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Morphological and Kinetic Studies on Hexagonal Tungstates
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Formation of nanostructured hexagonal alkali tungstates (HTBs) from ammonium metatungstate (AMT)
and alkali chlorides has been investigated by a combined strategy encompassing in situ spectroscopic
techniques and hydrothermal synthetic studies. They demonstrate how the morphology of the HTBs can
be tuned by the straightforward hydrothermal reaction of ammonium metatungstate with the choice of
appropriate alkali chlorides. The resulting particle shapes vary from highly anisotropic fibers to multilevel
assemblies of hierarchically grown nanorods. Microwave-hydrothermal techniques have further expanded
this morphological spectrum. Next, the growth process of alkali HTBs was explored for selected cases
by combination of in situ EXAFS and EDXRD investigations. They both show that nucleation starts
after a certain induction time and is strongly dependent on the concentration. Though the individual
kinetics of alkali HTB formation differ slightly from each other, all alkali cations have a nucleation-
controlled growth mechanism in common.

1. Introduction the resulting particle shape require profound parameter
studies’

Three main types of WOs/M,WOz,» (M = H, NHy,
Li—Cs) tungstate frameworks have been described: the cubic
form, the hexagonal tungstates (HTB), and the pyrochlore
(P) type® The majority of the MWOs.4, tungstates adopt
either the HTB or the P form. Both structure types contain
tunnels: in the HTB phase, the one-dimensional tunnels run
along thec axis, whereas they intersect in a three-dimensional
N tashion in the P typ@8 Consequently, the two phases exhibit
different intercalation behavior and reactivity: the P type
preferably hosts the larger cations (Rb, €¥) readily

Tungsten bronzes (MWO3) and tungstates (MVOsix2)

with open structures readily incorporate cations, such as
hydrogen or lithium, so that modification of the host tungstate
framework opens up new options for synthesizing tailor-
made materials.As a consequence, they have attracted
considerable interest due to their unique chemical, electro-
chemical, and electronic propertiebklence, they are promis-
ing materials for applications as active electrodes, e.g., i
electrochromic devices, large-scale static dispfaysd
catalysist Transformation of these important tungstate-based

materials into nanomaterials with anisotropic morphologies e cajates lithium cations, and exhibits an active redox
is just about to be explorédRecent results on formation of chemistryll 2D-variation of ,the P-type has been reported
hexagonal W@ nanosheets from BaW©polymer nano- ¢, xMO-WO; (M = TI, Ba, Pb) system& The HTB
hybrids revealed the general relevance of such morphologicaIMXWOM/2 tungstates are less prone to ion-exchange pro-
investigations for the controlled production of functional cesses but more suitable for lithium intercalatidheir
metal oxides. Furthermore, morphology-synthesis studies on oo« chemistry (MWO; <> M,WOs.5) involves diffusion

tung§tic apid precipitates have unravgled that the delicateof oxygen atoms in and out of the hexagonal channel systems
relationships  between the preparative parameters andyg that they must move around the incorporated alkali

cations!® The latter can be located in either the hexagonal
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two different structural models have been proposed. Sodiummonium metatungstate (AMT, (Nf§[H2W1,040]:2H,0),%
cations are too small to stabilize the HTB framework at we systematically studied the hydrothermal formation of
higher temperatures, and they are situated in the hexagonahanostructured alkali tungstates in MCI/AMT systems

channel windows of HTB-Na\WOs.442°nH>O where they are
“sandwiched” by HO molecules (or hydroxyl iong§:4
Larger cations (M= K—Cs) can only be incorporated into
the hexagonal tunnels of HFBM,0-WO; on two suitable

(M = Li—Cs) with respect to morphochemistry and kinetics.
To the best of our knowledge, a comprehensive morphologi-
cal study of the alkali tungstates has never been undertaken.
Recently, microwave-hydrothermal methods have emerged

sets of positions so that the maximum extent of cation as a powerful preparative method to access oxidic nanopar-

incorporation should be limited to< 2/912 However, higher

ticles?2 Since little is known about alkali tungstate formation

contents are often analytically determined, and they are upon microwave irradiatioff, selected MCI/AMT systems

explained in terms of a tungsten vacancy modeMivlycOs, were additionally investigated under microwave-hydrother-
with y = 6x/(6 + X)).121516 mal conditiong® Finally, we evaluated the kinetics of

Whereas HTB and P alkali tungstates have preferably beennanostructured alkali tungstate formation using both in situ

accessed through soft chemistry routes (Table S1), consider—EXAFS and EDXRD method¥. As little is known about

ably less is known about their availability as nanoscale the hydrothermal formation mechanisms of Mo/W-oxide

materials18A summary goes beyond the scope of this paper materials, we hereby present the second part of a compre-

o i : . hensive morphological and kinetic work: in the first study,
but is given in the Supporting Information (Table S1). use of complementary in situ EXAFS and EDXRD tech.-

In order to address_ a specific structure type, careful niques is demonstrated for monitoring of Mgfd forma-
adjustment of the cation size, the synthetic parametersijon 26 while in the following second study, the according
(especially the pH valug), and the precursor material is  kinetic information on hexagonal tungstates is provided. The
required (Table S1). The resulting structure type strongly third part is focused on the kinetics of mixed (Mo/W)-
depends upon the tungstate species present in solution. Theihanoscale oxide syntheg&The latter exhibit properties in
kinetic study is demanding because the reactions involvedigp, exchangé,sensor technolog’?, and catalys® that are
differ widely with respect to their ratésTherefore, prepara-  syperior to their binary counterparts. For the controlled
tion of nanoscale HTB/P tungstates is a challenging task. hydrothermal preparation of such high-performance ternary

However, the preparative effort is worthwhile because materials, deeper insight into the reaction mechanisms of
hexagonal tungstates offer some specific facilities that might nanostructured tungsten oxides is indispensable.

be enhanced through nanosctructured morphologies, as
recently observed for other classes of tungstates, e.g.,
luminescent MWQ@materials (M= Pb, Cd, Sr¥°In a similar
fashion, the outstanding ion-exchange properties of HTB
phases in the removal df'Cs and™Sr from radioactive alkali/ammonium tungstates from ammonium metatungstate (AMT
wasté! could further benefit from nanoscale particles shapes. of. above): 248 mg of AMT (1 mmol of W), 2 mL of 25 vol. %

The same goes for the catalytic properties and potential US€, atic acid (HAC), and 2 mmol of MCI (M: Li—Cs) were added

as elec.trode maf[elnals that arlse from the proton a”dto a Teflon-lined stainless-steel autoclave with a capacity of 23
electronic conductivity of ammonium HTBSMoreover, the | The autoclave was then sealed, heated for 2 days at@80
specific capacities and ticycling behavior of Li-HTBs and subsequently cooled to room temperature. The resulting
are often superior to other tungstates, and this effect is likely precipitate was collected by filtration, washed with distillegCH

to be enhanced through control of the particle size and shape.EtOH, and E{O or acetone, and dried in air.

