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The Dion—Jacobson-type layered perovskite, RbCa;Nb;O14, has been prepared by two
different synthetic routes at the moderate temperature of 800 °C. With a new molten salt
approach, combining a 1:4:3 molar ratio of K,CO3:CaCO3:Nb,Os with a large excess of RbCl
leads to the rapid formation of RbCa;Nb3;O;0 at 800 °C. Although the product incorporates
rubidium from the molten salt flux, K,COs3 is a necessary component of the reaction mixture.
Surprisingly, the solid-state reaction of a 1.5:4:3 molar ratio of Rb,CO3:CaCO3:Nb,Os at 800
°C also leads to the formation of RbCa,NbzO;0 in a relatively short time. Both of these
reactions were studied by time-resolved in situ high-temperature X-ray powder diffraction.
Energy-dispersive X-ray diffraction (EDXRD) data confirmed that the synthesis of RbCa,-
Nb3;O10 was accelerated by the molten salt flux; the material crystallizes as soon as the RbClI
flux melts, and the reaction is shown to be complete within a few minutes of reaching 800
°C. The solid-state reaction proceeds more slowly but is still essentially complete in about
80 min. The in situ EDXRD data also revealed the presence of two or more intermediate
phases produced in the solid-state synthesis, corroborated by laboratory quenching studies.
Conventional high-temperature diffraction studies of RbCa,;Nb3;O;, established that no phase
changes occur in this material up to 1000 °C.
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Introduction

A traditional synthetic tool of the solid-state chemist
has been the high-temperature solid—solid reaction. The
trademark high temperatures of this method (typically
>800 °C) are required to overcome the very small
diffusion rates of solid-state reactants. These high
temperatures and the large furnaces they necessitate
make it difficult to monitor physical and chemical
changes taking place while the reaction occurs and thus
to obtain information about the reaction mechanism and
kinetics. One method of lowering the reaction temper-
atures and/or shortening reaction times for the synthe-
sis of inorganic solids is the use of a molten salt flux.
Although there are many examples in the literature of
the use of molten salt fluxes to enhance reactivity and
promote crystal growth,! little information is known
about the mechanisms of these reactions or the inter-
mediates produced. A notable exception was the report
in 1995 on the probable mechanism for the molten salt
synthesis of the commercially important X-ray phos-
phors, M'—RTaO; (R = Y, Gd, Lu), from R,0O3 and
Ta,0s.2 On the basis of thermal analysis data and X-ray
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diffraction evidence for reaction intermediates isolated
by quenching, Hedden et al. concluded that the molten
salt flux reacted with the constituent oxides to form
intermediates that are more reactive than the starting
oxides, accelerating product formation and ultimately
regenerating the flux. These detailed studies are rare,
however, and as in the case of solid-state reactions, little
is generally known about the kinetics or mechanisms
of molten salt flux reactions.

One of us recently reported the use of a molten KCI
flux to considerably lower the reaction temperature in
the synthesis of the layered perovskite KCa;Nbz010.3
Layered perovskites have attracted considerable atten-
tion recently because of their rich interlayer chemistry,*
their use as photocatalysts,® their use as precursors to
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new materials® and thin films,” and the discovery of
colossal magnetoresistance in layered perovskite man-
ganates.® There have been several reports of the use of
molten salt fluxes to grow crystals of layered perovs-
kites, typically at high temperature. For example,
crystals of RbCayNbzO19 were grown from a rubidium
sulfate flux at 1300 °C.° We found that polycrystalline
RbCa;Nb3O1p could be readily synthesized in a RbCI flux
(mp = 718 °C) at 800 °C. To gain some understanding
of the chemical processes taking place during these
molten salt reactions, we have investigated fully the
synthesis of RbCa,;Nb3z0O19 from molten RbClI fluxes and
performed time-resolved in situ X-ray diffraction studies
of both the molten salt synthesis and the solid-state
synthesis of RbCaz;Nbz0;0 at 800 °C.

