOs Nd2MoO6 

Nd2MO309 Nd2MO3012 ~ 
003 

MoO 2 I~oO 3 

FI~. I. The Nd2Oa-MoO2-MoOa isotherm at 
1273°K. 
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Nd203 

~ N d 6  M0012 

y ~ MoOa 

MoO2 MOO 3 

FIG. 2. The Nd2Oz-MoO2-MoOz isotherm at 
1473°K. 

Table I. Pure neodymium oxide was stable 
in the pressure range applied: 10-5---10 -14 
atm. Phase relations and stable phases at 
1673°K are represented in Fig. 3. The oxy- 
gen partial pressures necessary to produce 
these equilibrium relations have not been 
determined very precisely at this tempera- 
ture and are not reported here. The num- 
bers on all figures refer to - log  p% (atm) 
and are given with an accuracy of __0.1 
in terms of log P02. 

Composition of all phases was deduced 
from phase equilibria results. In the neo- 
dymium-rich portion of the phase diagram, 
all phases could be prepared as pure corn- 

Nd203 

Nd6Mo012 
NdIoM02021 

Nd2M°O5 
Ndl 2 M060~15 ~ 

Nd2M*20 

MoO 2 MoO z 

FIG. 3. Portion of the phase diagram of the Nd20~- 
MoO2-MoO3 system at 1673°K. 

pounds. Since rapid oxidation from Mo to 
MoO 2 takes place even under very low 
oxygen partial pressures it was more 
difficult to deduce from isobaric paths the 
exact composition of the cubic-related 
phase in the MoO2-rich portion of the phase 
diagram. Owing to its very narrow stability 
range, the scheelite compound could not be 
obtained as a single phase. However, its 
powder pattern could be indexed satisfacto- 
rily. 

2. Calculations of the Standard Free 
Energies of Formation of Nd2Mo05, 
NdzMo07, Nd6MoOx2 and Nd~Mo06 

On the basis of the present phase equilib- 
ria, the following standard free energies of 
formation have been determined at 1473°K 

TABLEI 

STABILITY RANGESIN TERMSOF-logpo2(atm) 

1273°K 1473°K 

Compound Lower limit Upper limit Lower limit Upper limit 

NdoMoO~ 12.2 -0 .7  (in air) 9.1 -0 .7  
NdloMo2021 11.8 -0 .7  8.9 -0 .7  
NdzMoO6 10.2 -0 .7  8.1 ~0.7 
Nd2(MoO4)3 10.5 -0 .7  - -  - -  
NdzMoO7 13.9 11.7 11.6 8.3 
Nd=Mo6035 13.4 10.2 10.1 8.1 
NdMoO4 11.6 10.7 - -  - -  
Nd2MoO5 > 14 13.4 13.8 10.1 
Nd2MoaO9 > 14 12.8 > 13 9.8 
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from metallic molybdenum, Nd2Os, and 
oxygen: 

Mo + Nd203 + Oz. = NdsMoO5 (1) 

Mo + zaNd203 + ~-O2 = Nd3MoO7 (2) 

Mo + 3Nd2Os + ]O2 = NdeMoOl~ (3) 

Mo + Nd203 + ]O~ = Nd2MoO6 (4) 

The solid compounds of the system being 
pure phases, their activity is set equal to 
one in the following calculations. 

The equilibrated log P02 value connected 
with Eq. (1) was -13.8  and the standard 
free energy change referred to Eq. (1), 
AG°(1), was calculated to be -93.1 
kcal/mole of Nd~MoO~. 

For Nd~MoO7 the standard free energy 
change may be calculated using: 

NdzMoO~ + ½NdzO3 
+ K)s = NdzMoOr. (5) 

The value of logp0~ related to Eq. (5) was 
- 11.6 and the standard free energy change 
of Eq. (5), AG°(5), is calculated to be 
-19.56 kcal/mole of NdaMoO7. Adding 
AG ° (1) and AG°(5), the standard free en- 
ergy of formation of NdsMoO7 referred to 
Eq. (2), AG°(2), is -112.66 kcal/mole. The 
lowest oxygen partial pressure at which 
Nd6MoOn is in equilibrium with Nd~MoO7 
is 10 -*.~° atm at 1473°K. The standard free 
energy change, AG°(O, referred to the fol- 
lowing equation is calculated to be - 15.33 
kcal/mole of Nd6MoO~s: 

]NdsOz + Nd~MoO~ 
+ ¼0~ = Nd6MoOls. (6) 

By adding AG°(6) and AG°(2), the standard 
free energy of formation of Nd6MoOn re- 
ferred to Eq. (3) is - 127.83 kcal/mole. 

