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A wide variety of electropositive elements of the periodic table can be inserted into the vacant sites in
the host framework structure of hexagonal NbTiP;0,; (an analog of nasicon) to give rise to isostruc-
tural phases. Synthesis, characterization, and preliminary data on the structure, IR spectra, and

electrical resistivity are presented. Possible areas for further exploration are delineated.
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Introduction

Solid compounds possessing 2-D layer
(with a van der Waals gap) and 3-D frame-
work (with interconnected channels) struc-
tures provide the interesting possibility of
the incorporation (intercalation) of foreign
metal atoms into the host lattice giving rise
to new isostructural compounds with novel
physical properties. This, however, usually
occurs when the metal atom in the host
lattice can exhibit a variable valency. Ex-
amples are layered transition metal di-
chalcogenides (1-3), ternary molybdenum
chalcogenides (Chevrel phases) (3-5), bi-
nary transition metal oxides (6, 7), and ter-
nary oxides with spinel (8) or defect
pyrochlore structure (9) and similar other
3-D-network structures (/0).

* Dedicated to Franz Jellinek.
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Nasicon, Na3;Zr,Si;PO,;, represents an
example of a mixed oxide with a 3-D frame-
work with interconnected channels and
has evoked considerable interest in recent
years due to its Na fast ion conduction
properties (11, 12). It belongs to the class
of NZP (NaZr,P;0y,) phases with the gen-
eral formula A'* M3*P;0,, possessing a hex-
agonal symmetry. The structure consists of
a 3-D network of PO, tetrahedra sharing
corners with ZrOg octahedra and a 3-D-
linked interstitial space occupied by A ions.
There are two different sites for the A ions:
Type I sites (6b) situated between two ZrOg
octahedra along the c-axis (‘‘ribbons” of
0,Z2r0O;Na0,7Zr0,) with a distorted octahe-
dral coordination and Type II sites (18¢) lo-
cated between the ribbons (perpendicular
to c-axis) with a trigonal prismatic coordi-
nation. The ribbons are connected by PO,
tetrahedra along the a-axis (13). In NZP,
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the Type 1 sites are completely filled
whereas, in nasicon, Type I sites are filled
and Type II sites are partially filled. The
NZP structure is versatile in that chemical
substitution is possible at Na, Zr, and P
sites by a variety of elements to give rise
to a large number of isostructural phases,
including vacancy at A site (e.g.,
OMM'P:Opp; M = Nb, Ta, Sb; M’ = Ti,
Zr, Hf, Ge) (11-14). Thus, the NZP frame-
work provides an ample scope for tailoring
the physical properties which include (i)
fast ion conduction when A = Li or Na and
(ii)) controlled or zero thermal expansion
coefficient (TEC) ceramics (15).

Recently, we have shown (/6) that Li can
be incorporated into the NZP phases pro-
vided there are chemically reducible spe-
cies in the host lattice, e.g., Ti, Nb. Thus Li
has been inserted, using n-butyllithium,
at room temperature into LiTi,P;0,, and
ONbBTiP;0y; (O, vacancy) resulting in sin-
gly and doubly lithiated compounds with
resultant changes in the structure and IR
spectral properties. However, the changes
are not very pronounced in the lithiated
NbTiP;0,,, possibly due to the filling-up of
Type 1 sites and small ionic size of lithium,
Presently we have succeeded in incorpo-
rating other electropositive metals into
NbTiP;0,,. Preliminary results on their
synthesis, characterization, resistivity and
IR data are presented.

Experimental

The parent compound CINbTiP;0;; was
prepared by the high-temperature solid
state reaction in air (1200°C) starting from
high purity Nb,Os (99.9%; NFC, Hyder-
abad, India), TiO; (99.5%; Riedel, West
Germany), and NHH,PO, (>99%; re-
cryst., Sarabhai, India). The stoichiometric
mixtures of the above were mixed thor-
oughly and heated at 200°C for 10-12 hr to
decompose the NH,H,PO,, 600°C for 4-6
hr and 900°C for 12—15 hr. The mixtures
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were then pelletized (4 tonnes/cm?) and
heated at 1000°C for 4-5 hr and finally at
1300°C for 12 hr. The phases were charac-
terized by powder X-ray diffraction (XRD).
The LSQ-fitted hexagonal lattice parame-
ters are in good agreement with the values
reported in literature (13). Metal atom in-
sertion was affected by solid state reaction
of NbTiP;0;; with the respective metals in
their elemental form at elevated tempera-
tures (800-900°C) in evacuated (1073 Torr)
and sealed quartz tubes (10 mm diam, Ther-
mal Syn., UK). Stoichiometric quantities
of the metal powder or turnings (purity
>99.99%; Ventron, USA, or Cerac, UK or
SMP, NFC, Hyd., India) and the Nb
TiP10;; were mixed thoroughly and pellet-
ized prior to heat treatment. Repeated
grinding and heating was necessary to ob-
tain single phase materials. Powder XRD
data were obtained using a Philips unit
(CuK,; Ni-filter). Hexagonal lattice param-
eters were obtained by the LSQ fitting of
the powder data using computer programs.
The LAZY PULVERIX computer program
was used (IBM-370) to compute the calcu-
lated X-ray intensities from the known
atom positions. Electrical conductivity was
measured on polycrystalline sintered disks
using a two-probe apparatus. IR spectra
were recorded in the range 4000-200 cm™'
as KBr or polyethylene disks (Perkin-—
Elmer 983). Thermal gravimetric analysis
(TGA) studies were done in N, or air using
Mettler (TA-3000) unit.

