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Low-temperature hydrothermal synthesis of acidified tungstate solutions leads to the formation of 
defect pyrochlores, MW20601/z �9 xHzO, and compounds with the hexagonal tungsten bronze (HTB) 
structure, MxWO3+x/2, where M is normally a monovalent cation. The initial pH of the tungstate solution 
is critical to the structure obtained; a pH of 3.5 leads to the formation of a pyrochlore phase and pH 
1.5 gives the hexagonal tungsten bronze structure. The HTB compound is formed with lithium or 
sodium in the hexagonal tunnel whereas the pyrochlore contains sodium, cesium, or rubidium inside 
the three-dimensional tunnels. Both phases are metastable and decompose around 500~ The sodium 
ions in the pyrochlore phase can be exchanged for many monovalent cations and those in the hexagonal 
phase by hydrogen. Both structures readily intercalate lithium. r 1992 Academic Press, Inc. 

Introduction 

The tungsten oxides and their intercalated 
products MxWO3+~/2 have been extensively 
studied over the years because of their elec- 
trochemical and electronic properties, 
which make them attractive as active elec- 
trodes in electrochromic displays (1). Their 
structures permit the ready insertion of cat- 
ions such as hydrogen, lithium, and sodium. 
However ,  the kinetics of these reactions 
have been insufficient to allow for their 
use in active displays such as those required 
in watches,  calculators, and computer  
screens. Recently, new interest has re- 
volved around their use in large-scale static 
displays such as windows, mirrors, and sun- 
glasses. 

Important  to the kinetics of  the insertion 
reaction and its reversibility is the crystal- 
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line structure of the tungsten oxides. The 
WO6 octahedral building blocks join at the 
corners, which results in a variety of  crystal- 
line structures. In an effort to synthesize 
new compounds with interesting structural 
and ionic properties, we have employed a 
variety of  low-temperature techniques. 
These techniques include mild hydrother-  
real synthesis, ion exchange, and chemical 
insertion reactions at ambient temperatures,  
e.g. using n-butyl lithium to lithiate a com- 
pound. These low-temperature synthetic 
techniques allow for the formation of  novel 
compounds that cannot be synthesized by 
traditional high-temperature solid-state re- 
actions. 

Recently, we reported preliminary results 
on the hydrothermal synthesis and charac- 
terization of  two novel sodium tungstates 
with the pyrochlore and hexagonal tungsten 
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bronze (HTB) structure (2, 3). The incorpo- 
ration of sodium inside the tunnels of these 
structures is of interest, since sodium is too 
small to stabilize the framework at higher 
temperatures. For the pyrochlore phase, 
this is the first report of an alkali-inserted 
tungsten pyrochlore with tungsten as the 
only transition metal. Further, both com- 
pounds contain unusually large amounts of 
water and, for the HTB phase, more than 
can be accommodated by the structure. In 
this paper, we report the formation of vari- 
ous tungstates by hydrothermal synthesis, 
the ion-exchange properties, and their inter- 
calation chemistry. We also discuss the 
thermal stability of these phases. 

Experimental 

NazWO 4 �9 2H20 was obtained from Ald- 
rich Chemical. All other M z W O  4 ( m  = Li, 
Cs, Rb) materials were prepared by the sol- 
id-state reaction of WO3 and MzCO 3 in the 
stoichiometric amounts following estab- 
lished procedure. 

In a typical experiment, 20 ml of 1 M 
NazWO4 2H20 solution was acidified at 
room temperature with the required amount 
of 1 N HC1 to give pH values of approxi- 
mately 1.5 and 3.5. The solutions were 
heated at 155~ and autogeneous pressure 
(about 5 atm) for 3 days in Parr 4745 stainless 
steel acid digestion reactors. Since pro- 
longed standing at low pH led to a precipi- 
tate, the solutions were sealed and heated 
within 1 hr of preparation. The microcrystal- 
line white product was filtered, washed with 
ethanol, and dried in air. For M = Li and 
Na the acidified solution was clear, but for 
M = Rb, Cs, and K a white insoluble precip- 
itate formed around pH 5.5. The precipitate 
is amorphous to X-ray diffraction. 

The ion-exchange reactions were accom- 
plished by using 1 molar solutions of the 
metal nitrate, MNO3 (M = K, Rb, Cs, 
NH4, H, Ag), and heating at 80~ for a few 
hours to a week, with the larger cations tak- 

ing the most time. Silver is exchanged for 
sodium quite easily at room temperature. 
Addition of silver nitrate to Na-pyrochlore 
leads immediately to Ag-pyrochlore, which 
is yellow. Exchange with hydrogen is ac- 
complished by using 1 M HNO 3 and ex- 
changing the solution every hour for about 
5 hrs. Care must be taken, as the pyrochlore 
phase will decompose if the temperature is 
above 80~ or if it is heated longer than 1 hr 
(4). 

Sodium and lithium content were deter- 
mined by atomic absorption (Per- 
kin-Elmer). The compounds were dis- 
solved in 0.3 M K3Fe(CN) 6 in 4% KOH 
solution. Li2WO 4 and Na2WO 4 were used as 
the standards. The ammonia content was 
determined by Kjeldahl's method, which in- 
volves heating the compound in aqueous 
NaOH and collecting the evolved ammonia 
gas in 0.1 N HC1. Titration of the acid solu- 
tion with a standard NaOH solution gave 
the ammonia content. 