From phase equilibria, the formation of 
NdnMosO3~ is an intermediate step in the 
oxidation of NdsMoO~ to NdsMoO6 and the 
standard free energy change may be calcu- 
lated using 

6NdsMoO~ + ~O~ = Nd~Mo603~ (7) 

and 

~ N d I 2 M 0 6 0 3 5  + I~O~  = N d s M o O 6  (8 )  

The value of log P0s related to Eq. (7) and 
( 8 )  w a s  - 10. 15 and -8.15,  respectively; the 
standard free energy changes related to Eq. 
(7) and (8) were calculated to be AG°(7) = 
-171.2 kcal/mole of NdnMo6035, and 
AG°(8) = -4 .58 kcal/mole of NdzMoO6. 
By adding ~ AG°(7), AG°(8), and AG°(1) we 
obtain the standard free energy of  forma- 
tion of Nd~MoO6, AG°(4), referred to Eq. 
(4), to be - 126.21 kcal/mole of NdzMoO 6. 

3. Radiocristallographic Analysis 
The binary compounds between NdzO3 

and MoOa are described first: NdoMo012 is 
isostructural with LaoMoOlz (5) and 
PrsMoOlz (3) and has the well-known 
rhombohedrally distorted fluorite structure 
of YeUOI~ (6). The hexagonal cell parame- 
ters of the rhombohedral cell are a = 
10.246(6) /~ and c = 9.672(5) A with V = 
879 A3 (Table III). The value ofc/a = 0.944 
is very close to the value of 0.9458 calcu- 
lated for the "ideal" rhombohedral cell (8). 
At 1673°K, NdeMoO~2 still exhibits rhom- 
bohedral symmetry like LaoMoO... and 
Pr6MoO~2. 

Nd~oMo202~ shows typical fee-type 
reflections which give a cell edge of a = 
5.520 (3)/~ and V = 168 A 3. The patterns at 

T A B L E  II 

SUMMARY OF THE STANDARD FREE ENERGY 
VALUES 

A G  ° 

Reaction (kcal/mole) 

(I) Mo + N~O3 + O) = Nd2MoO~ -93.10 
(2) Mo + IN~Os + ~ = NdaMoO~ - 112.66 
(3) Mo + 3 NdsOs + lOs = N~MoOI~ - 127.83 
(4) Mo + NdzOa + IO2 = NdsMoOs - 126.21 
(5) NdzMoO5 + ½N~O3 + K)s = NdaMoO) - 19.56 
(6) ~NdsOs + NdsMoOt + tOs = NdaMoO12 - 15.33 
(7) 6 NdsMoO5 + tO2 = NdlsMosOs5 -171.20 
(8) ]NdlsMosOan + "i~Os = NdsMoOe -4.58 
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1273 and 1473°K are cubic. After prolonged 
heating at 1673°K, a slight broadening of 
the [200] and [311] lines appears, which is 
distinct from the Kal-Ka2 splitting. This 
would indicate tetragonal symmetry. At 
1673°K one could have a pseudotetragonal 
cell with a =  b = 5.523 (3) A, c = 5.512 (3) 
~ ,  and V = 168 ~3. The two Mo VI 
compounds being very close in composition 
might explain why they have been confused 
(9). 

Nd2Mo06 (7) and Nd2(Mo04)3 (I0, I1) 
are well known and will not be described 
here. 

On the pseudobinary line Nd203-MoO2, 
compounds exhibit different structure types 
according to their composition: 

Nd2MoO 5, which has been described (1), 
is monoclinic like Yb2ReO5 with a = 7.756 
(5)/~, b = 5.823 (4)/~, c = 12.648 (6) A, and 
/3 = 107.85 °. These values are in good 
agreement with those published recently by 
other workers who prepared Nd2MoO5 by 
selective hydrogen reduction of Nd2MoO6 
at 1 i48°K (12, 13). The monoclinic cell can 
be related to a cubic fluorite cell as follows: 

aM = X/2 × aF, 

bM = aF, 

cu = 4 / V ~  x av (av = 5.5 /~). 