Results and Discussion

A. Stability and Structure

A partial periodic table of the electropos-
itive elements that have been incorporated
into NbTiP;O, is shown in Fig. 1. The
value of x in ANbTiP;0, is varied from
0.20 to 1.0 depending on the A metal. The
colors of the compounds vary from gray to
blue-black or black depending on the A
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F1G. 1. Partial periodic table of the elements incor-
porated into ONbTIiP;0,,. Single-phase materials were
obtained except when A = Ni, Cu, Ag, and Hg under
the preparative conditions employed (800-900°C) (see
text).

metal and its stoichiometry (x), while pure
NbTiP;0,, is white in color. The color is
due to the reduction of Nb** and/or Ti*
to a lower oxidation state as noted in our
earlier studies on lithium insertion into
LiTi,P;0¢, and NbTiP;0; (16). Indeed, the
color of the phase is black for higher values
of x for a given A. The phases are stable
toward exposure to air and moisture at
room temperature. Long-term exposure,
however, produces surface oxidation and
hence the compounds are stored in a desic-
cator. They are also stable toward heating
in an inert (N; or Ar) atmosphere. How-
ever, heating in air or O, to >400°C decom-
poses the compounds with the resultant de-
coloration. Formation of the metal oxide
(AO, A,0s, etc.) has been established by
the TGA technique.

Optimal temperatures for the preparation
of various metal inserted NbTiP;0,, phases
have not yet been established. We may
point out that this is necessary, especially
in the case of metals having low melting
points (e.g., Zn, Cd, In) where higher tem-
peratures of heat treatment can lead to the
metal oxide or metal phosphate formation
with partial destruction of the crystal lat-
tice. Similarly, the stoichiometries of the
inserted metal atoms are chosen (‘‘opti-
mum’’) to give rise to A" ion in the maxi-
mum possible oxidation state (e.g., Mg?™,
In’*) and effect a one- or two-electron re-
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duction of Nb>* and/or Ti** in the host lat-
tice (x = 0.5, 1.0 and 0.33 and 0.67 respec-
tively). However, when A is a transition
metal (3d or 4d), it is necessary to establish
the oxidation state by complimentary x-T,
EPR and related studies. In the case of A =
Mg, Zn, and Y, we tried to prepare the in-
sertion compounds with x = 1.5, 1.5, and
1.0, respectively. Under the conditions of
preparation (800°C), impurity phases corre-
sponding to Mg,P,0,, Y,0s, and YPO, were
noted, in addition to the desired phase. This
indicates that further reduction of Nb** or
Ti** does not occur and that the excess
metal partially disintegrates the crystal lat-
tice. This observation is in agreement with
our earlier results on lithiation of LiTi,P;01,
and NbTiP;0; in that a maximum of two Li
atoms was found to enter the lattice (/6).
We must point out that minor impurity
phases were also noticed in some cases
when the optimum x was employed. This
can be rationalized on the assumption that
in a complex solid-solid reaction, there will
always be competition between the diffu-
sion of the A metal into the vacant lattice
sites and the chemical reaction with the
nonmetallic components of the host lattice.
Unless the preparation temperatures are
optimized, undesirable reaction products
(impurity phases) are always formed. This
has been amply demonstrated in the
““metal-insertion’’ reactions in layered di-
chalcogenides (2, 3) and in Chevrel phases
(3-5, 17).

