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The reaction of Nasicon-related NbTiP,O,, (Nasicon = NaJr,Si,PO,,) with elemental iron to give 
materials of composition Fe,NbTiP,O,, (0.00 c x < 0.33) resulted in the incorporation of Fez+ in a 
distribution of similar environments within the type I octahedral interstitial sites. The decidedly 
positive 57Fe Mossbauer chemical isomer shifts are associated with the longer distances between the 
highly ionic Fez+ species and the oxygen atoms which define the interstitial sites. Heating of the 
materials in air induced the migration of Fez+ from the type I sites to the surface where they were 
oxidised and formed a macroscopic iron(rri) oxide phase. The reaction of NbTiP,O,, with elemental 
tin to give materials of composition Sn,NbTiP,O,, (0.00 < x 6 0.50) also resulted in the 
accommodation of Sn2+ within the type I sites. The highly positive Snz+  Mossbauer chemical isomer 
shifts are interpreted in terms of the presence of highly ionic Snz+ species. Thermal treatment in air 
induced the migration of the Sn2+ ions from the type I sites to the surface where they were oxidised 
to a discrete tin(tv) oxide phase. Compounds of composition Fe,,,~,Sn,NbTiP30,, (0.00 < x < 0.25) 
have been prepared and the Fe2+ and Sn2+ ions found to occupy the same sites as in Fe,NbTiP,O,, 
and Sn,NbTiP,O,,. 

Compounds of composition A1M1V2P30, have structures 
which involve the corner sharing of PO, tetrahedra with MO, 
octahedra thereby producing a three-dimensional linked 
channel network in which the A ions can be 10cated.l~ The A 
ions can occupy two different types of sites within the channels3 
The type I sites have a distorted octahedral co-ordination and 
are situated between two M06 octahedra along the c axis to 
produce ribbons of O,MO3AO3MO,. The type I1 sites are 
larger with eight to ten co-ordinating oxygen ions and are 
located between the ribbons. The structure is amenable to 
substitution on the A, M or phosphorus sites and a wide range 
of isostructural materials can be formed. The occupancy of the 
types I and I1 sites can also be varied from four to zero. For 
example, the compound Na3Zr2Si2P0, ,, Nasicon, has sodium 
ions in both types I and I1 sites and has attracted considerable 
interest because of its high sodium-ion mobility. ' y 2  

The white compound of composition NbTiP30, , with 
vacant types I and I1 sites also adopts the Nasicon-type 
structure and has been shown to be capable of direct reaction 
with several electropositive metals to give blue-black solids in 
which the metallic species are envisaged as being incorporated 
within the vacant sites.' We have recently shown6 that the 
reaction of NbTiP,O,, with elemental iron and tin to give 
compounds of the type Feo.33NbTiP3012 and Sn0~,NbTiP,Ol2 
involves the incorporation of Fe2 + and Sn2 + within the octa- 
hedral type I sites of the NbTiP,O,, structure. In this paper we 
report on the examination of these materials by transmission- 
mode s 7Fe- and ' lgSn-Mossbauer spectroscopy to examine 
the location of the divalent metallic species incorporated within 
the channels, and also by conversion electron Mossbauer 
spectroscopy to examine the nature of the tin and iron in the 
surface layers of the solids. The effect on the incorporated iron 
and tin of heating in air has also been investigated. 