TABLE III 

X-RAY POWDER DIFFRACTION DATA FOR Nd6MoO~ 

h k I dobs dcale I/Io 

0,0 3 3.22 3.22 35 
2 1 | 3.167 3.169 100 
2 1 2 2.751 2.756 38 
2 1 4 1.961 1.961 24 
4 1 0 1.937 1.936 23 
2 1 5 1.675 1.675 9 
4 1 3 1.658 1.660 18 
4 2 1 1.651 1.652 11 
0 0 6 1.611 1.612 2 
4 2 2 1.584 1.584 5 
4 2 4 1.378 1.378 4 

A relationship to fluorite cell can also 
be written for tetragonal Nd2MoO6: aT = 

3/4aF, CT = 3av (av = 5.3 /~). 
Nd2Mo207 is a high-temperature phase 

and forms only above 1473°K. The pow- 
der pattern shows very strong pyrochlore- 
type reflections like Sm2MO2OT, which 
give a cell edge of a = 10.437(7) A. How- 
ever, one weak line could not be indexed 
in the cubic system (Table IV), indicating 
that the true symmetry might be lower 
and orthorhombic or monoclinic like 
Nd2Ti207 (14) or Ca2Nb207 (15). Actually 
a single-crystal analysis has been under- 
taken and will be reported on later. 

Nd2Mo30a: Phase equilibria studies 
show formation of this compound for the 
ratio Ln/Mo = 2/3 and indicate that it is 
a molybdenum IV compound. The pow- 
der pattern shows very strong body cen- 
tered cubic reflections (Table V), All 
reflections could be satisfactorily indexed 
by doubling the cubic cell edge and intro- 
ducing a slight tetragonal distortion which 
led to a tetragonal cell with parameters: a 
= b = 21.327(9) •, c = 21.138(9) /k, and 
V = 9614(6)/~3. 

Finally the three compounds character- 
ized in the ternary system will be de- 
scribed. 

The NdMo04 phase exists only at 
1273°K (Fig. 1) and has been indexed in a 
tetragonal cell with a = 5.216(3) A, c = 

TABLE IV 

X-RAY POWDER DIFFRACTION DATA FOR NdzMo207 

h k I dobs dealt l/Io 

2 2 2 3.010 3.013 100 
- -  2.864 - -  4 

4 0 0 2.606 2.609 25 
3 3 1 2.391 2.394 4 
5 1 1 2.008 2.008 2 
4 4 0 1.846 1.845 28 
6 2 2 1.572 1.573 22 
4 4 4 1.506 1.506 12 
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TABLE V 

X-RAY POWDER DIFFRACTION DATA FOR Nd2Mo309 

h k I dobs deale I/1o 

3 2 1 5.71 5.69 100 
4 4 0 3.774 3.770 42 
3 2 6 3.033 3.027 4 
6 0 4 2.947 2.949 2 
6 4 2 2.850 2.848 71 
6 4 4 2.579 2.580 1 
2 1 9 2.282 2.280 7 

10 5 1 1.901 1.900 I0 
5 0 11 1.752 1.752 3 

11 1 10 1.425 1.425 5 

11.44(1) /~, and V = 311(7) A 3. These 
values are in good agreement with the lat- 
tice parameters measured for SmMoO4 
(3) and the scheelite-type compounds 
LnMoO4, known for the heavy rare earth 
elements (Ln = Gd-Lu,  Y) (16). 

Nd12Moe035 is a fluorite-type com- 
pound with an orthorhombic unit cell de- 
rived from single-crystal analysis: a = 
10.873(3) A,  b = 5.653(2) A,  c = 27,70(1) 
A, and V = 1518(1) A 3 (2). The  powder 
pattern consists of very strong fcc-type 
reflections and a few superstructure lines 
producing lower symmetry (Table VI). 

Nd3MoO7 is also fluorite-related and 
has been indexed in an orthorhombic c- 
centered cell like Nd3NbOl (17) with a = 
10.804(5) A, b = 7.505(2) A, c = 7.603(2) 
A, and V = 616 A a (Table VII). From 
these data the orthorhombic cell could be 
related to a cubic fluorite cell with bo, h --~ 
Corth = a F V ~  a n d  aorth = 2aF (aF = 5 .38 
A). This new molybdenum V compound 
has been found isostructural with the ho- 
mologous niobium V and tantalum V 
compounds (18). 

Discussion 

Phase equilibria results indicate that the 
most stable Mo VI compound against re- 
duction is NdoMoOx2 , corresponding to the 

TABLE VI 

X-RAy POWDER DIFFRACTION DATA FOR 
Ndl~MoeO35 

h k I dobs dcalc 1/1o 

1 1 5 3.51 3.52 4 
1 1 6 3.179 3.182 100 
3 1 2 2.962 2.962 4 
2 0 7 2.957 2.960 4 
0 2 2 2.753 2.755 43 
1 1 9 2.408 2.408 4 
4 1 2 2.402 2.403 4 
3 0 8 2.348 2.350 3 
4 1 3 2.345 2.348 3 
4 1 5 2.194 2.195 4 
3 2 2 2.193 2.193 4 
3 0 9 2.189 2.188 4 
1 2 7 2.162 2.162 6 
4 0 7 2.156 2.153 6 
2 2 8 1.947 1.947 62 
6 1 4 1.661 1.662 47 
6 1 6 1.591 1.591 12 
6 1 7 1.549 1.550 4 
0 4 4 1.377 1.377 8 