Thermal gravimetric analysis was per- 
formed on a Perkin-Elmer TGA7 in an inert 
atmosphere (N2 or He) at 1 ~ Differen- 
tial scanning calorimetry was run on a Per- 
kin-Elmer DSC7 under N 2. The scanning 
rate was 10K/min. X-ray powder diffraction 
was performed on a Rigaku/Siemens dif- 
fractometer at 1 ~ of 20/min and lattice pa- 
rameters were determined by a least- 
squares analysis. 

Lithium intercalation was accomplished 
by reaction with n-butyllithium (1.6 M) ob- 
tained from Aldrich Chemical. The concen- 
tration of the stock solution of n-butyllith- 
ium, after reaction with isopropyl alcohol 
and dilution with water, was determined 
prior to each reaction by titration with a 
standard HC1 solution. The samples were 
heated under vacuum to drive off the water 
of hydration prior to lithiation. The maxi- 
mum lithium content was obtained by add- 
ing an excess of n-butyllithium (between 4-5 
ml) to 100-300 mg of sample at room tem- 
perature under nitrogen. The color of the 
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solids changed from white to blue to blue- 
black to black depending on the degree of 
reduction. The reactions seem to occur very 
rapidly, usually in just a few minutes. How- 
ever, the mixture was allowed to stand over- 
night under nitrogen to ensure completion 
of the reaction. The sample was filtered and 
washed with hexane. The amount of unre- 
acted lithium was determined by back-titra- 
tion, which gave the degree of lithiation. 
The lithium content of some samples was 
also determined by atomic absorption as a 
cross check. 

Results and Discussion 

Hydrothermal synthesis of acidified alkali 
tungstates allowed us to prepare both the 
pyrochlore and hexagonal structures with 
alkali cations incorporated inside the tun- 
nels of these compounds. Powder X-ray dif- 
fraction studies (Fig. 1) of the sodium sam- 
ples showed that two distinct white phases 
were formed depending on the initial pH of 
the acidified solution. For pH 3.5-4.5, the 
patterns could be completely indexed on a 
cubic pyrochlore-type lattice with a = 
10.333(2) A. A hexagonal phase was formed 
for pH 1.3-2.0 with cell parameters of a = 
7.311(4) and c = 2*3.895(2) A. Intermediate 
pH values gave a mixture of the cubic and 
hexagonal phases, and a pH of less than 
1.0 gave a mixture of unidentified phases 
believed to be tungstic acids, while pH val- 
ues above 5.0 yield no precipitate. The best 
yields were obtained for pH 3.5 and 1.5 for 
the cubic and hexagonal phases, respec- 
tively. 

Atomic absorption and TGA were used to 
determine the composition of the hexagonal 
and pyrochlore compounds. The composi- 
tions were Li0.z0WO3.10 0.5H20 and 
Na0.z6WO3.13 �9 0 . 5 H 2 0  for the hexagonal 
tungsten bronze structure. The lithium and 
sodium contents were typical of the HTB 
structure. The chemical analysis of the cu- 
bic phase showed it was a defect pyrochlore 

with the composition Nal.lW206.55 �9 1.4H20. 
SEM ruled out the presence of chlorine in 
either phase, but sodium could barely be 
detected, much less quantified, by this tech- 
nique. 

The pyrochlore and hexagonal tungsten 
bronze structures possess a rigid tung- 
sten-oxygen framework built up of layers 
containing distorted corner shared WO6 oc- 
tahedra (Fig. 2) and arranged to form six- 
membered rings. In hexagonal WO3, the lay- 
ers are stacked along the [001] plane, giving 
one-dimensional tunnels. In cubic pyro- 
chlore WO3, the layers are linked along the 
[111 ] direction to form interconnected three- 
dimensional tunnels. These tungstates pro- 
vide an interesting set to study the effect of 
structure on chemical reactivity and physi- 
cal properties. In addition, these two struc- 
tures allow for the determination of open- 
ness of structure on chemical behavior. The 
pyrochlore structure has expanded about 
26% above that of the simple perovskite 
WO 3,which is itself a relatively open struc- 
ture being a distorted perovskite, ABO3, 
with all A sites vacant. 

Our original compounds (2) were synthe- 
sized in pyrex tubes. After we changed to 
the Parr acid digestion reactors, we found a 
slight rhombohedral distortion (Fig. 3) of the 
pyrochlore with a = 90.3~ the hexagonal 
parameters are a = 7.445(2) A and c = 
17.90(5) A. Changing the pH and/or temper- 
ature or heating time had no effect on the 
degree of distortion. The distorted pyro- 
chlore showed an identical water loss and 
decomposed into the same products as the 
cubic pyrochlore. 