Experimental 
The compound NbTiP,O,, was prepared by the sequential 
heating of a stoichiometric mixture of niobium(v) oxide, 

titanium(1v) oxide (Anatase) and ammonium dihydrogen 
phosphate in air at 200 (12), 600 (6), 900 (15), 1000 (5) and 
finally at 1300 "C (4 h). Iron and tin were incorporated into 
NbTiP,O, , to give materials of composition Fe,NbTiP,O,, 
(0.00 < x < 1.00), Sn,NbTiP,O,, (0.00 < x < 1.00) and 
Feo.25 -,Sn,NbTiP,O,, (0.00 < x < 0.25) by heating NbTiP,- 
0, , with the appropriate powdered elemental metals, or 
with mixtures of metals, at 900 "C (24 h) in evacuated sealed 
quartz tubes. Compounds of composition Fe0.25 -,Sn,Nb- 
TiP,Ol2 (0.00 d x < 0.25) were also prepared by heating 
Feo.,5NbTiP,0,2 or Sn,NbTiP,O,, with the appropriate 
amounts of powdered elemental tin or iron at 900 "C (24 h) in 
evacuated sealed quartz tubes. Samples of Fe,~,,NbTiP,O,, 
and Sno~50NbTiP,01 , were subsequently heated in air at 
temperatures between 50 and 1000 "C (12 h). 

Mossbauer spectra were recorded with a microprocessor- 
controlled Mossbauer spectrometer using s 'Co-Rh and 
Ca'lgmSnO, sources. The drive velocity was calibrated with a 
57Co-Rh source and a natural iron foil. All the '7Fe Mossbauer 
spectra were computer fitted by constraining the areas of the 
peaks representing each doublet to be equal and with all peaks 
of equal linewidth. The "Fe Mossbauer isomer shifts are 
referred to a-iron and the "'Sn Mossbauer isomer shifts to 
tin@) oxide. Conversion electron Mossbauer spectroscopy 
(CEMS) was performed with a parallel-plate avalanche counter 
filled with acetone at a pressure of ca. 60 Torr ( = 7980 Pa). The 
samples were suspended in acetone and then transferred to the 
conducting berylium counter cathode where, on evaporation of 
the acetone, they formed a thin and even layer. 

X-Ray powder diffraction data were recorded with a Siemens 
D5000 diffractometer using Cu-Ka radiation. 

Titanium K-edge XANES (X-ray absorption near-edge 
structure) spectra were recorded at the Daresbury Synchrotron 
Radiation Source operating at an energy of 2.0 GeV and an 
average current of 200 mA at station 7.1 (titanium K-edge, 
4965 eV). 

t Non-SI unit employed: eV z 1.60 x lo-'' J. 
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Results and Discussion 
Compounds of Composition Feo.33NbTiP301 ,.-The reaction 

of white NbTiP,O, , with elemental iron gave blue-black 
powders, Fe,NbTiP,O,,. Materials in which x 60.33 were 
shown by X-ray powder diffraction to be similar to those 
previously obtained., The variation of the lattice parameters 
with increasing iron content is shown in Table 1. Materials 
prepared from reactants in which the iron content exceeded 0.33 
were found by X-ray powder diffraction to be multiphasic and 
contained iron phosphate phases which precluded rigorous 
interpretation of the diffraction data. 

The transmission-mode ' 7Fe Mossbauer spectrum recorded 
at 298 K from the material of composition Feo,,,NbTiP,O,, 
(Fig. 1) was best fitted to five partially superimposed 
absorptions designated as A-E. The 57Fe Mossbauer 
parameters are collected in Table 2. 