Thus, we present a convenient hydrothermal pathway to 2.2. Microwave-Hydrothermal Experiments. The microwave-

access anisotropic and nanostructured hexagonal tungstatelydrothermal (M-H) experiments were performed using a MARSS5
in the following study. (CEM Corp., Matthews, NC) microwave digestion system. The

. . . microwave system operates at a frequency of 2.45 GHz with a
Starting from our previous work on the synthesis of qyimum power of 1200 W. The experiments were carried out in

nanostructured ammonium pyrochlore tungstates from am-qoyple-walled digestion vessels having an inner nonreactive

2. Experimental Procedures

2.1. Standard Hydrothermal Conditions. The following stan-
dard hydrothermal procedure was applied for the preparation of
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°C stepwise. Then the hydrothermal reaction was performed over

mechanical strength. Temperature and pressure probes allow the time period 4 h at 200°C and cooled down, and the material
reaction to be controlled by monitoring the temperature and pressurewas analyzed by EXAFS, XRD, and SEM. A second experiment

within a control vessel. The maximum operating temperature and
pressure for the system are 240 and 350 psi, respectively. In a
typical procedure, 248 mg of AMT (1 mmol of W, 5 mL of 25
vol. % acetic acid (HAc) and 1 or 5 mmol of MCI (¥ Li—Cs))

was treated fo4 h at 180°C using the above microwave digestion
system.

2.3. Analytical Methods.X-ray powder diffraction analyses were
conducted on a STOE STADI-P2 diffractometer in transmission
mode (flat sample holders, Ge-monochromated @y tadiation)
equipped with a position-sensitive detector (resolution ca.°dr0l
20).

For scanning electron microscopy (SEM), performed on a LEO
1530 (FEG) microscope with 1 keV electrons, samples were
dispersed in ethanol and subsequently deposited on a silicon wafer
A CamScan CS-44 electron microscope with an EDAX-Phoenix
energy-dispersive X-ray spectrometer (EDXS) was employed for

was analogously performed adding CsCI (0.1 mol/L).

2.5. In Situ EDXRD Experiments. The in situ energy-dispersive
X-ray diffraction experiments were performed at HASYLAB
Beamline F3 that received white synchrotron radiation from a
bending magnet with a critical energy of 16 keV (DORIS ring with
positron beam energy of 4.5 GeV). An energy range from 13.5 to
65 keV can be observed with a maximum at about 20 keV. The
diffracted beam is monitored by a nitrogen-cooled solid-state
germanium detector. The detector angle was chosen so that all
important Bragg reflections can be detected. @Fspacing range
is given by E = 6.199/@-sin ). With a detector angle of
approximately 1.90the observabla@-spacing range is 2:913.8
A. The energy resolutiold/d is about 102 above 26 keV. The
beam was collimated to 0.2 mm, giving the best results. A more
detailed experimental description can be found in the liter&fite.
For the in situ investigations autoclaves with glass liners with an

approximate elemental analyses. The scanning transmission electrofft€mal diameter of 10 mm and a volume of 10 mL were used.

microscopy (STEM) image was recorded on a Philips Tecnai 30F
microscope, operated at 300 kV (field emission cathode). In the

They were filled with 1.5 mL of a solution of AMT in 25 vol. %
HAc (0.67 M in W) and 1.5 mmol of MCI (M= Li—Cs), closed,

STEM mode, the electron beam was placed on a selected spot, an@"d heated to 208C.

elemental analysis by energy-dispersive X-ray spectroscopy (EDS,
EDAX detector) was performed there.

FTIR spectra were recorded on a Perkin-Elmer Spectrum 2000
FTIR spectrometer in the range from 500 to 4000 &én€, H, and
N analysis was carried out by means of combustion test methods
on a LECO CHN-900. Alkali contents were determined by laser
ablation inductively coupled plasma mass spectroscopy (LA-ICP-
MS). Laser ablation sampling was performed using an ArF 193
nm excimer laser (GeoLas Q, MicroLas, tBogen, Germany)
which was coupled to an ICP-MS instrument (Elan 6100 BRC
Perkin-Elmer, SCIEX, Concord, Ontario, Canaéf).

2.4. In Situ EXAFS Experiments.The in situ X-ray absorption

3. Experimental Results

3.1. Hydrothermal Synthesis.As outlined in the intro-
duction, the alkali tungstate type emerging from a given
hydrothermal reaction is a function of the cation radius and
the synthetic conditions. In the MCI/AMT/HAc (M Li—

Cs) systems, the ammonium cations of the AMT precursor
may be incorporated into the newly formed hexagonal tunnels
in addition to the alkali cations. Extensive optimization
experiments aiming for phase pure nanoparticles exhibiting
uniform morphologies with large aspect ratios (if applicable)

spectroscopy experiments were performed at ANKA-XAS (Karlsru- were conducted starting from a standard hydrothermal
he, Germany) using an EXAFS cell that allows monitoring both procedure (cf. Experimental Procedures). For hydrothermal
the bottom and the middle of the autoclave cell up to 200 bar and experiments conducted in acetic acid solutions, the initial
200 °C 3! The cell was eqUIpped with a PEEK-|n|et, and in the and flnal pH Values are in the range O'f'z When HO |S

present experiment the penetration length was about 5 mm through;sed instead of acetic acid, the initial pH is between 5 and

the solution. A Si(111) double-crystal monochromator was used,
and higher harmonics were effectively removed by detuning of the
crystals to 70% of the maximum intensity. Three ionization
chambers before and after the in situ cell and a reference foil for
energy calibration were used for the incident and out coming X-ray
intensities. The beam size was cut tox51 mm, and the in situ
batch reactor cell was aligned using the6 table. EXAFS scans
around the W L-edge were recorded between 10.05 and 11.8 keV
under stationary conditions (liquid solution and solid material) and
calibrated using the W reference foil (energy range 10-185300
keV). Faster spectra during the change of the reaction conditions
were recorded around the Wi-edge. Note that the solid material
crystallizes at the wall so that both the solid and the liquid are
measured at the same time. The raw data were background
corrected, normalized, and Fourier transformed using the WINXAS
3.0 software’? The experiment was performed in the following
way: The spectroscopic cell was filled with 3 mL of a solution of
AMT in 25 vol. % HAc (0.05 M in W), closed, and heated to 200

(30) (a) Gunther, D.; Hattendorf, BTrends Anal. Chen005 24, 255.
(b) Ottinger, F.; Kroslakova, I.; Hametner, K.; Reusser, E.; Nesper,
R.; Ginther, D.Anal. Bioanal. Chem2005 383 489.

(31) Grunwaldt, J.-D.; Ramin, M.; Rohr, M.; Michailovski, A.; Patzke, G.
R.; Baiker, A.Rev. Sci. Instrum2005 76, 054104.