Closer examination of the X-ray powder 
diffraction patterns of the pyrochlore phases 
obtained from the pyrex tubes showed that 
there was a slight asymmetry of the peaks 
that would be expected to split upon a rhom- 
bohedral distortion. All lattice parameters 
reported in this paper will be based on the 
cubic cell. The reason for this is that the 
distortion is small and, upon ion exchange 
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FIG. 1. X-ray powder diffraction patterns of (a) hexagonal tungsten bronze and (b) sodium cubic 
pyrochlore phases. 

Pyrochlore Hexagonal 

FIG. 2. Structures of pyrochlore and hexagonal tungsten bronzes phases. 
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FIG. 3. X-ray powder diffraction pattern of the rhombohedrally distorted sodium pyrochlore phase. 

or chemical insertion, the cry staUinity of the 
phase decreases, which makes it difficult to 
index the pyrochlore on the rhombohedral 
cell due to the increased broadness of the 
peaks. 

The full oxide pyrochlore stoichiometry 
is MzB2060'. The ideal pyrochlore structure 
is cubic with the space group Fd3m. The M, 
B, and O' ions occupy the special positions 
16d, 16c, and 8b, respectively. The oxygens 
reside on the 48f site. Defect pyrochlores 
ABzX6, originally discovered by Babel et 
al.(5), are ideally cubic. These pyrochlores 
are defective at both the 16d and 8b sites. 
Over the years, there have been numerous 
reports that many of the defect pyrochlores 
deviate from the cubic symmetry. Sleight et 
al.(6) showed that ANbWO 6 (A = T1, Rb) 
phases were tetragonal, and they attributed 
this to the statistical occupancy of Nb and 
W on the octahedral sites. Pyrochlores of 
the type ANbzOsF (A = Cs, T1) are triclinic 
though the distortion is small (7). The defect 
pyrochlores, PbzRu206. 5 and PbT1Nb206. 5, 
were shown to deviate from the Fd3m space 
group because of oxygen vacancy ordering 
and ordering of Pb and TI on the A sites 
(8). Rhombohedrally distorted pyrochlores 
have also been reported in the literature (9). 

It is not yet clear why the pyrochlore 

shows a rhombohedral distortion. A neutron 
diffraction study did not show the expected 
distortion (10), probably due to the large 
coherent scattering of hydrogen which led 
to a high background. On-going studies (11) 
on a deuterated sample with improved peak- 
to-background ratio also are not showing 
any rhombohedral distortion. 

Tungstic acid is the term applied to vari- 
ous solids precipitated from tungstate solu- 
tions by strong acids. The solids precipi- 
tated from these solutions depend upon the 
reaction conditions. Understanding why dif- 
ferent structures are formed depending on 
the initial pH of the solution involves a num- 
ber of parameters, the first of which is the 
solution chemistry of tungsten. Isopoly- 
tungstates are formed upon acidification of 
the tungstate, WO 2- , solution. Due to the 
difficulty of isolating crystalline salts, the 
structural studies of what anions could be 
present in solution are limited, and this sys- 
tem is not well understood. The study of 
aqueous polytungstate equilibria is hindered 
by the extreme range of rates observed. 
Some of the rates of formation of the iso- 
polytungstates are slow, and the equilibrium 
might not be reached for several weeks. On 
the other hand, some reactions are unusu- 
ally fast, being completed in 10 -2 sec (12). 
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T A B L E  I 

HYDROTHERMAL SYNTHESIS OF ALKALI TUNGSTATES 

M2WO4 Pyroch lo re (A)  H e x a g o n a l ( A )  

Li  no t  f o r m e d  a = 7.300(2), c = 7.719(9) 
N a  a - 10.333(2) a = 7.311(4), c = 7.778(3) 

K no t  f o r m e d  no t  f o r m e d  
Rb a = 10.173(2) too  f ew  p e a k s  to i n d e x  

Cs a = 10.299(9) - -  

Therefore, it is very difficult to determine 
what polymeric species are in solution. 

Since we reacted our solutions within an 
hour of preparation, we will discuss only 
those species that might be formed during 
that time. The discussion will be limited to 
the species probably present before reac- 
tion, because little work has been done in- 
volving temperature and pressure. At low 
pH values (<1.7), there are a number of 
isopolytungstates that could be present in 
solution, and small changes in pH affects 
the equilibrium. During our study, we took 
care to always have the initial pH at 1.5 + 
0.09. At this value a metatungstate is formed 
immediately upon acidification. This spe- 
cies is metastable and slowly transforms to 
tungstate-X [ H 2 W 1 2 0 4 0 ]  6 - .  Upon prolonged 
standing, o z - [ H 2 W I 2 0 4 0 ]  6 is formed, which 
is the thermodynamically stable product. 
Despite the fact that incremental changes 
in pH affect the equilibrium, all pH values 
between 1.3-2.0 gave the hexagonal struc- 
ture. At pH 3.5, the only probable species 
i s  [ H 7 W 7 0 2 4 ]  2 -  (12). 

The cation plays an important role in 
these types of reactions. As seen from Table 
I, we have had mixed results using various 
alkali tungstates. Sodium and rubidium are 
the only cations that form both phases. Lith- 
ium forms a hexagonal phase but is probably 
too small to stabilize the pyrochlore phase, 
because we obtain no product above pH 3.0. 
Cesium forms the pyrochlore phase, though 
the compound is not well crystallized. 