The spectrum is dominated by the Fe2+ components C-E 
which amount to ca. 90% of the total area of the spectrum. Our 
previous structural study6 by analysis of the X-ray powder 
diffraction data using the Rietveld method showed that the 
incorporated iron is located only in the octahedral type I sites. 
The 57Fe Mossbauer spectrum shows that iron is predominantly 
incorporated as Fe2 + over a distribution of approximately 
octahedral sites. We associate the adoption by Fe2+ of a 
distribution of octahedrally co-ordinated oxygen sites with the 
reduction of Nb5+ or Ti4+ in NbTiP3012 by electrons 
generated during the incorporation of elemental iron as Fe2+. 
The features observed in the titanium K-edge XANES spectra 
(Fig. 2) recorded from NbTiP,O,, and Fe,~,,NbTiP,O,, 
(which have been labelled A,, A,, B, C ,  D,, D, according to the 
literature 7-9) occurred at identical energies in both materials 
and are similar to those reported7-" for Ti4+. Since the 
presence of Ti3+ would cause a shift in the XANES values to 
lower energies the results suggest that the incorporation of 
iron as Fe2+ into NbTiP,O,, is accompanied by some 
reduction of Nb" to Nb4+. The consequence appears to be 
that the type I octahedral sites in NbTiP,O,, are trigonally 
elongated along [OOl] and share faces perpendicular to [OOl] 
with either NbO, or TiO, octahedra in which the cations may 
be Nb5+, Nb4+ or Ti4+. The presence of combinations of these 
cations of different charge appears to cause the displacement of 
the Fe2 + ions from regular octahedral oxygen co-ordination 
and is reflected by components C-E in the 57Fe Mossbauer 
spectrum. The result is consistent with the high thermal 
parameter for iron deduced by analysis of the X-ray powder 
diffraction data.6 The A (quadrupole splitting) value of the C 
site is similar to the A values observed in (Mg,Fe),(P04),,12 
while the A values of the D and E sites are significantly smaller. 
It is known that an increased distortion of the co-ordination 
polyhedra around a divalent iron species will increase the lattice 
contribution to the electric-field gradient and give smaller 
quadrupole splittings. Hence the smaller A values of the D and 
E components as compared to the C component may reflect 
more distortion around the Fe2 + species contributing to the D 
and E components of the spectrum. This distortion may be 
related to the presence of different Nb-Ti configurations, in 
different oxidation states, around the Fe2+ sites in the 
Fe,~,,NbTiP,012 structure. Component B of the Mossbauer 
spectrum is characteristic of Fe3+ and may be associated 
with a small amount of oxidised iron at the surface of the 
host lattice (see below). The component A is characterised by a 
large quadrupole splitting and we associate this with the 
presence of a small amount (ca. 5%) of Fe2 + in the type I1 sites 
or in an impurity phase which is also undetected by X-ray 
powder diffraction. 

The highly positive 57Fe Mossbauer chemical isomer shifts 
for the Fe2 + species 14'* '' in Fe,~,,NbTiP30,, may be 
associated with the average iron-oxygen distances of 2.376 8,. 
These distances are about 0.2 8, longer than normally found for 
Fe2+ when octahedrally co-ordinated to oxygen', and we 
envisage the presence of Fe2 + species which are highly ionic in 

Table 1 
Fe,NbTiP,O, , Lattice parameters recorded from materials of composition 

CI = b ( f O.O2)/A c ( f 0.03)/A 
NbTiP,012 8.56 21.98 
Fe,,,,NbTiP,O,, 8.60 21.78 
Fe,.,,NbTiP,O,, 8.61 21.51 
Fe,,,,NbTiP,O,, 8.61 21.45 

Table 2 Iron-57 Mossbauer parameters recorded from Fe,.,,NbTiP,- 
0, , at various temperatures 

TIK 
298 

199 

148 

124 

100 

77 

50 

30 

15 

Site 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 
A 
B 
C 
D 
E 

6 "I A " J  r1 Area 
mms-' mm s-' mm s-' (%) 
1.23 
0.38 
1.28 
1.31 
1.32 
1.34 
0.39 
1.37 
1.38 
1.40 
1.30 
0.40 
1.40 
1.41 
1.42 
1.30 
0.40 
1.42 
1.43 
1.43 
1.30 
0.40 
1.44 
1.45 
1.45 
1.29 
0.40b 
1.46 
1.47 
1.46 
1.22 
0.40 
1.47 
1.49 
1.46 
1.29 
0.40 
1.48 
1.49 
1.47 
1.29 
0.40 
1.47 
1.49 
1.47 

