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Abstract 

Phase formation in the system Ti,Tal_,(O, N),, 
has been studied by ammonolysis of Ti-Ta gels pre- 
pared by the sol-gel technique, at temperatures 
between 600 and 1000°C. The observed phases were 
characterised by X-ray powder d@raction (XRPD), 
scanning electron microscopy (SEM) and thermo- 
gravimetric (TG) analysis. A monophasic oxynitride 
with composition Ti,Tat_,OI+,N,_, and with the 
anatase type structure was prepared at 600-65o”C 
for 0.52ix<O.87. The structure was verifiedfor the 
composition Tio.~~Tao.JzO~.~~N~.~~ (x = O-68) by the 
Rietveld method (RF= 3.0%) using CuKoll XRPD 
data. Electric conductivity and magnetic suscept- 
ibility measurements showed semiconductor and 
temperature-independent paramagnetic behaviour, 
respectively. A NaCI-type phase was obtained for 
O-52 5 x 5 1 at 900-1000°C. Its unit-cell volume 
varied both with metal composition and preparation 
temperature. Ta4N5- and Ta,-Nb-type phases were 
obtained for x50.34 at 1000°C. Their unit-cell 
volumes decreased with increasing x, implying that 
Ti is incorporated in the two types of structures. 0 
1997 Elsevier Science Limited. 

1 Introduction 

The present work is part of a programme the aim 
of which is to synthesise and characterise new 
transition metal (oxy)nitrides. In a previous inves- 
tigation, phase formation in the ZrxTai_x(O,N)y 
system was studied by ammonolysis of Zr-Ta gels.’ 
It was found that a solid-solution phase 
Zr,Tai-,Oi fX Ni_,, 0 < x 5 1, isotypic with the 
monoclinic modification of Zr02 structure, can be 
prepared at 800°C. The present work consists of a 

similar study of phases formed in the Ti,Tai_, 
(ON), system upon ammonolysing homogeneous 
gels containing Ti and Ta. 

The known (oxy)nitrides of Ta, with Ta in high 
oxidation states, include TaON, Ta3N5, Ta4Ns and 
Ta5N6.’ Most of the known Ti (oxy)nitrides are 
confined to compositions TiN, with n < l.* Phases 
isotypic with Ti,Ozn-i (n = 2, 3 and 5) have, how- 
ever, been obtained by heat treatment of mixtures 
of TiO2 and TiN in argon atmosphere.3 No Ti-Ta 
oxynitrides containing both Ti4+ and Ta5+ ions 
have been reported so far. 

2 Experimental 

The materials ammonolysed were gels containing 
Ti and Ta, with metal compositions of 15, 25, 34, 
52, 68, 76, 87 and 100 at% Ti. The gels were pre- 
pared by dissolving TaC15 (Aldrich) and Ti-iso- 
propoxide (Aldrich) in dry ethanol. The clear 
solution was stirred for 10 min and then hydrolysed 
by rapid injection of water. The amount of water 
corresponded to twice the amount of alkoxide pre- 
sent. Hydrolysis was carried out under neutral 
conditions by adding NH3 to the water, in an 
amount equivalent to the HCl formed by the dis- 
solution of TaC15. Xerogels were then obtained by 
evaporation of the solvent on a hot-plate. The gels 
were placed in small alumina crucibles and heat- 
treated in flowing NH3 gas at temperatures 
between 600 and 1000°C. An NH3 gas flow of l- 
2ml s-l was used, and the ammonolyses were 
ended by cooling the samples within the furnace to 
ca 100°C. 

A JEOL JSM-820 scanning electron microscope 
(SEM) with an energy-dispersive X-ray (EDX) 
microanalysis system LINK AN 10000 was used to 
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characterise the products. Metal compositions were 
determined by averaging 20 EDX point analyses. 
The statistical error in each EDX analysis was ca 1 
at%. 