Apparently, it is the combination of the 
cation and polymeric species in solution that 
determines the phase formed. The pH of 
the solution controls the amount of sodium 
present in the reaction. Hydrothermal con- 
ditions facilitate the reaction at 155~ Wa- 
ter gives a pressure of about 5 atm at this 
temperature. This slight pressure decreases 
the solubility of the product, and the cation 
acts as a template for the precipitation of the 
compounds. Though the initial pH is critical 
in determining the desired product, the pH 
of the solution after the reaction is 5.5 and 
6.5 for the hexagonal and pyrochlore 
phases, respectively. Attempts at forming 
the compounds by starting with tungstic 
acid and making basic with NaOH to the 
appropriate pH values did not lead to the 
desired products. This is probably due to 
the irreversible formation of a variety of 
polymeric species at the start of the re- 
action. 

Hexagonal Phase 

As seen from Table I, hydrothermal syn- 
thesis of m 2 w o  4 solutions (M = Li, Na, 
Rb) at pH 1.5 led to the formation of a phase 
that had the hexagonal tungsten bronze 
structure. All these compounds incorpo- 
rated the respective metal ion into the hex- 
agonal tunnels. The hexagonal tungsten 
bronze structure was originally described by 
Magn61i (13). He placed the metal ion in the 
center of the hexagonal tunnel; studies since 
then have shown that the ion is displaced 
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FIG. 4. TGA of hydrothermally prepared hexagonal phases. 

slightly above the center of the cavity. Only 
the largest of cations (K, Rb, Cs, T1, NH4) 
have been known to form the hexagonal 
structure. Lithium and sodium are of partic- 
ular interest because they are not known 
to form the hexagonal phase under ambient 
pressure conditions; however, they have 
been synthesized under intense pressure of 
3000 and 65 atm, respectively (14, 15). The 
sodium content was not determined for 
these reaction conditions, which were con- 
siderably more rigorous than the synthesis 
reported here. Hexagonal WO 3 with empty 
tunnels has been prepared from the dehy- 
dration of WO3 �9 �89 (4) and the oxidation 
of ammonium tungsten bronze by hydrogen 
peroxide (16). These same research groups 
have intercalated the smaller cations into 
hexagonal-WO 3 at room temperature. Un- 
like the intercalated compounds or the 
bronzes synthesized under extreme pres- 
sures, the compounds reported here are 
completely oxidized so that both metal and 
oxygen ions reside in the hexagonal tunnel. 

As can be seen from the composition, the 
water content (0.5H20/W) is similar for both 
the lithium and sodium phases. The water 
content is higher than can be accommodated 
by the structure. A similar discrepancy was 

�9 ~H20 was noted in WO 3 1 and attributed to 
adsorbed water (17). TGA (Fig. 4) shows 
that water loss is dependent upon the cation 
incorporated inside the structure. If the wa- 
ter is only adsorbed on the surface, the de- 
hydration temperatures and the weight 
losses should be similar�9 Therefore, it ap- 
pears that some (if not all) of the water might 
be inside the tunnel along with oxygen and 
sodium�9 Location of all the ions is now being 
determined by powder neutron diffraction 
data (10, 11). 

The Na-hexagonat phase is a metastable 
phase that irreversibly decomposes around 
500~ into NazW4013 and WO 3 . Differential 
scanning calorimetry (Fig. 5) showed two 
peaks�9 The endotherm at 410 K (137~ cor- 
responds to the evolution of water, and the 
exotherm at 800 K (527~ is the decomposi- 
tion of the phase�9 The dehydration tempera- 
ture is similar to the zeolitic water in FeF 3 �9 
]H20 whose structure is analogous to the 
HTB structure (18). The enthalpy changes 
are 10 kcal/mol for the evolution of water 
and 1.5 kcal/mol for the decomposition of 
the phase�9 The energy needed to remove the 
water from the lattice is similar to the value 
for uncoordinated water found in vermicu- 
lite (19). The small value of AH for the de- 
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FIG. 5. DSC of  sodium hexagonal  tungs ten  bronze phase  at 10 K/rain.  

composition can be attributed to the fact 
that the two structures, Na2W4O13 and WO3, 
are built up of the same WO6 octahedra as 
in the HTB structure but with different ar- 
rangements. The value of the enthalpy 
change for the sodium hexagonal phase is 
higher than that found for hexagonal WO3 
with empty tunnels. Dickens and Kay (20) 
obtained a value of 0.5 kcal/mol and Susic 
and Solonin (21) determined that the value 
was 0.8 kcal/mol for the transformation 
from hexagonal to monoclinic WO3. The en- 
thalpy change and the temperature for the 
decomposition is slightly higher than hexag- 
onal WO3, which is attributed to sodium 
stabilizing the phase slightly. The tempera- 
ture is relatively high due to the large activa- 
tion energy needed for the breaking of W-O 
bonds and their rearrangement in the WO~ 
framework while transforming to the new 
structures. 