The LSQ-fitted hexagonal lattice parame-
ters of pure and metal-inserted NbTiP;0;
are presented in Table I. The XRD patterns
of NbTiP;0;; and Fe compound are shown
in Fig. 2. The parent phase ikl reflections
are more or less retained in all the metal-
inserted phases, indicating that the hexago-
nal symmetry is being retained. It is known
that a monoclinic distortion is induced only
when the Type II sites are partially or com-
pletely filled (e.g., nasicon and Li;Ti,P;0,,)
(11, 12, 16, 18). In NZP and related phases
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TABLE I
CryYSTAL, RESISTIVITY, AND IR DATA ON PURE AND METAL-INSERTED NbTiP;04,

Hexagonal
lattice
Compound parameter
ANDBTIP;0, (x0.05 A) IR band positions and assignments (=5 cm™')*
Resistivity, p
A x ad)y ¢ (€2 em) Vi(WassymlP-0))  vi(vym(P-0)) Ve(Vassym(P-O)) v(M-0), A-O
—_ - 8.56 21.92 1.8 x 10° 1265m  1220m 922s 632vs,sp  581m 375vs
1071vs  998s
Li 10 8.50 22.39 — — — — — —
Li 2.0 8.53 2243 — 1265m  1220m 925s 635vs,sp  576m 380vs
1075vs  998s
Mg 0 8.60 21.71 — 1220m  1058vs 918m 635s,sp 602m,sp 370vs
Mg 1.0 8.63 21.51 4.8 x 107 1180m  1035vs 915m 634s,sp 600s,sp 370vs
Sn 0.5 8.56 22.84 1215m  1018vs 902vs 632vs,sp  550m,sp 383vs, 363vs
Pb 0.5 8.57 22.76 5.1 % 10° 1220m  1070vs 900vs 633vs,sp  555m 383vs, 359vs
1020vs
Zn 05 8.53 21.53 3.1 x 108 1215m  1050s 920s 632s,sp 602s,sp 365vs
570m
Mn 0.5 8.64 21.32 1.7 x 107 1228m  1125vs 928vs 640s,sp 392vs, 368vs
1059vs  1000vs
Y 0.33 8.62 22.01 1.5 x 107 1220s 1070vs — 665vs,sp  632vs,sp —_
992vs 562s,sp 528m,sp
Y 0.66 8.58 21.96 — 1172s 1075vs —_— 665vs,sp  635vs,sp —
990vs 560s,sp 528m,sp
Gd 033 8.59 21.97 — 1265m  1225s 920m 667m,sp  632s,sp 370vs
1165s  1110s 578m
1072vs  995s
Fe 0.33 8.63 21.40 — 1225m  1059vs 925vs 638vs,sp 375vs
998vs
Fe 0.66 8.63 21.20 1.9 x 108 1220m  1032vs 909m 638vs,sp  593s,sp 375vs, 283s,sp
565m,sp
Ti 0.25 8.53 21.82 3.9 x 10° 1265m  1220s 920s 632s,sp 578m 370vs
1112s  1072vs 515m
992s
Ti 0.50 8.58 22.11 1.9 x 10* 1265m  1220s 920s 665m,sp  632s,sp 365vs
1170s 1070vs 560m,sp  525m
990s
Nb 0.20 8.60 22.17 — 1269m  1220s 915s 665m,sp  632s,sp 369vs
1115s  1072vs 575m
91s

¢ Only prominent bands listed. m, med; s, strong: vs, very strong; sp, sharp.

® From Ref. (16).

where the Type I site is either partially or
completely filled, the undistorted hexago-
nal symmetry is retained. In the series of
compounds presently synthesized, x in
ANDTIP;:0y; is always <1.0. Metal inser-
tion produces changes in hexagonal lattice
parameters (Table I) and changes in the rel-
ative intensities of select hkl peaks in the
XRD patterns and lifting of the degeneracy
or merger of the otherwise split lines (e.g.,
(104, 110), (116, 211), and (030, 214) peaks
in Fig. 2). The XRD patterns when Ags =

Sn and Pb are almost identical but qualita-
tively different from those when A = Mg,
Zn, Mn, or Y with respect to the intensity
distribution of hkl lines. However, they do
resemble the original host lattice pattern
and we have indexed the patterns on a hex-
agonal basis. More detailed XRD studies
are necessary with regard to post-transition
metal (e.g., Sn, Pb, In, Cd) insertion com-
pounds.

From Table I we note that metal insertion
does not produce much change in the a lat-
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Fi1G. 2. XRD patterns of pure and Fe inserted Nb
TiP3012. (a) NbTiP;Olz, (b) Fe()‘};NbTiP}Olz, and (C)
Feo_67NbTiP3012.

tice parameter while the ¢ parameter is af-
fected. This is as expected if the A metal
occupies the Type I site and not the Type 11
site. When A = Mg, Zn, Mn, and Fe, the ¢
parameter decreases in comparison to pure
NbTiP;0,; and also with increasing x. For
A =Y and Gd, either there is no change or
there is a slight increase in the c-axis.
Changes in a and c¢ are related to the va-
lency of the metal, its ionic size, and its
electropositive character. At this stage, the
available data are insufficient to draw con-
clusions regarding the systematic change in
a and ¢ with the inserted A metal and its
stoichiometry.