The synthesised materials were characterised by 
their X-ray powder diffraction (XRPD) patterns, 
recorded with a Guinier-Hagg camera, using 
CuKoi radiation and Si as an internal standard. 
The patterns were evaluated with a film-scanning 
system. The relative proportions of the phases pre- 
sent were visually estimated from reflection inten- 
sity ratios. XRPD data for Rietveld refinements 
were collected on a STOE STADI-P diffractom- 
eter, using CuKclli radiation, a rotating sample in 
transmission mode and a linear position-sensitive 
detector covering 4.6” in 28. A local version of the 
DBW3.2S full-profile refinement program4 was 
used for the structure refinements. 

TG recordings were obtained with a Perkin- 
Elmer TGS-2 TG analyser, operated in air with a 
heating rate of 10°C min-‘. 

Magnetic measurements were carried out in a 
weak field ac-susceptometer (Lake Shore 7130) in 
the temperature range 1 l-320 K, using a magnetic 
field of 500 A m-l and a frequency of 707 Hz. 

3 Results 

SEM images showed the gels to consist of frag- 
ments, resembling crystallites, with a variation in 
size from 100 pm down to less than 0.1 pm. The 
nominal metal compositions were checked by EDX 
and found to be correct within 2 at%. No metal 
inhomogenities could be discerned and the stan- 
dard deviations of the EDX point analyses aver- 
aged 1.1 at%. The gels contained varying amounts 
of Cl, up to 20 at% relative to the metal content, 
originating from the TaC& precursor. The ammo- 
nolysed gels showed SEM images similar to those 
of the xero-gels, with the difference that the larger 
gel fragments were broken up and perforated. No 
metal segregation could be observed by EDX in the 
ammonolysed samples, including those found to 
consist of more than one phase by XRPD. This 
indicates either that the coexisting phases have 
essentially the same metal compositions, or that 
their spatial dimensions are considerably smaller 
than the dimension sampled in the analysis, ca 
0.5pm. The analyses showed no signal from pos- 
sible residual Cl. 

Guinier-Hagg powder patterns of the ammono- 
lysed gels showed that, under the experimental 
conditions employed, six different types of phases 
were formed: (i) phases isotypic with the (oxy)ni- 
trides TaON, Ta3N5, Ta4N5, TaSN6;‘15 (ii) a phase 
isotypic with anatase (Ti02);6’7 and (iii) cubic 
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NaCl-type phases with a nominal formula 
(Ta,Ti)(O,N),. The XRPD patterns of the phases 
generally exhibited broad Bragg peaks. Figure 1 
shows the phases, and their estimated relative 
amounts, observed at different preparation tem- 
peratures and Ti:Ta ratios. The results for pre- 
parations containing only Ta (x = 0) are from ‘. 

3.1 Phases isotypic with TaON, Ta& Ta,& and 
TaSNs 
A phase isotypic with monoclinic TaON was 
observed only in one Ti-containing sample, x = 0.15 
prepared at 8OO”C, together with a Ta3NS-type 
phase. Its unit-cell volume 127.2A3 is only mar- 
ginally smaller than that observed for TaON,8 
127.8A,3 and thus it cannot be concluded whether 
the phase contains Ti. 

An orthorhombic Ta3NS-type9 phase was 
obtained in preparations at 650 to 900°C. At 650°C 
it was obtained X-ray pure for x = O-1 5 and toge- 
ther with the anatase-type phase for 
0.25 5 x 5 O-34. Similar results were obtained at 
700°C. At 800 and 900°C it was found together with 
the cubic phase for 0.25 5 x 5 0.68 and 
O-1 5 5 x 5 O-34, respectively. The observed unit-cell 
parameters for the X-ray pure sample (x = O-15, pre- 
pared at YOO’C, a =6*898(l), b = 10.128(2), 
c = 10.218(2) A, V= 403.4 A3), are significantly dif- 
ferent from those of Ta3NS1 (prepared at 9OO”C], 
a = 3.8900(4), b = 10*224(l), c= 10*273(1)A, 
V=408e6A,3 indicating that at least 15% Ti can be 
incorporated into Ta3NS. The unit-cell volumes for 
the Ta3NS-type phase in the multi-phase materials 
with x>O.15 showed a further decrease wjth 
increasing overall Ti content, down to ca 400A,3 
suggesting that these phases may contain still 
higher amounts of Ti. The variation of the unit-cell 
volumes was not systematic, however, and showed a 
general increase of unit-cell volumes with prepara- 
tion temperature. Previous studies have shown that 
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Fig. 1. An illustration of observed phases at different pre- 
paration temperatures. Estimated relative amounts of the 
phases are indicated by the sizes of the symbols. Symbols in 
parentheses indicate traces. (e), Ta3NS; (v), Ta4N5; (A), 