(32) Ressler, TJ. Synchrotron Radiatl998 5, 118.

6. Room-temperature precipitation experiments in the CsCl/
AMT/HAc and CsCI/AMT/H,0 systems led to formation of
the Keggin cluster compound gid,W1,040]:2H,0. Its
crystal structure is one of the rare examples of a homonuclear
alkali Keggin compound The presence of Ggd,W1,04q]
2H,0 indicates that the Keggin cluster anionfWh:040]%",

is the predominant species in solution.

A number of hydrothermal parameters have been system-
atically varied, and it turns out that the particle shape can
be most conveniently addressed by adjusting the concentra-
tion of the precursor material. Furthermore, variations in pH
and reaction time affect the particle morphology.

Therefore, the kinetics of the transformation of AMT into
HTB tungstates has been investigated with the help of ex
situ and in situ experiments (cf. below).

3.1.1. Role of the Alkali Cations: Structural and Analytical
ChemistryTable 1 provides a summary of the hydrothermal

(33) Engelke, L.; ScHar, M.; Porsch, F.; Bensch, VEur. J. Inorg. Chem.
2003 3, 506.

(34) Engelke, L.; ScHar, M.; Schur, M.; Bensch, WChem. Mater2001,
13, 1383.

(35) Michailovski, A.; Patzke, G. R. Manuscript in preparation.
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Table 1. Synthetic Profiles of the Alkali Cations in the Hydrothermal Formation of Alkali Tungstates(VI)

cation phase typical morphology representative composition (HTB)

Li* HTB/O HTB: rods @ 20—30 nm,l 200—400 nm) (NH)o.19Li0.14W0.9803+0.85H0
O: um-sized flower-like aggregates with dendritic nanorods

Na* HTB rods: um-scale lengths (max. %2n), d ca. 100 nm (NH)o.1Nag 20W0.9503:0.6 1HO
K+ HTB rods: um-scale lengths (max.am), d ca. 100 nm (NH)o.0K0.33W0.9405-0.45H,0
Rb*™ HTB/P HTB: stacked rods (ca. 200800 nm), hierarchical patterns RAW( 0503°nH0
Cs" P: cubic microcrystals ©3$3W0.0503°0.22H0
NH4F(AMT-ref) HTB rods: d 7—15 nm,l 80—250 nm (NH)0.26W0.9603-nH20

parameter study in the MCI/AMT systems: the smallest Li™ and Na can be substituted by NH over a wide
cation Lit supports formation of orthorhombic (O) lithium  compositional range, and most of the alkali tungstates exceed
tungstates only under special conditions (cf. section 3.1.2.1),the limiting M:W ratios of 0.17:1 (M= Na)® or 0.22:1 (M

and the HTB phase generally dominates in the MCI/AMT = K—Cs)*? for incorporation of cations into the hexagonal
(M = Li—K) systems. Note that the crystallinity of the tunnels (cf. representative compositions in Table 1). There-
products considerably decreases in the presence of potassiurfore, they are described in terms of the above-mentioned
cations, as observed in previous studf@gmong the MCI/ tungsten vacancy mod#.

AMT (M = Rb, Cs) systems, the reaction conditions had to  3.1.2. Role of the Alkali Cations: Morphologphe alkali

be optimized to obtain phase pure HTB or P alkali tungstates. cations not only exert a structure-directing effect, but they
As expected, the P-type tungstates are preferably formed inalso lead to characteristic nanostructured morphologies of
the presence of the larger Csation? The larger the cation,  the alkali tungstates (Table 1). Reference hydrothermal
the more pronounced is its stabilizing influence upon the experiments in the AMT/HAc system afford HFB
tungstate channel system: a competitive experiment involv- (NH,)o ,dNo.00snH-O nanorods (cf. Figure 8a), whereas the
ing the simultaneous reaction of AMT with equimolar smaller cations (M= Li — K) lead to formation of fibrous
amounts of the entire MCI series (M Li—Cs) led to  HTB tungstates with microscale lengths and diameters around
exclusive incorporation of Csinto HTB—Cs2Wo.960s* 100 nm. Maximum aspect ratios are obtained in the presence
nH,O. The fraction of ammonium cations incorporated into of sodium cations. The larger cations (¢ Rb, Cs) yield

the HTB alkali tungstates depends on the size of the alkali nanostructured hexagonal phases consisting of small, stacked
cation. According to elemental analyses, the-land Na- nanorods that tend to arrange into hierarchical patterns
HTB systems readily incorporate ammonium cations whereas(Table 1).

the potassium-containing compounds take up only aminimal |, Taple 2 the change in morphology induced by selected
fraction of NH;". The Rb- and Cs-HTB phases are  parameter variations is compared to the results obtained under
practically ammonium free. The water content of the samples standard conditions (cf. Experimental Procedures). Selected
follows the same trend and decreases. frolm thef td the hydrothermal parameters were optimized to improve the
Cs—HTB tungstates. The results are in line with the IR morphological uniformity and the aspect ratio of the emerg-
spectra of the HTB alkali tungstates (Figure 1): the intensity ing hexagonal tungstate particles. Low initial AMT concen-
of the NH," bending vibration around 1400 cthdecreases  (rations and replacement of acetic acid byOHexerted the
from the Li— to the Cs-HTB tungstatlesand so does the OH o5t significant influence on the tungstate morphology.
bending vibration around 1600 cir® The narrow OH 3.1.2.1. LICI/AMT System. Figure 3 illustrates how the

bending vibrations for L+ and Na-HTB indicate the aspect ratio of L+HTB nanorods obtained under standard

presence of structural water molecules. conditions can be enhanced in the
. X presence of low (0.07 M)
LA-ICP-MS techniques (cf. Experimental Procedures) tungstate concentrations (Figure 3a).

were employed for determination of M:W (M Li—Cs) L .
. Lo . . . Further dilution of the precursor material to 0.007 M
.Th for th I I . . T
ratios. The ranges for the individual cations are displayed in (Figure 3b, c) leads to formation of orthorhombic lithium

Figure 2. . . .
g tungstate with a flower-like growth pattern that is charac-
Li teristic of orthorhombic tungstates (cf. the morphology of
Na orthorhombic ammonium tungstates, Figure 8b). The small
2 K Phase width (M : W-ratio)
é 0 0.1 0.2 0.3 0.4 0.5
2 t t } t i
decreasing Il

! ! ' ! ' ' ! ' ammonium
900 1100 1300 1500 1700 content
E
s

Figure 1. Representative IR spectra of HFRlkali tungstates(VI) (arrow
indicates the characteristic NHand OH™ bending vibration around 1400 Figure 2. M:W ratio (M = Li—Cs) in HTB—alkali tungstates(VI) as

and 1600 cml, respectively). determined from LA-ICP-MS techniques.
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Table 2. Effects of Hydrothermal Parameter Variations on the Morphology of Nanostructured Alkali Tungstates(VI) (bold: Optimum Results;
a.r. = Aspect Ratio)

parameter uniformity/a.r. unchanged uniformity/a.r. improved uniformity/a.r. deteriorated