2.21 
1.03 
1.44 
1.03 
0.65 
2.25 
1.03 
1.65 
1.19 
0.78 
2.50 
1.03 
1.91 
1.38 
0.91 
2.5 1 
1.03 
1.96 
1.43 
0.96 
2.69 
1.03 
2.08 
1.59 
1.09 
3.42 
1.03 
2.18 
1.71 
1.22 
3.41 
1.03 
2.28 
1.92 
1.55 
3.42 
1.03 
2.34 
2.00 
1.69 
3.42 
1.03 
2.36 
2.04 
1.77 

0.35 
0.35 
0.35 
0.35 
0.35 
0.37 
0.37 
0.37 
0.37 
0.37 
0.39 
0.39 
0.39 
0.39 
0.39 
0.41 
0.41 
0.41 
0.4 1 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 
0.41 
0.36 
0.36 
0.36 
0.36 
0.36 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 
0.33 

4 
5 

16 
36 
38 
6 
6 

19 
34 
34 

5 
5 

18 
35 
37 

5 
5 

20 
36 
34 
4 
4 

21 
37 
34 

3 
3 

25 
43 
26 
2 
2 

28 
46 
22 
2 
2 

28 
46 
21 
2 
2 

25 
44 
27 

"The average errors in the Mossbauer parameters of site A are 
estimated to be f 0.08 mm s-', and f 0.03 mm s-' in the other sites. 

Fixed parameter in the fitting procedure. 

character and which interact only weakly with the surrounding 
oxygen atoms. 

The spectra recorded between 199 and 15 K (Fig. 1) also 
showed five absorptions. The spectra recorded between 148 and 
77 K were of similar shape but the two peaks enveloping the 
various components were broader than those recorded at higher 
or lower temperatures. In order to determine the changes 
occurring in the major components of the spectra, i.e. 
absorptions C-E, the following fitting procedure was adopted. 
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Fig. 1 

Since the quadrupole splitting of the minor high-spin Fe3+ 
species B is not expected to change with decreasing temperature, 
it was constrained to the same value in all the spectra recorded 
at different temperatures. This value was obtained from the 
fitting of the CEM spectrum in which the B species shows an 

Transmission-mode 57Fe Mossbauer spectra recorded from Fe,,,,NbTiP,O, at 15-298 K 

enhanced intensity (see below). The chemical isomer shift of the 
Fe3 + absorption was constrained to the value obtained from the 
spectrum recorded at 15 K. The intensity of the minor Fe3+ 
component B in spectra recorded at temperatures lower than 
298 K was constrained to be equal to that of the minor Fe2+ 
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Fig. 2 Titanium K-edge XANES spectra of (a) NbTiP,O,, and (b) 
Fe,, , ,NbTiP,O , , 

component A which has a comparable intensity at 298 K. The 
imposition of these constraints, although mitigating against the 
accurate identification of the Mossbauer parameters of the 
minor Fe2 + component A, enabled more facile computation of 
the more dominant Fe2+ components C-E. 

The values of the quadrupole splitting data for the Fe2+ 
components C-E increase with decreasing temperature 
according to the trends described in Table 2 and Fig. 3 and as 
expected for high-spin Fe2 + species. ' The quadrupole splitting 
is the net result of the lattice and valence contributions to 
the electric-field gradient. In the case of Fe2+ the valence 
contribution is the dominant contribution and as the 
temperature decreases the valence contribution to the electric- 
field gradient increases ', bringing about an increase in the 
values of A. 

The chemical isomer shifts (6)  for components C-E increase 
with decreasing temperature as shown in Fig. 4 and Table 2. The 
trend is a reflection of the second-order Doppler shift, indeed 
the observed linear dependence of 6 between 77 and 298 K gives 
a slope (7.9 x lo4, 7.2 x lo4 and 6.2 x lo4 mm s-' K-' for 
the C, D and E components, respectively) which compares well 
with the hypothetical value of 7.32 x lo4 mm s-' K-' which 
corresponds to the high-temperature limit of the Einstein 
model. 