Ta5N6; (O), TaON; (O), cubic NaCl-type; (IJ), anatase. 
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Ta,N,-type phases may contain anion vacancies 
(e.g. in Ta3N466& as well as cation vacancies 
(e.g. in Ta2.20Nb0.34N3.9201.08).5 The present 
observations may thus be taken to indicate non- 
stoichiometries in the Ta,N,-type phases in accord 
with previous reports. 

Phases isotypic with Ta4Ns (possessing an NaCl- 
related tetragonal structure with u = 6842(2) and 
c = 4*266(4) A, Y= 199.7 A)3 and TaSN6 (possessing 
a hexagonal0 structure pith a = S-178( 1) and 
c= 10,346(6)A, V= 240-3A)3 were obtained at 
1000°C. The sample with x = 0.15 contained 
Ta4N,-type with a minor amount of TaSNe-type, 
the sample with x = O-25 additional the cubic phase, 
and the sample with x=0-34 a mixture of the 
Ta,N,-type and the cubic phase. The derived unit- 
cell volumes for the phases are shown in Fig. 2 
together with the unit-cell volumes for TadNS and 
TaSN6.i Both phases show a linear decrease in cell 
volume with increasing x which indicates that they 
both can incorporate substantial amounts of Ti. 

3.2 An&we-type Ti,Tal_,Ol + xN1_,, 
032 5 x 5 0437. 
An anatase-type phase was observed at 600-700°C. 
Its powder pattern could be indexed with a body- 
centered tetragonal unit cell, with a = 3S3.9 A and 
c=9-5-lO.OA. It was obtained X-ray pure for 
0.52 5 x 5 O-87 at 600°C and for O-52 5 x 5 O-76 at 
650°C. The colour of the phase was dark green. At 
lower x values it was found coexisting with a 
Ta,N,-type phase and at higher x-values with a 
NaCl-type phase, the amounts of these secondary 
phases increasing with preparation temperature. At 
6Oo”C, the samples with x 5 O-25 were X-ray amor- 
phous and the sample with x =O-34 showed only 
one weak and broad line from the anatase phase. 
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Fig. 2. Unit-cell volumes of the Ta4N5-type phase (0) and 
the Ta5N6-type phase (a) versus x in Ti,Ta,_,; Ta4N5’ (o) ; 

Tad%’ (0). 

The derived unit-cell volumes for the anatase- 
type phase Ti,Tai_,Ol +xNi_, are shown in Fig. 3, 
together with the unit-cell volume for the anatase 
modification of TiO?. 6 A linear decrease in cell 
volume from 151.5A3 to 136.3 A,3 ca lo%, is 
observed when going from x = O-25 to x = 1, Such a 
decrease is in agreement with the replacement of 
Ta5+ ions by smaller Ti4+ ions. The a and c axes 
were thus found to decrease in a linear manner 
with the Ti content. The c-a ratios were similar to 
that of anatase, 2.52, varying between 2.51 and 
2.55. It should be noted that the data given in Fig. 3 
originates from multi- as well as mono-phasic 
samples The observed linear variation of the unit- 
cell volume with x thus suggests that the occur- 
rence of the anatase phase together with the other 
phases does not involve metal segregation, as no 
evidence of metal inhomogeneities was revealed by 
the EDX studies. TG heating runs of the anatase- 
type phases prepared at 650°C showed weight 
increases, beginning at 250°C and completed at 
65O”C, agreeing with the oxidation reaction 
Ti,Tai _xO1 + xN1 _,+Ti,Tai _x02.~.5x + (1 -x)/ 
2N2. Samples prepared at 600°C showed, however, 
ca 25% smaller weight increases, possibly because 
they were not completely converted to the anatase 
phase by the ammonolysis, and therefore contain an 
amorphous phase with a smaller nitrogen content. 