B. Infrared Spectra

IR spectra of many of the NZP analogs
have been well documented and assign-
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ments of PO,, MO, and AOg bond-stretch-
ing and -bending vibrations have been done
(19). However, NbTiP;0,, and related va-
cancy containing phases have not been
studied. Here we have examined the IR
spectra of pure and metal-inserted phases
in the range 1400-200 cm™~!. The spectra are
shown in Fig. 3 and important band posi-
tions and assignments (/9) are listed in Ta-
ble I. Distinct changes are noticed in the
spectrum of NbTiP;0;, after metal inser-
tion, depending on the nature of the metal
and stoichiometry, in the regions corre-
sponding to the PO, tetrahedral-stretching
and -bending frequencies (1050-900, 650—
550, 400 cm™!). Relatively minor changes
occur in the region 370-350 cm™!, corre-
sponding to the MO and AO¢ octahedra.
While distinct changes are noted in the re-
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F1G. 3. IR spectra of ANbTIP:0». A,: (a) U, (b)

Mgy s, (c) Mgiy. (d) Sngs, (e) Pbys. (F) Yy33, and (g)
Yos7.
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gion 650-550 cm™! when A = Mgys and
Mg, o, the spectra remain the same for A =
Yo3; and Yge7. Similarly, the spectra are
almost identical when A = Sn and Pb (x =
0.5) but distinctly different from other A el-
ements including pure NbTiP;0;,. Detailed
analysis is underway.

C. Electrical Properties

NbTiP;0; is a diamagnetic (d° system)
insulator with a filled valence band and an
empty conduction band. The valence band
is made up of oxygen 2s and 2p orbitals,
whereas the conduction band is made up of
Nb (5s, 5p) and Ti (4s, 4p) orbitals. Since
the color is white, the band gap E, > 3.0
eV. Further, since the nearest Nb-Ti dis-
tances are fairly large (4.6-4.9 A (13, 14)),
the respective metal d-orbital overlapping
does not occur and only localized d-levels
will be present. The measured two-probe
resistivity (p) at 300 K of NbTiP;0; is in-
deed high (10°-~10'° Q) cm) as expected (Ta-
ble I). On the other hand, the metal-inser-
tion compounds when A”* = Mg, Zn, Cd,
In, Y, etc. (diamagnetic ions) are d' sys-
tems (Nb** and/or Ti**) and the com-
pounds are paramagnetic. Further, elec-
tronic (n-type) ‘‘hopping” conduction is
expected. Accordingly, the measured psigk
values of the metal-insertion compounds
are lowered by three to four orders of mag-
nitude (10°-107 Q cm) (Table I). Resistivity
is lowered further when A = Ti or Nb (Ta-
ble I) because electron hopping probability
is enhanced between two valence states of
the same clement (e.g., spinel ferrites
Fe;04 vs NiFe,0,). Indeed, we can expect
metallic conduction when x is increased to
1.0. In the case where A = Mg or Zn, we
may expect ionic contribution to the con-
ductivity but since they are divalent ions
(and the Type 1I sites are not occupied),
ionic mobility will be small. On the other
hand, we can expect increased ionic contri-
bution when A = Lior Na (x = 1 or 2) (16).
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Conclusions

Only representative metals have been
tried by us, but it is clear that any electro-
positive element of the periodic table can be
inserted into the NbTiIP;0;; framework
structure to give isostructural phases. In
this sense, the host network is as versatile
as Chevrel phases, A;MogChg (3-5, 17) and
layered transition-metal dichalcogenides
(1-3). Preliminary study also indicated that
A metals can be inserted into LiTi;:P30;,
and CaysTi,P;0,—those compounds with
partially or completely filled Type I sites—
which means that vacancy at the Type I site
is not a necessary condition to obtain the
metal-insertion phase. Studies can be ex-
tended to OMTiP;0,, M = Nb, Ta, and Sb
and in general, to any phase containing
chemically reducible M (or M) ion.

Ionic and mixed (electronic and ionic)
conduction, d—~d and d-f electron interac-
tions and magnetic properties and thermal
expansion behavior of the metal-insertion
phases are some of the aspects presently
being investigated and will be reported else-
where.
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