MCI:AMT = 0.25:1 Li, Na K, Rb, Cs

MCLAMT =4:1 K, Cs (P) Rb Li, Na

MCI/AMT/H 20 Na, Rb (P), Cs (P) Li K

c(W)=0.07M Li, Na, K, Cs (P) Rb

c¢(W) =0.07 M, HO Na,K, Rb (P) Li, Cs (P)
c(W)=0.007 M Li (orth.), Na, KCs Rb

c(W) =0.007 M, O Na, Rb Cs(P)

nanorods emerging from the surface of the micrometer-sizedsimilar to those obtained from NaCl solutions (cf. Figures
“flower leaves” might exhibit a hexagonal structure because 4c and S2b), the XRD patterns of the products reveal that
the broadened reflections in the XRD patterns of nanostruc-they are almost amorphous, and the yields are considerably
tured O and HTB tungstates differ only with respect to an |ower than in the sodium-based systems. Tungsten concen-
additional reflection at@= 18° in the orthorhombic phas€.  trations lower than 0.07 M did not afford an increase in
3.1.2.2. NaCI/AMT System. Under standard hydrothermal aspect ratio or Crysta”inity_
conditions the morphology of b and Na-HTB tungstate
nanorods is almost identical (cf. Figure 3a and Figure S2). o ) , o .
However, low tungstate concentration affords -N4TB rubidium cations induces a S|gn|f|c§1nt morphqlog!cal
tungstate rods in the NaC/AMTA® system with microscale ~ change: RE-HTB tungstates are obtained as cylindrical
lengths and diameters around 100 nm (Figure 4a). Their Stacks consisting of small nanorods (Figure 5a, Table 1).
aspect ratio can be maximized when the tungstate concentral ey tend to agglomerate under standard conditions (Figure
tion is decreased to 0.007 M (Figure 4a,b). 6b). Their intergrowth can be reduced by applying a low
3.1.2.3. KCI/AMT System. Although the KCI/AMT/4D initial tungstate concentratiorc(v) = 0.007 M) in HO

system provides well-developed nanorods with aspect ratios(Figure 5c). Unlike in the Na- and K-based systems, the
aspect ratio of the hierarchically grown nanorods remains

unchanged upon precursor dilution.

3.1.2.4. RbCI/AMT Systems. The presence of the larger

Pty g = . - Figure 4. Representative SEM images of (a, b)-N4TB tungstate rods
Figure 3. Representative SEM images of lithium tungstates synthesized synthesized from highly diluted AMT solutions({V) = 0.007 M in HO;
(a) under standard conditions (scale BaB00 nm) and (b, ¢) from highly scale bar= 3 um and 300 nm, respectively) and (c}-HITB tungstate
diluted AMT solutions ¢(W) = 0.007 M; scale bar= 3 um and 300 nm, rods (scale bar= 3 um) synthesized in the KCI/AMT/bD system with
respectively). standard precursor concentration.
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Figure 5. Representative SEM images (scale ba200 nm) of nano-
structured Rb-HTB tungstate rods synthesized under standard conditions
(a, b) and Rb-HTB nanoparticles grown from diluted RbCI/AMT#D
solutions ¢(W) = 0.007 M in HO) (c).

: Y - o L ol )
Figure 6. Representative SEM images (scale Bail800 nm) of nano-
structured CsHTB tungstate rods synthesized under standard conditions
(a, b) and Rb-HTB nanoparticles grown from diluted RbCI/AMT#D
solutions ¢(W) = 0.007 M in HO) (c).

3.1.2.5. CsCI/AMT Systems. The morphology of-G$TB

Michaikki et al.

10
Energy / keV

Figure 7. Representative SEM images (scale sat um; left) and EDX
spot analysis (scale bar 100 nm) of nanostructured SHTB tungstates.

Under standard hydrothermal conditions they are formed
together with pyrochlore cesium tungstates. The latter exhibit
a characteristic microscale cubic morphology (Figure 6a).
To date, few synthetic approaches toward phase-pure Cs
HTB tungstates are known (cf. Table S1)n this study,
we present a new hydrothermal pathway to phase-pure
nanostructured hexagonal cesium tungstates. They can be
obtained from the CsCI/AMT/HAc system with initial
tungsten concentrations around 0.007 M (Figure 6c).

Formation of phase-pure €#TB from low AMT con-
centrations agrees well with previous studies on the reaction
of ammonium paratungstate (ATP: (MtbW12041:5H,0)
under reflux conditions in acetic acid/ethylene glycol/ethanol
medial’@ Formation of HTB and P phases depends on the
solubility of the ATP precursor: when the precursor material
is dissolved completely before the reaction is started, the
HTB—ammonium tungstate is formed, whereas an immediate
reaction without previous dissolution of ATP leads to
formation of the P-ammonium tungstate. Consequently,
partial dissolution of ATP leads to a mixture of both
phasegd’2

3.1.3. Alkaline Earth CationsAlthough a new 2D pyro-
chlore type has been proposed for Tl, Ba, and Pb tungsfates,
screening experiments in the Ba@IMT/HAC system only
afforded a Ba-HTB phase with no distinct morphological
features. Previous experiments in the presenceffSited
to afford Sr-based tungstat&sNevertheless, hydrothermal
reactions with low tungstate concentrationg\{() = 0.07
M) in the STCY/AMT/HAc system have now brought forward
the first S—HTB tungstate (Figure 7). The new compound
forms microspheres with diameters of-8 um that are
hierarchically substructured into rods with an average
diameter of 100 nm (Figure 7, left, bottom). The presence
of strontium in the individual rods has been verified in terms
of EDS spot analyses (Figure 7, right). Elemental analyses
indicate the presence of ammonium cations in addition to
Set.

3.2. Microwave-Hydrothermal Experiments. In order
to investigate the influence of microwave-hydrothermal

tungstates is similar to their Rb analogues except for a strongcongitions on the phase and morphology of the emerging

tendency of the individual hierarchically structured cylinders

(Figure 6) toward arrangement into microspheres on the next(36) Gerand, B.; Nowogrocki, G.; Figlarz, M. Solid State Chen1981

level (Figure S4c).