The sodium in the hexagonal structure 
can be exchanged for hydrogen, but the ion- 
exchange is quite difficult to achieve. It is 
accomplished by exchanging with 5 M 
H N O  3 at 80~ from several days to 2 weeks 
depending upon the sample. The diffusion 
is slow and can be attributed to the one- 

dimensional tunnels being partially blocked. 
This blockage can be overcome by grinding 
the sample thoroughly before exchanging 
and every 2 to 3 days after that until the 
reaction is completed. On every sample that 
was not ground, we obtained incomplete ex- 
change of sodium for hydrogen. 

The lattice parameters for hydrogen HTB 
are a = 7.327(2) ~, and c = 7.779(4) A, 
which are comparable to those of the sodium 
phase, a = 7.311(4) and c = 7.778(2) .~. 
Hexagonal WO3 with empty tunnels can be 
prepared by heating to approximately 500~ 
with the lattice parameters being a = 
7.289(2) A, c = 7.775(4) A. These parame- 
ters (Table II) are similar to those reported 

T A B L E  II 

LATTICE PARAMETERS OF THE HEXAGONAL 
PHASE OF WO 3 

Volume/ 
a(A.) c(~) W (~3) Reference 

7.298(3) 7.798(3) 59.95 (4) 
7.323(6) 7.810(3) 60.45 (16) 
7.291(8) 7.789(8) 59.76 (22) 
7.289(2) 7.775(4) 59.62 This work 
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by other groups. Hexagonal WO3 is stable 
to 500~ where it decomposes into the ther- 
modynamically stable monoclinic WO3. No 
trace of sodium-containing species was 
found. 

If the exchange for sodium is complete, 
the approximate composition would be 
H0.26WO3.13 " 0 . 5 H 2 0 .  TGA (Fig. 4) shows 
that there are two types of water in the struc- 
ture and that the observed weight loss 
agrees with the reactions Ho.26WO3A 3 �9 

0 . 5 H 2 0  ~ Ho.26WO3.13 -----> W O  3. The first 
step occurs from ambient to approximately 
270~ while the second step continues to 
approximately 475~ 

Pyrochlore Phase 

Hydrothermal reactions of acidified 
M 2 W O  4 ( M  = Na, Rb, Cs) tungstates at 
pH 3.5 led to the formation of a pyrochlore 
phase. All these compounds incorporated 
the alkali metal inside the three-dimensional 
tunnels. Several groups have reported the 
formation of WO3 xH20 pyrochlore 
(23-25). Rubidium and cesium tungsten py- 
rochlores have been prepared via a high- 
temperature route, though little information 
was given (25, 26). Sodium-intercalated py- 
rochlore is unusual because normally larger 
size cations are needed to stabilize this 
phase. These pyrochlores incorporate water 
into the three-dimensional tunnels in con- 
trast to the high-temperature analogs. 

TGA (Fig. 6) shows that the water content 
is dependent upon the size of the cation. The 
smaller the cation, the greater the amount 
of water hydrated to it. This was also noted 
in the ANbWO 6 (A -~ Na, K) pyrochlores 
(27). As can be seen from Table I, the lattice 
parameters do not increase linearly with in- 
creasing size of cation incorporated inside 
the structure. The lattice parameter of ce- 
sium is larger than rubidium, which is ex- 
pected, but sodium is larger than either 
phase. A similar discrepancy was observed 
for the ANbWO 6 pyrochlores. A possible 
reason for this discrepancy is that sodium 

occupies a different site in the structure than 
either rubidium or cesium. Previous studies 
have shown that rubidium and cesium prefer 
to occupy the larger 8b site, whereas sodium 
is on the smaller 16d site. Since the 8b site 
is slightly oversized for these cations, the 
structure contracts as much as possible. 

Critical to the use of materials such as 
these sodium tungstates in electrochromic 
cells are their redox and ion-exchange prop- 
erties. Pyrochlores have been reported to 
readily undergo ion exchange (28). For the 
pyrochlore structure synthesized here, so- 
dium is exchanged for many monovalent 
cations (Table III), indicative of the rapid 
ionic mobility of the sodium ions within the 
lattice. 

Ion-exchange reactions allow for the for- 
mation of novel pyrochlores that cannot be 
synthesized otherwise, either hydrother- 
really or at high temperature. Lithium ap- 
pears to be the only monovalent cation that 
cannot be exchanged for sodium, though 
lithium has been incorporated into other py- 
rochlores by ion exchange (29). Silver, 
which is easily polarized, will exchange with 
sodium within seconds at room tempera- 
ture. Addition of silver nitrate to Na-pyro- 
chlore leads immediately to a color change 
from white to yellow, which indicates the 
rapid mobility of Ag in the pyrochlore struc- 
ture. This compound holds promise as a 
good ionic conductor. Rubidium and cesium 
ion exchange very slowly (approximately 1 
week) for sodium, which is due to their 
larger sizes. Unlike the ANbWO 6 pyro- 
chlores (27), cesium and rubidium hydrate 
some water, as shown by the TGA. A previ- 
ous report on WO 3 pyrochlore stated that 
cesium would not exchange for hydrogen 
(25). 