The CEM spectrum recorded from Fe0~,,NbTiP,Ol2 is 
shown in Fig. 5. The data were best fitted to components similar 
to those identified in the transmission-mode spectrum. 
However, the intensity of the quadrupole split absorption €3, 
6 =0.39 mm s-', A = 1.03 mm s-', corresponding to the 
presence of Fe3+, was greatly enhanced (17% in the CEMS as 
compared with 5% in the transmission-mode spectrum). Given 
that the data recorded by CEMS emanate from the top 300 nm 
of the material under examination," the results suggest that the 
Fe3 + component in Feo,,,NbTiP3012 is located in the surface 
layers. The decrease in the contribution of the Fe2 + component 
C to the CEM spectrum as compared with that recorded in 
transmission geometry suggests that the Fe3 + in the superficial 
layers is located within sites which contribute to the C spectral 
component and, presumably, arises from the atmospheric 
oxidation of Fe2 +. 

Finally, we confirm that the Fe2+ components of the 57Fe 
Mossbauer spectra recorded from materials with iron contents 
less than 0.33 were similar to the data recorded from 
FeO., ,NbTiP,O 2. 

Heating of Fe,.,,NbTiP,O,, in air. The variation in the 
lattice parameters of Fe0.,,NbTiP30, following treatment in 
air is shown in Table 3. The results show that thermal treatment 
in air at increasing temperatures gives materials with lattice 
parameters approaching those of NbTiP,Ol2. The X-ray 

A 

A 

0 

0 

0 
0 

0 100 200 300 
TIK 

Fig. 3 Variation in the quadrupole splitting (A) for the Fe2+ 
components C (A), D (0) and E (0) with temperature 

1"": 0 

1.45 

1.35 k I 
1.25 

0 100 200 300 
TIK 

Fig. 4 Variation in the chemical isomer shift (6 )  for the Fe2+ 
components C (A), D (0) and E (0) with temperature 

powder diffraction patterns also showed the Feo~,,NbTiP,012 
to undergo partial degradation to NbPO, during the thermal 
treatment. The 57Fe Mossbauer spectrum recorded from the 
material following treatment at 100 "C showed five absorptions 
similar to those observed in Fe0~,,NbTiP,Ol2 (see above). 
Subsequent heating at 200, 300 and 400 "C gave brown solids 
from which the Mossbauer spectra showed additional sextet 
patterns (6 = 0.38 mm s-', A = -0.10 mm s-'; H = 51.9 T) 
characteristic 2o of a-Fe203. Taken together the results suggest 
that thermal treatment in air induces the migration of Fe2+ ions 
from the type I sites to the surface where they are oxidised to a 
macroscopic a-Fe203 phase. The variation in the intensities of 
the three main Mossbauer spectral doublets corresponding to 
Fe2 + as a function of heat treatment is depicted in Fig. 6. The 
results show that the migration of iron is almost complete when 
the materials are heated at 300 "C and is consistent with the 
variations in the lattice parameters (Table 3). The migration of 
Fe2 + ions under moderate thermal conditions (200-300 "C) to 
the surface where they oxidise and form a-Fe203 is consistent 
with the loosely bound nature of these species. 
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Fig. 5 CEM spectrum recorded from Feo.,,NbTiP,OI2 

100 200 300 400 
Heating temperature/'C 

Fig. 6 Variation in the spectral areas of a-Fe,O, (shaded) and Fez+ 
(dotted, ie. the sum of the spectral areas of components C-E) within the 
NbTiP,O structure with heating temperature 

Compounds of Composition Sn,NbTiP,O,, (0.00 .c x d 
1 .OO).-The X-ray powder diffraction patterns recorded from 
the blue-black compounds of nominal composition Sn,Nb- 
TiP3OI2 (0.00 < x < 1.00) were similar to that previously 
recorded from Sn,.,NbTiP,O,,. The c lattice parameter was 
found to increase with increasing tin content in the range 
0.00 < x < 0.50 whilst the a lattice parameter remained 
approximately constant (Table 4). The additional presence of 
metallic tin was observed in the X-ray powder diffraction 
patterns recorded from materials of nominal composition 
Sn,,,,NbTiP,O, and Sn, ~,,NbTiP30, 2 .  