One of the samples (x =0.68, ammonolysed at 
650°C) was selected for further characterisations. 
The 0 2nd N contents were determined by the 
combc_ tion method. Given the nominal Ti:Ta 
ratio, the results of the analysis were consistent 
with the composition Ti0.6sTa0.3201.68(1)N0.32(1). A 
Rietveld refinement of the structure was carried 
out, using X-ray CuKczi diffractometer data, with a 
total of 12 parameters and 20 theoretical Bragg 
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Fig. 3. Unit-cell volumes of anatase-type Ti,Tal_,Ol +xN~_, 
versus x m Ti,Ta,_,; Ti0z6 (e). 



reflections for 28 < 83”. A collective temperature 
factor was used for the (Ti,Ta) and (0,N) atoms. 
The half-width of the peaks was 0.50 in 28 at 
28 = 47”. The refinement yielded RF = 3.0% and 
S = 1.4. Figure 4 shows the fit between the calcu- 
lated and observed patterns. A list of atomic co- 
ordinates and distances is given in Table 1, with the 
esd:s multiplied by 3.9 in order to account for serial 
correlation.1o The refinement confrrrns that the oxy- 
nitride phases T&Tar -xO1 + xNr _-x, 0.52 5 x 5 0.87, 
are isostructural with anatase. 

The electrical conductivity of a pressed rod of 
Ti0.68T~.3201.68N0.32 was measured between 186 
and 406K, by the 4-probe method. The conduc- 
tivity at room temperature was determined to ca 
4. 10d5 W’.rn-‘. The temperature variation of the 
conductivity could be described accurately by an 
expression for two thermally activated conduction 
mechanisms in parallel: 0 = aoAexp(-EA/ 
kT) + aonexp(-En/kT), with q,A = 0.20 52-l. 

aon- 6 lo- 52- :I 
‘, 

EA = O-238 eV and - . . 5 1. 1 

En = O-036 eV. The two conductivity component; 
may correspond to a a bulk conductivity and a 
conduction via grain boundaries. Magnetic sus- 
ceptibility measurements for Tio.6sTao.3201.68No.~~ 
showed a temperature-independent paramagnetic 
suceptibility of 2.2.10-9 m3.mol-r for T=70- 
320K. At lower temperatures, the magnetic sus- 
ceptibility increased with decreasing temperature, 
possibly due to paramagnetic impurities, reaching 
3.8.10W9 m3.mol-’ at 11 K. 

3.3 Cubic NaCl-type phases 
A cubic phase was obtained for all compositions at 

900°C. X-ray pure samples were obtained for 
0.52 5 x 5 1, while preparations with lower x values 
also contained the Ta3NS-type phase. The amount 
of cubic phase decreased at lower temperatures, 
accompanied by increasing amounts of Ta3N5-, 
TaON- and anatase-type phases, and at higher 
temperatures by Ta4N5- and Ta5N6-type phases. 
The cubic phase was obtained for x= 1 at all tem- 
peratures studied. The colour of the phase was 
black, except for x = 1 prepared at 900-lOOO”C, 
which was brown. The XRPD patterns of the 
phase could be indexed with a face-centered unit 
cell with a ranging between 4.2 and 4.3A. Cell 
constants for the cubic phases, obtained at differ- 
ent temperatures and compositions, are shown in 
Fig. 5 together with reported unit cell volumes for 
TiO (JCPDS No. 8-l 17) and TiN (JCPDS No. 38- 
1420). The cell constant is expected to decrease 
with increasing Ti content and number of possible 
vacancies on cation sites, and to increase with the 
N/O ratio. The increase of the cell constants with 
preparation temperature can thus be ascribed to an 
increase in the N/O ratio and/or a decrease of 
cation vacancy content. The comparatively con- 
stant a values for x < 0.52 at 1000°C may be con- 
nected with a Ti enrichment of the cubic phase. 