There does not appear to be a simple cor- 
relation between the size of the monovalent 
cation and the lattice parameters of the py- 
rochlores (Table III). Thus, although the un- 
it-cell size increases linearly from sodium 
through potassium to cesium with increas- 
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ing radius of the cation, rubidium and thal- 
lium do not follow this trend. This seems to 
suggest that the cations sit on different sites 
inside the structure. The possible locations 
for the cations to reside in the pyrochlore 
structure are the 8b, 16d, and 32e positions. 
The 8b site resides in the center of the cavity 
formed by the intersecting hexagonal tun- 
nels. The 16d positions reside around the 8b 
site. There are two possible locations for 
the 32e site, either between the 8b and 16d 
positions or opposite the 16d site. Intensity 
calculations were performed to determine 
the possible locations of the various cations 

TABLE III 

] [ o N - E X C H A N G E D  P Y R O C H L O R E S  

Cation 

Lattice Cell 
parameter volume/W 

(A) (A 3) 

Hydrogen 
empty 

Potassium 
Rubidium 
Cesium 
Silver 
Ammonium 
Thallium 

10.278(2) 67.86 
10.240(1) 67.10 
10.393(5) 70.16 
10.320(4) 68.69 
10.410(5) 70.51 
10.419(8) 70.69 
10.344(5) 69.17 
10.317(8) 68.63 

(T1, Rb, Cs,K, Na, Ag) incorporated into the 
pyrochlore structure. The water molecules 
were placed on the 32e positions, and the 
intensity calculations were performed with 
the various cations occupying the 8b or 16d 
positions. Figures 7 and 8 show the variation 
of peak intensity with respect to the scatter- 
ing factor of the incorporated cation. Cat- 
ions that reside on the 16d position always 
have the {222} reflection as the strongest 
line, with the {111} and {311} reflection about 
equal but decreasing with increasing scatter- 
ing potential. The X-ray powder diffraction 
pattern of Na-pyrochlore (Fig. 1) agrees 
with the calculated pattern with sodium on 
the 16d site, i.e., 1222 > 1111 > 1311 > I400 

> 122 o. Silver and potassium, according to 
intensity calculations, also reside on the 16d 
position. The largest cations, Rb, Cs, and 
TI, would be expected to occupy the largest 
site, which is the 8b position. Intensity cal- 
culations show that the {331} reflection is 
the strongest line in these cases, with the 
{220} reflection increasing with increasing 
scattering potential. X-ray powder diffrac- 
tion patterns for Rb, Cs, and T1 have the 
{331} reflection as the strongest line and 
have a {220} reflection, indicating that these 
larger cations prefer the 8b position. The 
size of the unit cell can now be correlated 
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with the ionic radius of the inserted cation; 
as shown in Fig. 9, this correlation depends 
strongly on the position of the cation, with 
a smaller lattice being found for ions (H30 +, 
Ni l : ,  Rb +, TI + , and Cs +) residing in the 
center of the tunnel. 

The compounds formed by ion exchange 
show the same trends (Fig. 10) for water 
content and loss as the hydrothermally pre- 

pared pyrochlores. The larger cations coor- 
dinate less water than the smaller cations�9 
The smaller cation will bind the water more 
strongly than the larger cation. Sodium loses 
its water completely at 350~ potassium 
loses its water at 250~ and thallium has 
very little water. The TGA (Fig. 11) of am- 
monium shows the evolution of water, then 

�9 ammonium. Infrared showed an absorption 
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FIG. 8. Intens i ty  c a l c u l a t i o n s  o f  p y r o c h l o r e s  wi th  the ca t ions  on  the 8b pos i t ion .  
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FIG. 9. Correlation between the unit cell size and the cation position and ionic radius in the ion- 
exchangd pyrochlores. 

at 1400 cm- ' ,  which is indicative of the NH2 
ion. The ammonia content was determined 
by Keldjal's method to be 0.5 NH]/W. 

Pyrochlore WO 3 �9 xH20 was prepared by 
exchanging the sodium for hydrogen. TGA 
shows that all the water is evolved by 300~ 
By heating to this temperature, we were able 
to obtain pyrochlore-WO 3 with empty tun- 

nels; it has the lattice parameter a = 
10.2395(9) A. Pyrochlore W O  3 is stable until 
400~ where it decomposes to the thermo- 
dynamically stable monoclinic WO3. 

The water content in our compounds is 
slightly greater than that in previous reports 
on WO 3 pyrochlore. Two groups (24, 25) 
reported approximately 0.5 H20/W, and we 
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FIG. 10. TGA of ion-exchanged pyrochlores. 
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FIG. 11. TGA of ammonium and hydrogen pyrochlore prepared by ion exchange. 

obtained 0.7 H20/W. A fourth group (23) 
reporting the synthesis of pyrochlore indi- 
cated the presence of water but gave no 
content. The pyrochlore compounds syn- 
thesized here will reabsorb water loss within 
1 hr upon being exposed to ambient air. This 
observation is consistent with results ob- 
tained by the above groups. Table IV shows 
the comparison of the lattice parameters ob- 
tained by several groups. There is some 
variation, which is probably due to the dif- 
ference in water content and the preparation 
technique. The water molecules are be- 
lieved to be on the 32e site as in BaCdC16 �9 
5H20 (30). 