The transmission-mode 19Sn Mossbauer spectra recorded at 
298 K from materials in the composition range 0 < x < 0.50 
were all similar (Fig. 7) and best fitted to a quadrupole split 
absorption characteristic of Sn2 + , which we associate with tin in 
one site designated as the A site, together with a singlet of 
similar area and also characteristic of Sn2 + which we associate 
with another site designated as the B site (Table 5). The 
possibility that the Mossbauer data could be interpreted in 
terms of two quadrupole split doublets with the large peak 
representing the superimposed high velocity components of 
the two species was examined. However, the need to apply 
additional constraints in order to achieve satisfactory 
convergence mitigated against the adoption of this model. The 
refinement of the X-ray powder diffraction data revealed the 
Sn2 + cations to be accommodated in the octahedral type I sites 
of the NbTiP,O,, structure with half of the centrally located 
species being displaced by ca. 0.3 A along [OOl]. Hence the 
quadrupole split absorption may be associated with the 
distorted co-ordination of half the Sn2 + species whilst the 
singlet component is indicative of the location of Sn2+ in a 

Table 3 Variation in lattice parameters of Fe,,33NbTiP,0,, following 
heating in air 

T/"C u = b ( f 0.02)/81 c ( k 0.03)l.A 
100 8.66 21.55 
200 8.61 21.61 
300 8.61 21.85 
400 8.60 21.86 

1000 8.61 22.05 

Table 4 Lattice parameters recorded from materials of composition 
Sn,NbTiP,O, 

X u = b ( k 0.02)l.A c ( _+ O.O3)/A 
0.00 
0.10 
0.15 
0.25 
0.33 
0.50 
0.66 
1 .oo 

8.56 
8.59 
8.60 
8.59 
8.58 
8.61 
8.59 
8.56 

21.98 
22.19 
22.33 
22.45 
22.56 
22.78 
22.79 
22.77 

regular octahedral site. The spectra recorded at 77 and 4.2 K 
were similar (Fig. 7). The displacement of only half the Sn2+ 
ions may be associated with the structural properties of 
NbTiP3012. It might be anticipated that Sn2+ occupies a 
central location within the type I site when it is linked by the 
sharing of the faces perpendicular to [OOl] to only TiO, 
octahedra or to only Nb06 octahedra. Statistically this would 
be expected to account for 50% of the type I sites. The remaining 
Sn2 + in type I sites might be expected to be displaced from the 
central position when the site is linked to one Ti06 octahedron 
and one NbO, octahedron. 

In such a situation the niobium or titanium ions adjacent to 
the Sn(A) sites would be expected to have slightly different 
atomic coordinates as compared to those linked to the Sn(B) 
sites. The higher Nb-Ti isotropic thermal parameter6 in 
Sn,~,NbTiP,O,, than in NbTiP,012 supports such an 
interpretation. However, the accommodation of Sn2+ in an 
undistorted site is unusual and suggests that the lone pair of 
electrons are primarily in the stereochemically inactive 5s 
orbital. This may be a reflection of the high cation repulsions 
which result from the rare location of this ion in a site which 
involves the face-sharing of octahedra containing very highly 
charged niobium and titanium cations. 