TABLE VII 

X-RAY POWDER DIFFRACTION DATA 

h k I dobs dca~e 

FOR NdsMoO7 

I/Io 

0 2 I 3.366 3.365 12 
2 0 2 3.115 3.109 100 
2 2 0 3.086 3.082 86 
3 1 1 2.990 2.986 9 
2 2 1 2.855 2.856 12 
4 0 0 2.704 2.701 15 
0 2 2 2.669 2.670 31 
3 1 2 2.469 2.469 2 
1 3 0 2.437 2.437 2 
4 2 1 2.104 2.106 7 
5 1 1 2.004 2.003 9 
0 0 4 1.901 1.901 43 
0 4 0 1.877 1.876 4 
5 1 2 1.822 1.822 6 
2 4 1 1.726 1.726 7 
2 2 4 1.618 1.618 17 
2 4 2 1.607 1.606 11 
4 0 4 1.554 1.554 7 
7 1 1 1.480 1.483 3 
2 4 3 1.452 1.452 3 
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highest ratio Ln/Mo. This has also been 
observed for the systems with Pr and Sm. 
From the values reported in Table I and the 
standard free energy values listed in Table 
II, one notes the small changes in AG ° from 
one compound to the other and the particu- 
lar stability against reduction of the molyb- 
denum V + VI compound NdlzMOtOas. 
Moreover, for all systems in which the 
fluorite-type phase LnlzMotOa5 has a large 
stability domain, isobaric paths show 
Lnz(MoO4)a to be more stable against re- 
duction than LnzMoOt. The very narrow 
stability range of the scheelite phase 
NdMoO4 might explain why it could 
not be prepared by the evacuated sealed- 
tube technique as can LnMoO4 (Ln = Y,  
Gd-Lu)  (/6). 

The phase diagram observed at 1473°K 
(Fig. 2) is characteristic for the Pr, Nd, 
and Sm systems, with the exception that 
under the experimental conditions no 
Ln~4Mo4Oza-type compound has been ob- 
served between Nd~0MozOzl and 
NdzMoOt. However,  stabilization against 
reduction depends essentially upon the na- 
ture and the size of the rare earth ion: the 
larger the ionic radius, the more molybde- 
num, in a given oxidation state, is stabilized 
toward low oxygen partial pressures. 

The size of the rare earth cation deter- 
mines also the structure type of the ternary 
compounds. 

From La to Nd, the fluorite-structure- 
related compounds, LntMoOx2 are rhombo- 
hedral, then cubic from Sm to Ho (3) and 
again rhombohedral from Er to Lu (19). It 
should be noted that for the tungstates, 
LntWO12, different structural classes have 
been found, depending on the size of the 
Ln z+ element (20). 

NdloMO202x is of fcc type, like 
Pr~oM02021 and Sml0Mo~O21. Compounds 
of this formula have been found from La to 
Tb. Allowing for the shifts in interplanar 
spacings due to the lanthanide contraction, 
one sees that the Lnt0MozOzl X-ray pat- 

terns are in fact identical to those of the 
cubic Ln6MoO12 compounds (Sm to Tb) but 
experiments show no evidence of a solid 
solution between Ln6MoO12 and 
Ln~oM02021. 

The molybdenum V compounds, Ln3 
MOO7, also related to the fluorite struc- 
ture are orthorhombic for La and Pr to Eu 
(3). For the heavier lanthanides, the tem- 
perature of formation gradually increases 
(>1473°K for GdaMoO r, -1673°K for 
TbaMoO7) and the compounds exhibit a 
defect fluorite-type structure. Investiga- 
tions on these new compounds will be 
published separately. 

NdeMosOa is isostructural with 
Sm2MoaO9 and occurs from Nd to Tb (3). 
The compound forms between 1273 and 
1473°K, but has not been observed at 
1673°K. As has been pointed out (3), the 
strong body-centered-cubic reflections (Ta- 
ble V) might indicate a structural relation- 
ship to the cubic KSbOs-type compounds 
which form for the same ratio L n / M  = 2/3, 
like La4RetO~9 (21) and isostructural com- 
pounds with M = Ru, Os (22). Moreover, 
the structure of these La4Re60~a-type 
phases is characterized by very short Re-  
Re distances indicating metal-metal bond- 
ing. Many of the molybdenum IV com- 
pounds which have been investigated show 
also Mo-Mo bonding as in MoOz, 
MzMo300 (23), and Ln2MoO 5 (1). 
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