The thermal stability of the sodium pyro- 
chlore was studied with X-ray diffraction 

TABLE IV 

LATTICE PARAMETERS OF WO 3 �9 xHzO 
PYROCHLORES 

Lattice 
parameter 

(A) 

Cell 
size/W 

(A 3) Reference 

10.278(2) 
10.305(3) 
10.270(3) 
10.206(3) 

67.86 
68.39 
67.70 
66.44 

This work 
(23) 
(25) 
(24) 

and DSC. X-ray studies showed that the 
pyrochlore phase remained stable up to 
400~ and decomposed into a mixture of 
Na2W4013 and a few lines characteristic of 
Na2W6019. DSC data (Fig. 12) show two 
endothermic peaks and one small exotherm. 
The two endotherms correspond to the evo- 
lution of two different types of water in the 
structure. The possible water interactions 
are sodium-water, water-water,  and oxy- 
gen-water from the WO3 framework. Prob- 
ably the most important interaction is the 
alkali ion-water one because this leads to 
the shortest bond distance. 

The energy needed to remove all the wa- 
ter from the structure is 27 kcal/mol. In the 
following discussion, we will examine the 
energy needed to remove the different wa- 
ters that arise from the possible interactions 
within the lattice. The enthalpy values will 
be approximate because after the first exoth- 
erm (Fig. 12) there is no return to the original 
baseline, which would indicate where a peak 
begins and ends. This limits the accuracy of 
the AH values given. The first peak occurs 
at 480 K, and the enthalpy change is approx- 
imately 10 kcal/mol. This is similar to the 
value for WO 3 �9 xH~O (26), and this endo- 
therm corresponds to a zeolitic-type water 
loss that arises from the water-water  inter- 
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action. After the first endotherm, there is a 
broad endotherm from approximately 600 to 
690 K that is due to the slow evolution of 
the second water. The sharp endotherm at 
690 K is the bulk of the remaining water 
being removed, and the enthalpy change is 
roughly 17 kcal/mol. This dehydration is 
from the sodium-water interaction. This 
value is typical of zeolites and for the pyro- 
chlore KTaWO 6 H20 (31). At 700 K 
(427~ there is a small endotherm that cor- 
responds to the decomposition of the pyro- 
chlore structure. From the DSC data, which 
show that the endotherm comes immedi- 
ately after the last of the water is removed, it 
appears that sodium pyrochlore is unstable 
unless there is a trace of water in the 
structure. 

Intercalation Chemistry 

By heating WO3 �9 xH20 pyrochlore to 
300~ we obtain pyrochlore WO 3 with 
empty tunnels. This empty pyrochlore is 
ideal for the ambient intercalation of lith- 
ium, sodium, potassium, and hydrogen. 
These topochemical insertion reactions of 
alkali metals into crystalline compounds 
have received much interest, due to their 

potential application in electrochromic de- 
vices and batteries. These reactions for- 
mally involve the reduction of the transition- 
metal ion with the charge being compen- 
sated by diffusion of the alkali metal, which 
donates an electron, into the host structure. 
Ideally only small structural changes occur 
upon insertion, which allows for the reac- 
tion to be reversed by oxidation. The com- 
pounds synthesized here provide an inter- 
esting set to determine the effect of structure 
on chemical reactivity. 

Reaction of excess n-butyllithium with 
pyrochlore WO 3 and Na-pyrochlore led im- 
mediately to blue compounds that turn blue- 
black over several minutes. The compounds 
were allowed to equilibrate overnight to 
allow for the maximum lithium intercala- 
tion. Atomic absorption and back-titration 
of the excess n-butyllithium showed there 
was a range of intercalated lithium (Table 
V) from 0.7 -< x --- 1.0. It is interesting that 
the empty pyrochlore and the pyrochlore 
with sodium and oxygen inside the three- 
dimensional tunnels both incorporate the 
same amount of lithium. This suggests that 
lithium does not reside on either the 8b or 
the smaller 16d site. Lithium probably pre- 
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Initial Final Lattice Cell size/W 
Structure composi t ion composition parameters (A) (A3) 

Pyrochlore  W O  3 Li0.7_ 1.0WO3 a = 10.175(3) 65.84 
Pyrochlore  Na0.55WO3.275 Li0.7_l.0Na0.55WO3.275 a = 10.227(2) 66.85 
Pyrochlore  Ag0.55WO3.275 Li3.0Ag0.55WO3.275 a = 10.319(2) 68.67 
Hexagona l  Na0.3WO3.15 Lii.8_l.gNa0.3WO3.15 a = 7.446(2), c = 7.727(4) 61.84 
Hexagona l  L i 0 . 2 0 W O 3 . 1 0  Lilg0WO310 a = 7.441(3), c = 7.660(3) 61.22 

fers one of the smaller sites in the structure. 
A contraction of the lattice might be ex- 
pected to occur upon chemical intercalation 
of lithium because of the small size and the 
electropositive character of the lithium ion. 
The lattice parameter (Table V) does de- 
crease to a -- 10.175(3) .~ from the 
10.2395(9) A of the empty pyrochlore struc- 
ture. The chemical reversibility of the lithia- 
Lion reaction was demonstrated by reaction 
with BrJCH3CN mixture. The lithium was 
removed over a period of 1 week. The color 
went from blue-black to white, and X-ray 
studies showed that the sample was still a 
pyrochlore with similar lattice parameters 
as before the intercalation of lithium. 
Atomic absorption showed that a minute 
amount of lithium remained, about 0.02 
Li/W. These compounds are now being 
studied electrochemically to determine the 
diffusion coefficient of the lithium, the long- 
term reversibility of the lithium, and the 
overall stability of these phases. 