38, 312.
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Table 3. Microwave-Hydrothermal Synthesis of Alkali Tungstates for Comparison with Conventional-Hydrothermal Reactions

cation (M:w) phase morphology
AMT only reference (0] microflowers (av.#m) made of sheets<(100 nm thick)
LiCl 1:2 HTB nanorodsd ca. 40 nm) ca. 500 nm
LiCl 5:1 (0] microflowers (max. &m) made of sheets (50 nm thick)
RbCI 1:2 HTB microspheres {24 um) made of rods (ca. 20Q 30 nm)
RbCI 5:1 HTB agglomerated nanorods (ca. 2060 nm)
CsCl 1:2 unknown microrystals; microspheres-&um) of rods @ 50 nm)
CsCl 5:1 HTB microspheres {13 um) made of rodsq 15—50 nm)

tungstates, we conducted experiments in the AMT/HAc Furthermore, previous work has shown that the emerging
reference system and in the MCI/AMT/HAc (M Li, Rb— morphology is very sensitive toward the preparative condi-
Cs) systems at low and high M:W ratios (1:2 and 5:1). The tions: hydrothermal reaction of pretreated tungstic acid gel
emerging phases and their morphological features are sum-under N/O, atmosphere yielded micrometer-sized needle
marized in Table 3. aggregates of W§0.33HO0, while hydrothermal treatment
3.2.1. AMT/HAc Reference Systavhereas the conven-  of ripened WQ-2H,0O provided microscale octagonal plate-
tional-hydrothermal synthesis led to formation of HTB- lets of W(-0.33H,0.36 Therefore, the microwave-hydro-
(NH2)0.28W0.9605-NH,O nanorods from AMT (Figure 8a, thermal approach is a novel and efficient pathway to obtain
Table 1), microwave-hydrothermal treatments afforded an nanostructured orthorhombic tungstates in gram quantities.
orthorhombic tungstate, O-(N}d.03Vo.0¢05-0.47 HO (Figure 3.2.2. LICUAMT Systemslicrowave-hydrothermal treat-
8 b), with an XRD pattern that is closely related t0 ment at low LiW ratios affected neither the phase nor the
orthorhombic WG-0.33H0 .3 O-(NHa)o0dNod050.47 O morphology of the emerging HHTB tungstates (Figure 8c)
was fOI’med quantitatively as CharaCteriStiC micrOﬂOWer'like W|th respect to Conventiona|_hydr0therma' reference experi_
aggregates (diameters aroundm) consisting of hierarchi-  ments (Figure 3a). The lithium content of the products has
cally arranged nanosheets with a thickness of 100 nm andpeen determined as (N}d.oaio10No.0605°0.64 HO, and it
below. is in the range of the Li:W ratios obtained from conventional-
Previous conventional hydrothermal syntheses ofsWO  hydrothermal experiments. When a M:W ratio of 5:1 was
0.33HO0 demonstrated that a rather narrow temperature gpplied, however, the orthorhombic phase was formed. It
window (<120°C) must be maintained for its formatiéh.  exhibits the same hierarchically structured microflower
morphology that has been observed in the AMT/HAC system
(Figure 8b), whereas a conventional-hydrothermal reference
experiment in the presence of excess LiCl at the given
tungsten concentration afforded +tHTB nanorods. The
morphology of the orthorhombic lithium tungstates grown
under microwave-hydrothermal conditions differs consider-
ably from the particle shape of orthorhombic lithium tung-
states obtained under conventional-hydrothermal conditions
(Figure 3b,c). Despite the high Li:W ratio in the starting
material, the lithium content of the flower-like orthorhombic
tungstate was determined as (N dio.0MWo.0d03°0.66 HO,
thereby pointing to a very limited lithium uptake of the
orthorhombic phase.

3.2.3. CsCI/AMT System®Vhile the RbCI/AMT/HAC
systems showed little response toward microwave-hydro-
thermal treatments, they drastically altered the course of the
reaction in the CsCI/AMT/HAc system at low Cs:W ratios
(Table 3, Figure 9b). Instead of the expected-E3B or
Cs—P tungstates, microcrystals of a cesium tungstate with
an approximate Cs:W ratio of 1:5.6 were obtained. The XRD
pattern of the product resemblesS&V;,040°13H,0O and
CsZNWi,040:8H,0,%” but no significant amounts of het-
eroatoms could be found in the product. The crystal structure
is probably cubic with a~11.85 A Pn-3m), and further
, investigations are in progress. Hierarchically structured

T R AR . X | cesium tungstate microspheres are formed as a side product,
Figure 8. Representative SEM images of (a) NHITB nanorods formed and their fraction is close to the detection limit of the XRD

under standard hydrothermal conditions in the AMT/HAc system (scale method. However, CSHTB tungstate with a similar sub-
bar = 200 nm), (b) orthorhombic ammonium tungstates(VI) synthesized
from microwave-hydrothermal synthesis (AMT/HAc; scale batO um
(left) and 1 um (right)), and (c) lithium tungstates synthesized from (37) (a) CgSiW1,040-13H,0: Varfolomeev, M.; Lunk, H.; Feist, M.;
microwave-hydrothermal treatment with a M:W ratio of 5:1 (scalebar Hilmer, W. Russ. J. Inorg. Chen1.989 34, 361. (b) CsZnW:,04¢*
1 um). 8H,0O: JCPDS-No. 43-0001.
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agglomeration is observed for orthorhombic lithium tung-
states and CsHTB tungstates (cf. Figure S4). Prolonged
reaction times enhance the crystallinity of most products.
As a result, the potassium tungstate fibers are no longer
amorphous (cf. above), but they display two sharp prominent
reflections around@2= 23° and 47. These are typical (00l)

or (h00) reflections for several tungsten oxide hydrates, so
that the structure of the potassium tungstate nanorods
emerging after 18 days of hydrothermal treatment may
contain a layered motif. Note that a hypothetical lamellar
compound represented as[K sW150s7]~ would be formed

if every seventh layer of a #W0Os16 tungstate were vacant
and potassium cations were inserted instéad.

3.4. Time-Dependent Conversion of AMT into Nano-
structured Tungstates: In Situ EXAFS and Ex Situ
Quenching Experiments.Next, the time scale of tungstate
formation was estimated more precisely with the help of ex
situ quenching experiments performed in the AMT/HAc and
CsCI/AMT/HAc systems. In addition, time-dependent forma-
tion of nanostructured tungstates was studied with in situ
EXAFS experiments performed in an EXAFS cell that is
similar to an autoclave with PEEK inlay (cf. Experimental
Procedures and references theréfi)ue to the similar local
environment of tungsten both in the AMT precursor and in
the HTB tungstates, EXAFS spectra were required to uncover
the structural transformations. All products emerging from
in situ EXAFS experiments were subsequently characterized

Figure 9. Representative SEM images (scale barl um) of lithium in terms of XRD patterns and SEM images (cf. Figures 10
tungstates synthesized from microwave-hydrothermal treatment under

standard conditions (a) and cesium tungstates synthesized from microwave-2nd 12)-
hydrothermal treatment under standard conditions (b) and starting froma 3 4 1. Time Scale of Hexagonal Formation in the AMT/
M:W ratio of 5:1 (c). T . . .

