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The “Flash” Method: A Shortcut for Producing the Cs,(W,Nb);0,, Structure

Aniké Simon and Evgenii V. Kondratenko*!"!

Complex mixed-metal oxides are fundamental materials
for various applications since their physicochemical proper-
ties and structure can be tuned by altering metal content
and oxygen stoichiometry. In particular, those of the formu-
la of (Mo,W),(V,Nb),(TeO,,SbO,).0y, (a+b=5,x=12,0<
c<2) are of essential interest in heterogeneous catalysis.!!
This system is attractive for converting cheap and in future
longer available C,—C, alkanes in natural gas to alkenes, ni-
triles, and oxygenates currently produced from oil-derived
feeds.”) These catalytic reactions are structure sensitive. The
orthorhombic M1 phase, isostructural to the Cs,(W,Nb)s;O,,
phase described first by Lundberg et al.,”! is assumed to per-
form the alkane functionalization.”! Preparing M1 struc-
tured materials usually involves several steps: a strict mixing
order of all reagents, heating at ambient or elevated pres-
sures, removal of solvents and drying, multiple calcinations
in various atmospheres, and elution of by-phases (e.g., the
hexagonal M2 phase®). Anyhow, the preparation of single-
phase materials is still challenging, and often lacking in re-
producibility.

Herein, we report on a shortcut method for preparation
of the Cs,(W,Nb);O,, phase in only three simple steps. In
contrast to the prior work of Shigapov et al.’) aimed at cre-
ating simple metal oxides with a high surface areas, applying
cellulose templates enabled us to produce an M1 structured
single-phase material consisting of oxides of Mo, Nb, and
Cs. We call this novel protocol the “flash” method. To dem-
onstrate its benefits, we compared it to the standard slurry
and hydrothermal routes for preparing the exemplary
CsMo,Nb;O,, compound. All materials were evaluated re-
garding their bulk crystallinity, elemental composition, sur-
face morphology, and BET surface area, as well as prepara-
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tion time and yield. Moreover, the cell parameters of the
flash product were refined by the Rietveld method.

The preparation protocols are briefed below; further de-
tails are outlined in Scheme S1 in the Supporting Informa-
tion. For each method, ammonium heptamolybdate, ammo-
nium niobate oxalate, cesium nitrate, and deionized water
were used unpurified. Firstly, the reagents were suspended
in water and heated to reflux under stirring for 15 min.

For the hydrothermal route, the hot solution was filled
into a teflon tube, sealed in a stainless steel autoclave, and
heated at 458 K for 50 h, after which the autoclaves were
quenched at room temperature. The resulting black suspen-
sion was decanted, washed, and dried at ambient pressure at
343 K for 18 h. The dark brown raw product was finally cal-
cined in static air at 873 K for 6 h yielding 81.5% of a light
yellow solid (HT873). The calcination at 873 K was repeated
owing to the poor crystallinity. The final product is later re-
ferred to as HT873r.

For the slurry route, the hot solution was transferred into
a dish and evaporated at ambient pressure at 393 K. The
bluish white residue was finally calcined at 873 K for 6 h to
yield 98.0 % of the SL873 product.

For the flash route, the solution was fully absorbed by cel-
lulose (Carl Roth, 0.007 % ash). The impregnated wet fibers
were directly placed in a red-hot furnace (873 K) and cal-
cined in static air for 6 h, yielding 98.5 % of the FL873 prod-
uct.

We emphasize here, that the flash preparation takes the
shortest time (in total less than seven hours to obtain the
final product) and scored the highest overall yield (98.5%).
In contrast, the hydrothermal route claims the longest time
(two days only to form the raw product) and resulted in the
lowest yield (81.5%). The preparation method also influen-
ces the BET surface area (Table 1). The low BET surface
area of 3.0m*g™' of the SL873 material clearly stands out.
The HT873r and FL873 products have BET surface areas of
9.8 and 7.2 m*g!, respectively.

SEM revealed that the different shapes and sizes of the
crystallites explain the dissimilar BET surface areas.
Figure 1 clearly evidences a porous surface of aggregated
nanocrystallites in HT873r. On top, grooved rod-like needles
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Table 1. Elemental composition and BET values.

Sample Elemental composition BET area [m*g ']
SL873 C81.1:01M01 73£003ND317£00104 3.0
HT873r C81.1:01M01 32£0.05ND3 65100500 9.8
FL873 C812:01M0177£00sNb31 2010, 72

Figure 1. SEM micrographs of a) HIT873r, b) SL873 and c) FL873 after
calcination at 873 K. The scale bars are 1 pm.

are emerging out of the substrate. In view of that, SL873
and FL873 feature congeneric but full-grown grooved rods.
Furthermore, no porous structures are spotted. Yet, SL873
mainly formed to thick rods, while FL873 mostly consists of
thin needles, partly aggregated as seen from the SEM
images in Figure S1 in the Supporting Information.