Lithiation of Ag-pyrochlore led immedi- 
ately to a black compound. Lithium content 
was determined by back titration to be about 
3.0Li/W, giving the chemical composition 
Li6.0Agl.lW206.55. Other tungsten oxides 
have been shown to incorporate 2Li/W (32). 
In these compounds, the oxidation state of 
tungsten is between 3 and 4, which seems 
to be the lowest oxidation state of tungsten 
attainable upon intercalation. In the pyro- 
chlore this accounts for four of the lithium. 

The rest of the lithium comes from the re- 
duction of silver. Silver has a lower reduc- 
tion potential than tungsten, so it should 
reduce before tungsten upon lithiation. It 
appears that the reduction of silver in the 
pyrochlore allows for greater intercalation 
than pyrochlore WO3 with empty tunnels. 
X-ray studies of the phase indicated a single 
phase pyrochlore with a lattice contraction 
to 10.319 A and no peaks for silver metal. 
This appears to indicate that silver metal 
stays inside the three-dimensional tunnels 
of the pyrochlore rather than precipitating 
out. Further work is being performed to lo- 
cate the silver. 

The reaction of n-butyl lithium with the 
Na-hexagonal compound leads immediately 
to a blue-black compound. Analysis showed 
that the lithium content ranges from 1.8 -< 
x <- 1.9 per tungsten. This gives the gen- 
eral composition for the phase as 
Li1.8-1.9Nao.26WO3.13. The amount of interca- 
lated lithium is typical of the hexagonal 
tungsten bronzes with either empty tunnels 
or cations smaller than potassium located in 
the hexagonal cavity (26, 32). From struc- 
tural considerations, empty hexagonal WO3 
could intercalate 1.0Li/W. The center of the 
hexagonal cavity can accommodate �89 lith- 
ium, with ~ lithium in the triangular pris- 
matic site. Since many compounds contain 
more than one lithium, lithium must occupy 
a site(s) other than the most obvious ones in 
this structure. In our phase, sodium is most 
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likely in the hexagonal window; this site is 
not occupied in the fully reduced HTB com- 
pounds with the general formula MxWO3, 
with oxygen in the large cavity along the z 
axis. Some of the lithium is most likely on 
the 6h site, which is inside the triangular 
prismatic tunnel, as in LiyKxWO3 (33). The 
remaining lithium must be in the hexagonal 
cavity with oxygen. On electrostatic 
grounds, this is a more reasonable assump- 
tion than having sodium in the hexagonal 
cavity surrounded by the positively charged 
lithium. There is ample room to fit both cat- 
ions. The other scenario with lithium in the 
hexagonal window with either sodium or ox- 
ygen is not possible because there is room 
for only one atom. The lithiation is chemi- 
cally reversible with a Brz/CH3CN solution 
over a period of 1 week. Atomic absorption 
showed that a residual amount of lithium 
was left in the structure, 0.02Li/W. The re- 
action of n-butyl lithium with Li0.2WO3.10, 
which also has the HTB structure, leads 
to the intercalation of lithium. In this 
compound, 1.7Li/W is incorporated into 
the lattice giving an overall composition 
Lil.9WO3.10. It appears that the maximum 
amount of lithium that can be intercalated 
into hexagonal WO3 is approximately 2.0Li/ 
W. The lattice parameters change dramati- 
cally upon lithiation (Table V): for sodium 
a = 7.446(4) ~. and c = 7.727(5) A, and for 
lithium a = 7.441(4) A and c = 7.660(3) A; 
in both cases a increases on lithium interca- 
lation, c decreases, and the overall unit cell 
expands 1.5-3%, in contrast to the pyro- 
chlore phase where an overall lattice con- 
traction is observed. 

These chemical-insertion reactions show 
that the degree of lithiation depends upon 
the structure of the host compounds and 
sometimes on the cation incorporated in the 
structure. These insertion reactions allow 
for the formation of reduced novel tungsten 
compounds that may hold some promise in 
electrochromic displays. The chemical in- 
sertion of sodium, potassium, and hydrogen 

into these compounds has also been accom- 
plished and will be published shortly. Elec- 
trochemical studies are now underway to 
determine the feasibility of the use of these 
compounds in electrochromic displays. 

Conclusion 

We have shown that low-temperature hy- 
drothermal synthesis of various tungstates 
leads to the formation of both pyrochlore 
and hexagonal tungsten bronze phases. 
Both phases incorporate cations along with 
oxygen and water inside the tunnels. The 
cations in these structures can be exchanged 
for other monovalent cations. The phases 
are metastable and cannot be prepared via 
traditional high-temperature solid-state syn- 
thetic techniques. 
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