It is notable that the l19Sn Mossbauer chemical isomer shift 
data are more positive than those previously reported for Sn2 + 

in oxygen co-ordination. 14' The results are consistent with the 
refinement of the X-ray powder diffraction data recorded from 
the compound Sno.,NbTiP,O1 which showed the octahedral 
tin atoms to be surrounded by six oxygen atoms at 2.62 A and 
the remaining tin atoms to be co-ordinated by three oxygen 
atoms at 2.36 8, and three at 2.89 8,. Given that the four Sn-0 
bonds in SnO are 2.22 8, long,21 the more positive lI9Sn 
Mossbauer chemical isomer shift data can be attributed to the 
higher co-ordination of Sn2 + and the longer Sn-0 distances in 
Sn,.,NbTiP3OI2. Such Sn2+ species may be viewed as being 
highly ionic in character. The observed increase in spectral 
absorption at low temperature (Fig. 7) is indicative of a large 
difference in recoil-free fractions at 298 and 4.2 K and is 
consistent with the Sn2 + species weakly interacting with its 
surrounding oxygen atoms at 298 K. The values of 6 for 
both Sn2 + species in the compounds Sn,~2,NbTiP,0,2 and 
Sn,~,,NbTiP,012 are especially interesting. Indeed, the Sn2 + 

ion in the more regular of the two octahedral sites in these two 
low tin-containing materials has a chemical isomer shift 
approaching that predicted for an ideal stannous ion with a 
pure 5s' electronic configuration.22 

http://dx.doi.org/10.1039/DT9940001703


1708 

100.0 - 

99.5- 

99.0- 

98.5 - 

J. CHEM. SOC. DALTON TRANS. 1994 

100- 

99 - 
h s 
g 98- 

E 

v 

._ 
UJ 
.- 

2 97- 

I= 

96 - 

95 - 

100- 

98 - 

96 - 

94 - 

92 - 

Y 
TIK 

298 

+ . . -  

4.2 

* 

90 : I I I  I 1 1 1 1  I I I I I 
-2 0 2 4 6 8 10 

Velocity/mm s-' 

Fig. 7 Tin-119 transmission Mossbauer spectra recorded from Sn,,,NbTiP,O, at different temperatures 

The ' "Sn Mossbauer spectra recorded from the compounds 
Sn,~,,NbTiP,O,, and Snl~,,NbTiP30,, showed an additional 
single absorption, 6 = 2.58 mm s-', characteristic of metallic 
tin.'4c The results are consistent with the X-ray powder 
diffraction data and indicate that the upper limit in the amount 
of tin which can be accommodated within the channels of the 
NbTiP,O,, structures is reached at ca. x = 0.5. Given the 
XANES data described above which indicate that Nb5+ as 
opposed to Ti4+ in NbTiP,012 is reduced on the incorporation 

of metals as divalent cations, the material of composition 
Sn,.,NbTiP30,, corresponds to the situation where all 
the Nb5+ has been reduced to the tetravalent form. It would 
appear that the resistance of Ti4+ to reduction inhibits the 
incorporation of further amounts of tin. 

Finally, we would comment that the CEM spectrum recorded 
from Sn,~,,NbTiP,O,, was identical to that obtained in 
transmission mode. 

Heating ofSn,~,NbTiP,O,, in air. The variation in the lattice 
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Table 5 Tin- 1 19 transmission-mode Mossbauer parameters recorded 
at 298 K from materials of nominal composition Sn,NbTiP,Olz 