The X-ray monophasic cubic phases were oxi- 
dised in the TG unit. The measurements made 
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Fig. 4. Observed and difference intensity X-ray patterns of 
Ti0.6sTa0.3201.68N0.32. 

Fig. 5. Cell constants a(A) of cubic (oxy)nitride (Ti,Ta)(O,N), 
phases versus x in Ti,Tal_,; TiO (O), TiN (m). 

Table 1. Atomic co-ordinates and bond distances (A) for anatag-type Ti0.6sTa0.320 N , 68 ,, 32; space group 14Jamd; 0=3.838(l), 
c=9.618(5)A and Z=4 

Atom 

Ti,Ta 

0,N 
Ti,Ta- 

Mean 

Site 

4a 
8e 

0,N 
0,N 

X Y Z B/R2 

0 l/4 718 0.9( 1) 
0 l/4 0.085(2) 0.9( 1) 

4x1.958(4) 
2x2.02(2) 

1.98 
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Fig. 6. A polyhedral illustration of the anatase structure. 

some deductions possible, although the determined 
weight increase by itself is insufficient to determine 
the composition, since the oxidation states of the 
metal atoms in the cubic phases are not known. 
The weight increase began at ca 250°C for samples 
prepared at 650-800°C and was completed at ca 
500°C. For samples ammonolysed at 9O&lOOO”C, 
the weight increase commenced at higher tempera- 
tures, ca 400-500°C and a constant-weight plateau 
was not reached below 1000°C for x =0.87. The 
weight gain increased substantially with the sample 
preparation temperature, implying a higher nitro- 
gen and/or less cation vacancy content in samples 
ammonolysed at higher temperatures. Further- 
more, the observed weight increases were too small 
in general to correspond to an oxidation of either 
MN or MO, M=(Ti,Ta) compositions (assuming 
the end products to be oxides containing Ti4+ and 
Ta5+), implying the presence of cation vacancies. 
For x = 1 the data are consistent with e.g. compo- 
sitions Ties20 or Ti0.72N for the 650°C preparation 
and e.g. TIN . 0 . 0 58 0 42 and Ti0.s4N for the samples 
prepared at 900 and 1000°C. 

4 Discussion and Conclusions 

A polyhedral illustration of the anatase (TiOz) 
structure6,7 is shown in Fig. 6. The oxygen atoms 
form a distorted cubic close-packed array and the 
structure contains zig-zag chains of edge-sharing 
TiOs octahedra. Each Ti06 octahedron shares four 
edges. Two Ti-0 distances (along the c axis) are 
longer than the other four. Isostructural com- 
pounds are Ti0.s&r0.i~0211 and TiNF.12 Com- 

pounds isostructural with a-LiFe0213314 can be 
regarded as ‘stuffed’ derivates of the anatase-type 
structure. The idealised, ordered, structure of S’- 
Ti2N15 is an anti-anatase type. 

The present study, as well as the previous inves- 
tigation of phase formation in the Zr,Tai_,(O,N), 
system, shows that solid solution phases can be 
prepared that exhibit the substitution mechanism 
iV4+ + 02-+-+Ta5+ + N3- with M= Ti and Zr. The 
stability of the phases is partly connected with the 
strong ability of Ta to retain the oxidation state of 
+ 5 in (oxy)nitrides. In order to prepare the phases, 
it is very likely crucial that homogeneous starting 
materials are used for the ammonolysis, e.g. gels, 
since the phases form at comparatively low tem- 
peratures. 
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