All products contain less Mo than expected from the for-
mula of CsMo,Nb;O,. HT873r lacks this element the most,
resulting in the highest Nb/Mo ratio of 2.8 versus 1.8 in
SL873 and FL873 (Table 1). The chemical composition of
the last two materials is exactly equal. A minor loss of subli-
mating Mo oxide(s) during the calcination at 873 K cannot
be ruled out. The leaching in the hydrothermal route may
derive from the phase separation step. The removal of sol-
vent, containing both reactants and fractions of the liquefied
raw product, possibly leads to an elemental loss. However, a
detailed investigation of the origins of the Mo leakage
would exceed the scope of this communication.

In agreement with SEM, XRD analysis confirms a poor
crystallinity of HT873r (Figure 2). The XRD diffractograms
of SL873 and FL873 are characterized by well-resolved
“finger-print” reflections of the Cs,(W,Nb);O,, phase in the
20 region between 5 and 10°, as well as at 22.2° and 26.5°.
The reflection at 260 =22.2°, observed in many Mo oxides of
the layer-typed ReOj structure, is assigned to the interlayer
distance d along the axis (001) equal to ~4 A. The distances
determined for HT873r, SL873, and FL873 are at 3.989,
3.999, and 4.001 A, respectively, indicating a remarkably
shorter interlayer distance in HT873r. This deviation may
arise from the unequal chemical composition (Table 1).

Additional crystal phases other than Cs(W,\Nb);O,, were
not observed within XRD resolution, though all materials
seemingly contain moieties of X-ray amorphous phase(s). In
order to obtain more information on the possible existence
of X-ray amorphous individual oxides of Nb and Mo, the
materials were analyzed by Raman spectroscopy. Figure 3
displays the Raman spectra of FL873, as well as of individu-
al MoO; and Nb,Os. Comparing the band positions in the
Raman spectrum of FL873 with those in the spectra of the
individual oxides, the presence of their amorphous nanocrys-
tallites can be ruled out. It should be stressed here, that
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Figure 2. XRD patterns (circles) of a) HT873r, b) SL873, and c) FL873
after calcination at 873 K. Bottom plot with calculated patterns (line),
Bragg reflections (tick marks), and difference plot (beneath) from Riet-
veld refinement.
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Figure 3. Raman spectra of FL873 (black), MoO; (light gray), and Nb,Os
(dark gray).

both the Raman and XRD analysis proved the flash method
to produce the best-crystallized material compared to the
standard methods.
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Synthetic Methods

The orthorhombic structure of the flash product was simu-
lated by refining the powder XRD data according to the
least-squares Rietveld method using the GSAS/EXPGUI
program.”! Impurity reflections were not detected. The cell
parameters of the estimated space group Pba2 are summar-
ized in Table S1 in the Supporting Information. The fitting
quality is reflected in the low overall Ry value of 3.31%.
The final convergence resulted in an interlayer distance of
4.001 A, in perfect match with the experimental data. Thus,
judging from the difference plot between measured data
and simulation (Figure 2c), the suggested structure of the
FL873 material turned out to be realistic.

In summary, the flash route is a hopeful advance in pre-
paring Cs,(W,Nb);O,, structured materials. The application
to the Mo-V-(Te/Sb)-Nb oxide system, which is catalytically
active in the alkane oxyfunctionalization, is currently under
progress. In a general sense, our novel method is appropri-
ate for the bulk structuring of individual and mixed oxides
of main and transition-metal groups and is to be employed
for a broad variety of materials for applied chemistry. It
excels with high-quality bulk crystallinity, a short prepara-
tion time, a high yield of crystalline product, and a minimum
Mo leakage relative to the standard slurry and hydrothermal
methods.

Experimental Section

The elemental composition was measured by X-ray fluorescence spec-
troscopy (XRF) on an Oxford ED-2000 spectrometer. Specific surface
areas were computed from Kr physisorption at 120 K with single point
BET procedure. A Stoe Stadi P transmission diffractometer with Ge-
(111)-monochromatic Cuy,, radiation (1=1.5406 A) was used for powder
X-ray diffraction (XRD) study in the range of 5<26<60° with 0.05°
steps. Rietveld refinement was performed using the GSAS/EXPGUI pro-
gram package. Scanning electron microscopy (SEM) images were taken
by a Hitachi S-4800 FEG at an acceleration voltage of 2.0 kV in the sec-
ondary electron (SE) mode. Raman spectra were collected using a Kaiser
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Optical Systems RXN1 equipped with a diode laser (785 nm) operating
at a power level of 70 mW.
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