(© HAc SystemThe ex situ experiments in the AMT/HAc

structured spherical morphology was obtained from micro- System starting from low tungsten concentrations (0.05 M)
wave-hydrothermal treatments in the presence of excess CscCleveal that conversion of AMT into the rod-shaped hexagonal
(Figure 9c, Table 3). Therefore, microwave-hydrothermal tungstate phase is in progress betweend zh ofreaction
syntheses are an elegant option to shorten the optimizationtime (Figure 10). After 1 h, the surface of the starting material
work that is required to set up a soft chemistry route to €xhibits the first onset of nanostructuring (Figure 10a (top)),
nanostructured, phase-pure-G4TB tungstate but the small amount of material formed was not sufficient
In summary, microwave-hydrotherma| techniques are a for XRD analySiS. Formation of nanorods sets in around 2 h
straightforward and effective method to expand the product (Figure 10b (top)), and the XRD pattern indicates that AMT
spectrum of nanostructured alkali/ammonium tungstates. has been converted into the hexagonal tungstate phase in
3.3. Conventional-Hydrothermal Synthesis: Influence  the presence of amorphous residual material. Prolonged
of the Reaction Time.In order to gain a deeper understand- hydrothermal treatments (2 days) are required to finalize the
ing of the role of the reaction time and course of the reaction, 9rowth process of the nanorods and improve the crystallinity
selected MCI/AMT systems were subjected to variation of Of the final product (Figure 10d).
the reaction time ranging fro 1 h to 18days (standard In situ EXAFS investigation of the AMT/HAC system with
reaction time= 2 days, cf. Experimental Procedures). The a tungsten concentration of 0.05 M in the starting material
resulting phases and morphologies are summarized andevealed that during stepwise heating to 200 no changes
compared to reference experiments (standard conditions, 2at all—neither in the XANES nor in the EXAFS regien
days) in Table 4. were detected, indicating that the symmetry around the W
3.3.1. Short- and Long-Time Experimen@uantitative absorber atom did not change and no solid materials were
conversion of AMT into M-HTB tungstates in the presence formed. At 200°C, only after more tha 2 h achange in
of the smaller cations (M= Li— Na) is finished after 24 both the XANES and the EXAFS spectrum was observed,
h of hydrothermal treatment. However, the morphology of indicating the onset of the reaction (Figure 11).
the products still exhibits a considerable degree of ag- After 4 h, phase-pure HTB tungstate nanorods were
glomeration (Table 4) so that longer reaction times are formed (Figure 10c). These observations agree well with the

required to obtain separate rod-shaped particles. ex situ experiments but may be slowed down due to the lower
Generally, the typical morphology of the nanostructured

alkali tungstates remains unchanged after 18 days of hydro-(38) () Ramin, M.; Grunwaldt, J.-D.; Baiker, A. Catal. 2005 234, 256.
thermal treatment (Table 4). No particle ripening or further (b) Rohr, M.; Grunwaldt, J.-D.; Baiker, Al. Catal.2005 229, 149.
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Table 4. Hydrothermal Parameters and Emerging Phases and Morphologies of Short-Time and Long-Time Experiments in the MCI/AMT
Systems (M= Li—Csy

MCl/parameter c(W) t/h phase morphology change compared to 2 days
short-time experiments
LiCl/220°C 0.07 2 HTB nanorods] 20—30 nm,| 200-400 nm NO
NaCl 0.07 4 HTB microspheres consisting of robdsg. 1um, d ca. 100 nm) -
NacCl/220°C 0.07 2 HTB rods: length ca.;2m, d 100-200 nm, intergrown -
long-time experiments
LiCl 0.07 18 HTB nanorodsj 20-30 nm| 200—400 nm NO
LiCl 0.007 18 (0] microflowers with dendritic nanorods NO
NaCl 0.07 18 HTB rodsi ca. 3um, d ca. 100 nm NO
NaCl/H,O 0.007 18 HTB+ amorph. rods:l ca. 12um, d ca. 100 nmit- microplatelets (side product) NO
KCI/H20 0.007 18 Layered cpd. rodsup to 2um, d < 100 nm NO
RbCI/H,O 0.07 18 P, little HTB HTB: few hierarchical rods, ca. 1000 nm NO
CsCl 0.007 18 HTB hierarchical microspheres made of stacked rods (ca 200 nm) +
CsCl/(Cs:W)=4 0.5 18 HTB+ P HTB: stacked rods (ca. 200800 nm), slightly improved +

a+ = Morphology improved with respect to 2 day reaction time= Morphology deterioration with respect to 2 day reaction time.N@o significant
change.

concentration of AMT in the solution. Note the significant the XRD pattern recorded aft2 h ofreaction time indicates
difference to the previously reported XANES/EXAFS data the presence of phase-pure-G4TB tungstate and amor-
on formation of MoQ nanorods: in this hydrothermal system phous residues.
the structural changes occurred more rapiéi§ince the local After 2 days of reaction time, the starting material has
environment of tungsten changes only slightly, more detailed peen quantitatively converted into hierarchically structured
EXAFS spectra were required here and XANES data were microspheres (Figure 12c). As outlined above, their crystal-
not sufficient as, for example, in the hydrothermal synthesis |inity and morphology is further improved by 18 day-
of MoOs from MoOs2H,0.2° treatments (Figure 12d).

3.4.2. Reaction Time scale in the CsCI/AMT/HAc System. Addition of CsCl had no effect on the respective in situ

The ex situ kinetic experiments in the CsCI/AMT/HAc EXAFS experiments as well: at 20€, no products were

system demonstrate that the reaction time scale is NOtohserved before an induction time of 2 h, so that the AMT/
significantly altered when the tungsten concentration in the HAc and the CSCUAMT/HAC systems display similar

system is kept at 0.05 M an_d CsClis addeq (1 M). Like in kinetics. Figure 12b shows that phase-pure-83B tung-
the AMT/HACc system, very little product exhibiting surface state has been formed after a reaction tirfid 6 in the in

nanostructuring precipitates afte h (Figure 12a, top), and g, EXAFS cell (bottom) and that the characteristic stacked

nanorods are beginning to emerge (top). In both systems
investigated, only small changes occur during cooling from

200°C to room temperature. Their reaction kinetics proceed

on an hour scale and differ considerably from the previously
studied hydrothermal synthesis of Mg@®anorods$3!