6 ( +_ 0.05)/ A ( ? 0.05)/ Area (%) 
X Site mm s-l mm s-l 
0.25 A 

B 
0.33 A 

B 
0.50 A 

B 
0.66 A 

B 
M 

1 .oo A 
B 
M 

3.44 
4.50 
3.49 
4.57 
3.12 
4.44 
3.18 
4.46 
2.54 
3.16 
4.45 
2.58 

0.68 46 
54 

0.65 47 
53 

0.66 45 
55 

0.61 38 
50 
12 

0.7 1 28 
39 
33 

350 400 450 500 1000 
Heating temperature/"C 

Table 6 
heating in air 

Variation in lattice parameters of Sn,.,NbTiP,O, , following 

T/"C a = b ( f O.O2)/A c (&O.O3)/A 
50 8.57 22.75 

100 8.57 22.73 
350 8.60 22.80 
400 8.61 22.84 

Table 7 
NbTiP,O, 

Lattice parameters of compounds of type Fe0.25-xSnx- 

Sample 
Fe, ., Sn ,, , ,NbTiP,O 8.59 22.26 
Fe,~,,Sn,~, ,NbTiP,O,, 8.61 21.90 
Fe,,, SSnO, , ,NbTiP,O,, 8.61 21.83 
Fe,,,,Sn,,,,NbTiP,Olz 8.61 21.74 

a = b ( k O.O2)/8i c ( & 0.03)/A 

parameters of Sn,.,NbTiP,O,, following thermal treatment in 
air is shown in Table 6. The results show that heating in air is 
accompanied by a change in lattice parameters towards those of 
NbTiP,O 2 .  The X-ray powder diffraction patterns showed 
evidence of the partial degradation of Sn,~,NbTiP,O,, to 
NbPO, and the formation of a tin(1v) oxide phase. The blue- 
black Sn,,,NbTiP301z changed colour during the thermal 
treatment and, following heating at 1000 OC, became white. The 
l19Sn Mossbauer spectra recorded from materials heated in air 
at increasing temperatures showed the steady development 
of an absorption (6 0.00 mm s-') characteristic of tin dioxide. 
The spectrum recorded from the material heated at 1000°C 
showed only the single absorption characteristic of SnO,. The 
variation in the spectral areas of the doublet and the singlet 
corresponding to Sn2+ in NbTiP,O,, as a function of the 
thermal treatment is shown in Fig. 8. The formation of the tin 
dioxide phase on the surface was visible by scanning electron 
microscopy. As in the case of the iron-doped materials, the 
results are consistent with the presence of a potentially mobile 
Sn2 + species within the channels of NbTiP,O,,. 

Compounds of Composition Fe,., - ,Sn,NbTiP301 
(0.00 d x < 0.25).-The lattice parameters of compounds of 
the type Fe,,,,-,Sn,NbTiP,O,, are collected in Table 7. The 
lattice parameters for a given composition were independent of 
whether iron and tin were incorporated within NbTiP,O,, 
simultaneously or by the reaction of iron with Sn,NbTiP,O,, 
or of tin with Fe0,25-,NbTiP3Ol2. Whilst the a lattice 
parameter remained constant for all these compounds the c 
lattice parameter varied linearly with composition as shown in 
Fig. 9. The results suggest that iron and tin occupy the same 

Fig. 8 Variation in the Mossbauer spectral areas of SnO, (shaded) and 
SnZ+ (dotted, i.e. the sum of the spectral areas of components A and B) 
within the NbTiP,O,, lattice with heating temperature 

21.50 / 1 I I I 

0.00 0.05 0.10 0.15 0.20 0. 
x (Fe content) 

1 

!5 

Fig. 9 Variation in the c lattice parameter of the compounds 
Fe0.25 -,Sn,NbTiP,O,, with x. The straight line corresponds to the 
best linear fit 

sites as in the compounds Fe,NbTiP,O,, (0.00 < x < 0.33) 
and Sn,NbTiP,O1, (0.00 < x < 0.50). 

The I9Sn Mossbauer spectra recorded from these materials 
were identical to those obtained from the compounds 
Sn,NbTiP,012 (0.00 c x < 0.50) and show both the singlet 
and doublet components as described above. The 57Fe 
Mossbauer spectra showed the three absorptions C-E with 
parameters similar to those obtained from the compounds 
Fe,NbTiP,O,, (0 < x < 0.33). The results indicate that there 
is no competition between tin and iron and that the Fe2+ and 
Sn2 + ions occupy the same locations as in iron- and tin-doped 
NbTiP3012. 
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