3.5. Time-Dependent Conversion of AMT into Nano-
structured Tungstates: In Situ EDXRD Investigations.
Ex situ experiments conducted at higher tungsten concentra-
tions (0.67 M) in the AMT/HAc system indicated that
conversion of the starting material into nanoscale tungstates
begins after approximately 19 min. This observation points
to a quicker onset than has been observed for lower tungsten

'l "i contents in the starting material (cf. section 3.4). Generally,
d I_:’._ | product formation under solvothermal conditions depends
i ceandiien o AU O LSRRI U oY) on several experimental parameters, e.g., pH value, temper-
=i __.'i . ature, volume, pressure, and/or kind of educt sogité&’
L DR _ﬂ_ el 58 In the previous section, it was clearly demonstrated that the
5 || Al GRS presence of the alkali cation significantly influences the
A ) _ morphology of the reaction product. Therefore, the influence
S o it i of these ions onto the kinetics and the mechanisms of crystal
a o i A growth were studied with in situ EDXRD experiments
T starting from tungsten concentrations of 0.67 M at a reaction
10.0 20.0 o s s soo | san temperature of 200C. In the energy range chosen several
2 Theta reflections of the product and W resonances were monitored
Figure 10. SEM images (top; scale bar 400 nm) and XRD patterns ~ Simultaneously (Figure 13).
(bottom) monitoring the time scale of NHHTB tungstate formation; (top) A typical sequence of time-resolved spectra is shown in

(@) 1 h (ex situ), (b2 h (ex situ), (¢ 4 h (in situ EXAFS), (d) 2 days . . . .
(standard hydrothermal conditions), (bottom) 2ah (ex situ), (B 3 h (ex Figure 13. After an induction timénq that depends on the

situ), (9 4 h (in situ EXAFS), (d) 2 days (standard hydrothermal conditions). kind of alkali ion, the product peaks of the hexagonal
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Figure 12. SEM images (top; scale bar 300 nm) and XRD patterns
'9-22 7 5 B (bottom) monitoring the time scale of €81TB tungstate formation; (top)
(a) 1 h (ex situ), (b4 h (in situ EXAFS), (c) 2 days (standard hydrothermal
k /AT reaction), (d) 18 days (long-time experiment); (bottom)) Zeh (ex situ),
(b) 4 h (in situ EXAFS), (c) 2 days (standard hydrothermal reaction), (d)
0.05 R After 1 h reaction time 18 days (long-time experiment).
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Figure 11. (a) XANES and (b) EXAFS data at the Wedge taken during g 10
hydrothermal synthesis of nanostructured ammonium tungstate from AMT; % @
(c) corresponding Fourier-transformed EXAFS dak&-v(eighted y(K) %-b
function). 40
tungstate phase started to grow. Note that the peaks at 57.9¢ * : ' ¥ : . Y
and 59.31 keV are due to the W, land Kz resonances. The 3 3% 4 45 0 5 6
Energy inkeV

product peak with the highest intensity is the (200) reflection.
A quantitative analysis of the growth rates shows identical Figure 13. Time-resolved energy-dispersive X-ray powder pattern recorded
behavior for different reflections and confirms an isotropic f‘tfezg?odcug ;ngéejﬁgﬁu%rijb&Tﬂﬁépeds'ggz C‘g fizism:rset Q;?Ezg.“”es of
crystallite growth. Deviations of the growth rate due to
crystallinity, peak shape, etc., were negligible after internal the induction time is increased while the overall reaction time
normalization of the data. No hints are seen in the spectrais shorter than without these ions. In contrast, the presence
for the occurrence of crystalline precursors or intermediates. of Li*, Rb*, or Cs" reduces bothi,q and the half-life time
The integrated intensities of the product reflections were significantly (Table 5).
normalized against the intensity of the most intense W K The morphology of the products formed in the course of
resonance. Plots of the extent of reacti@n(ratio of the in situ EDXRD experiments was investigated in terms of
normalized intensity at the reaction tinhdy the intensity SEM images recorded after the reaction. As observed for
at the timeto) against the reaction timé (Figure 14) the ex situ experiments mentioned above and for the in situ
demonstrate that,q andty s depend on the kind of the alkali EXAFS studies (cf. Figures 10 and 12), all products show
ion. In general, the presence of alkali ions leads to a decreasehe onset of nanostructuring, but longer reaction times are
of the reaction time, i.e., the chemical reaction is faster with required to fully develop the characteristic particle morphol-
M™ ions. Interestingly, in the presence of Nand K' ions ogies depending on the cation (Figuress3.
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Figure 14. Extent of reactioru. versus time for the (101/200) reflections In(tred)
for different alkali ions.
Table 5. Kinetic Data for All in Situ EDXRD Experiments b
3,54
cation tpg/min tosgmin  reaction time/min - m  growth model F1
none 14 134 292 1.4 A2/A3 30
Cs 9 71 143 1.6 A2/A3 ’
Na 21 103 225 1.4 A2
Rb 11 67 151 1.6 A2
K 33 77 223 1.3 A2/R3
Li 12 68 130 15 A2

3.5.1. Kinetic AnalysiKinetic studies are useful because
quantitative information such as half-life and rate constants
can be evaluated. In addition, information about the reaction
mechanism is acquired. Kinetic analyses are performed by
fitting the experimental data to a theoretical expression
relating the extent of reaction vs time. Several kinetic
expressions applied to solid-state kinetics have been reported !
and the general shape of their curves is well documented. A 0.2 04 06 08 10
detailed description of evaluation of data has been provided o
in the literature®® The kinetic evaluation was performed after Figyre 15. (a) Sharp-Hancock plot and (b) comparison of the evolution
subtracting the induction timg from time t. The kinetic of experimental/to s data as a function af (gray squares) with different
data for different reactions are summarized in Table 5. Whentheoretical model_s. Th(_a letters with the numbers are abbreviations of the

. different models listed in Table S2.
In[—In(1 — a)] versus Inf) is plotted (the so-called Shatp
Hancock plot, abbreviated SH), a straight line is obtained 5nq hajt.jife times depend on the presence of the alkali ion,
for that part of the reaction which follows the same |, infiuence onto the reaction mechanism is observed. A
mechanisni® A chapge in the mechanism during the reaction typical SH plot is shown in Figure 15a.
leads to a change in the slope of the curve. From the slope ™ 1o experimental points are on a straight line over the
of the linear part of the curve the reaction exponertan  \ypole reaction indicating that there is no change of the
be evaluated. The Avrami exponents related to the type  yaction mechanism. The reaction exponeriias a value
of nucleation and growth process ta!qng place, including the ;¢ 1 5 (Table 5) which is in the region of values for phase
morphology of the reaction product, i.e., whether the crystals 1, nqary control and nucleation-controlled growth mecha-
are fibers, need_les, plates, sheets, sphereg, or_polygons. Theism (Table S2, mechanism Ag) = 2).
exponenmalso includes the type of nucleation, i.e., whether £ 151 detailed and rigorous analyses different models
the nuglel qll develop at once or therg IS a'con.tlnuous (collected in Table S2) were compared with the experimental
nucleation with a constant rate?*While the induction imes  5¢243 In order to select the most appropriate model, the

experimentat/ty s data {/to s is the reaction time at = 0.5)

(39) c(:?eﬁézbc?gg'sgi ggg'?’(b;"grgﬁéiss‘:hé_':jf.Bper?csghj_vgi Anorg. 219 . are plotted vsx. The result is shown in Figure 15b, and the
O'Brien, S.; O’Hare, DChem. Mater1996 8, 2102. (c) Bray, H. J.; procedure allows a direct comparison with the different

Redfern, S. A. TPhys. Chem. Minerl999 591.(d) Christensen, A. ; ; ; i
N.: Bareges. A Nielsen, R. N.: Hazell, R. G.. Norby, P.: Hanson, J. models undgr cpn&deraﬂ_on. For all reactions the experi
C.J. Chem. Soc., Dalton Tran2001 1611. mental data fit with nucleation control (model A2, Table S2),

(40) (&) Hancock, J. D.; Sharp, J. Bi.Am. Ceram. S0d972 55, 74. (b)) confirming the results from the SH plots discussed above.
Sharp, J. H.; Brindley, G. W.; Narahari Achar, B. N.Am. Ceram.
Soc.1966 379. (c) Mohamed, B. M.; Sharp, J. Bl.Mater. Sci1997,
1595. (42) Thomas, J. J.; Jennings, H. hem. Mater1999 11, 1907.

(41) Brown, P. W.; Pommersheim, J.; Frohnsdorff, @m. Concr. Res. (43) (a) Avrami, M.J. Chem. Phys1939 7, 1103. (b) Avrami, MJ. Chem.
1985 15, 35. Phys.194Q 8, 212. (c) Avrami, M.J. Chem. Physl941 9, 177.
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Parallel to their common formation mechanism, all products
exhibit in principle a similar anisotropic dimensionality in
the initial phase of the reaction. This is in line with the
parametrical scope of the reaction exponemtA more
detailed interpretation of the individual aspect ratios in
relation tom would require a series of carefully designed

Michaikki et al.

kinetics of nanostructured tungstate growth is generally
slower than that observed for hydrothermal formation of
MoO:; fibers?6 This was verified by a combined in situ
EXAFS/EDXRD study: first, conversion of ammonium
tungstate into ammonium- and cesium-containing HTB
nanorods, respectively, was studied for low AMT concentra-

quenching experiments that would go beyond the scope oftions. Under the given conditions, the onset of product

this study.
However, is has to be pointed out that the morphology

(1-dimensional needle-like, sometimes an intermediate be-

formation was observed after approximately 2 h. Further-
more, additional ex situ experiments indicated that the
kinetics of HTB nanorod formation might be concentration

tween needles and plates) observed for the products of thedependent. As in situ EDXRD methods are better suited for

in situ experiments is clearly in accordance with the value
of ~1.5 found form and can be explained by the equation
m= (P/S + Q. P is the dimensionality (in this case a value
between 1 and 2), and the const&is related to the rate-
limiting growth mechanism (here a value of 1 for boundary
controlled growth is taken)Q is a constant which is

the study of tungstate growth at higher tungsten concentra-
tions, they were subsequently employed to investigate the
influence of the alkali cations on the kinetics of the reaction.
For a complete monitoring of the structural changes occurring
during the transformation of the AMT precursor into
hexagonal tungstates, both in situ EDXRD and EXAFS

determined by the nucleation rate (here a value of 0 for methods are required. Whereas the induction times-800
nucleation site saturation is reasonable), leading to valuesmin) vary with the alkali cation, all of them accelerate

for m ~ 1.5. For more details concerning the different
parameters and use of the equation, cf. ref 39.

4. Discussion

conversion of AMT into nanostructured tungstates. Never-
theless, the alkali-based hydrothermal processes still take
more than an hour to completion, and at least 2 days of
further treatment are required to obtain a fully developed

The structure and morphology of nanostructured tungstatesanisotropic morphology. Note that the tendency toward

generated from hydrothermal field studiedepends on the

nanofiber formation is most pronounced with Nand K"

synthetic conditions and cations incorporated into the parentthat exhibit the longest induction times. In spite of their

tungstate framework. In the MCI/AMT (ammonium meta-
tungstate; M= Li—Cs) hydrothermal systems, the Li-, Na-,

different induction times, the alkali cations generally support
a nucleation-controlled growth mechanism. This general

and K-based compounds adopt the hexagonal tungsten bronzgesult is in line with the observed morphologies, and the

(HTB) structure, whereas the presence of Rhd C¢ gives

individual reaction profiles of the alkali cations are the

rise to both HTB and pyrochlore tungstates. The phase subject of a detailed follow-up study. Nucleation control

preference’d of the individual cations are accompanied by

might account for the longer onset times observed for lower

specific morphological profiles: the HTB phases containing AMT concentrations in the in situ EXAFS experiments: all

lithium, sodium, or potassium exhibit an anisotropic, rod-

in all, both in situ approaches demonstrate that the hour-

shaped morphology. Among them, the hexagonal sodium scale kinetics of ammonium tungstate formation is slow in

tungstates display maximum values of the aspect ratio.

Contrary to the fibrous materials obtained with smaller alkali

comparison with the hydrothermal preparation of MoQds
that is quantitatively finished after a maximum of 15 rin.

cations, the rubidium- and cesium-based HTB particles However, the morphology of the MaQrods cannot be

exhibit a hierarchical growth pattern of small nanorods that
are stacked into cylindrical arrangements.
The preparative options provided by the alkali chloride

controlled with the help of alkali cations to a comparable
extent®

5. Conclusion

additives can be applied upon quick and efficient microwave-
hydrothermal production of nanostructured alkali tungstates.

For example, optimization work that is usually required to ¢ ! ; d be altered b
generate phase pure nanoscale-B3B tungstates can be ormation of nanostructured tungstates can be altered Dy

cut out. This method furthermore provides access to flower- alkali halides to generate alkali HTB tungstates with various
like nanostructured orthorhombic tungstates when applied morphologies. A systematic hydrothermal field study has

The present study outlines how the one-step hydrothermal

in the absence of alkali cations. Interestingly, the ortho-

been conducted to track down the optimal parameter

thombic phase can be formed as well with an excess of LiCl windows for the different product types. Their formation

in the reaction medium, while lower Li:W ratios lead t
microwave-hydrothermal formation of Li-containing HTB

nanorods. However, the orthorhombic tungstates take up only

negligible amounts of lithium cations, so that their formation
might be due to a surface effect offl.ithereby rendering it
an “additive” in the true sense of the word.

Ex situ and long-time experiments in the MCI/AMT
(M = Li—Cs) hydrothermal systems unraveled that the

o Process has been explored with a combination of in situ

EXAFS and EDXRD methods, so that key mechanistic and
kinetic information is now available to fine tune the synthetic
protocol for further applications. The presence of alkali
cations speeds up the hydrothermal process. Although they
all support a nucleation control mechanism for formation of
nanostructured hexagonal tungstates, their individual reaction
kinetics differ from each other. Further studies are now

(44) Behrens, P.; Glaue, A.; Haggehlfey, C; Schechner GSolid State
lonics 1997, 101, 255.

(45) Michailovski, A.; Krumeich, F.; Patzke, G. Relv. Chim. Acta2004
87, 1029.
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