Developments in in situ powder X-ray diffraction over
the past few years have largely been due to the avail-
ability of high-flux synchrotron X-ray sources that allow
rapid data collection and that take advantage of the
intense X-ray beams to penetrate bulky reaction con-
tainers.’® Examples of the use of in situ X-ray diffraction
to follow solid—solid reactions are the work of Bondioli
et al., who tracked the reaction between BaCOs; and
TiOz in the laboratory and observed the formation of
Ba,TiO4 as an intermediate,!? and a study of high
temperature, self-propagating reactions by Larson et al.,
which revealed the presence of transient phases during
the production of transition-metal carbides from the
elements.’? These studies both illustrate how the oc-
currence of intermediate crystalline phases can be
observed by in situ X-ray diffraction. This information,
in addition to the observation of the Kkinetics of the
reaction, allows a reaction mechanism to be proposed.
In most in situ X-ray diffraction experiments previously
reported, the amount of sample studied must be very
small to minimize absorption of the beam (both by the
sample and by the reaction chamber) so that high-
quality data may be collected in the shortest possible
period of time. To reproduce more accurately real
reaction conditions, we recently described the construc-
tion of a large-volume furnace, from which energy-
dispersive X-ray diffraction (EDXRD) data can be
measured during chemical reactions taking place at
temperatures up to 1000 °C.13 In this paper we describe
the first application of the apparatus and, to the best
of our knowledge, the first in situ diffraction study of a
molten salt synthesis, namely, the formation of RbCa,-
Nbgolo.
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Experimental Section

All starting materials were obtained from commercial
suppliers. Metal carbonates and metal chlorides were typically
dried overnight at 120 °C prior to use. Molten salt reactions
were carried out either in alumina boats or in fused silica
tubes, open to the atmosphere. After a reaction, the molten
salt flux was dissolved in deionized water and insoluble
products were isolated for characterization by X-ray powder
diffraction.

Laboratory Studies. Conventional X-ray diffraction pat-
terns were recorded at room temperature on a Phillips PW
1729 diffractometer, using Cu Ko radiation. High-temperature
X-ray diffraction data were recorded in the laboratory under
a flow of He gas on a Siemens D5000 diffractometer with an
HTK1200 Anton-Parr cell from 3° to 90° 260 with a step size of
0.02° and count time of 2 s/step. Diffraction patterns were
obtained at 28, 800, 900, 1000, and 28 °C, again after cooling
from high temperature from RbCa;Nb3;O;4 to confirm that no
structural transition takes place at the temperatures used in
the synthesis.

In Situ EDXRD Data. In situ EDXRD experiments were
performed on Station 16.4 of the Synchrotron Radiation
Facility (SRS), Daresbury Laboratory, U.K. This second gen-
eration synchrotron source operates with an average stored
current of 200 mA and a typical beam energy of 2 GeV. Station
16.4 is illuminated with radiation from a 6 T superconducting
wiggler and receives X-rays over an energy range of 5—120
keV with a maximum X-ray flux of 3 x 10%° photons/s at
around 13 keV. The position of this energy maximum is shifted
by the absorption of lower energy photons by the sample
containers so that, in practice, X-rays with energies above ~30
keV are useful. Data were measured from reactions taking
place in fused silica tubes (9 x 12 mm, i.d. x o0.d.) held in a
vertical tube furnace, the design, construction, and calibration
of which we have previously described in detail.’® The EDXRD
method allows rapid data collection since the incident X-ray
flux is high, and all diffraction data are measured simulta-
neously by a fixed-angle, solid-state detector. In the EDXRD
experiment, Bragg reflections with an interplanar spacing [d
(A)] are characterized by an energy [E (keV)], given by

E = 6.19926/(d sin 6) (1)

where 26 is the angle of the detector relative to the incident
beam.'* Station 16.4 is equipped with a novel three-element
detector,*® and this allows three regions of diffraction data to
be recorded, and therefore unambiguous identification of
crystalline phases.® Bragg reflections of crystalline standard
materials were used to determine accurately the angle of each
detector element (silicon for the higher angle detectors and
zeolite A for the low-angle detector); the top detector was set
at 20 = 7.47°, the middle at 20 = 4.63°, and the bottom at 260
= 1.83°. Data were collected in periods of 60—120 s (see below)
from both molten salt and solid—solid reactions taking place
within the furnace. After completion of in situ studies, all
reaction products were analyzed by powder X-ray diffraction
collected at room temperature on a laboratory diffractometer
to check sample purity. Data analysis was performed using
the freely available programs DLConvert and XFIT;Y this
allowed conversion of the data into ASCII format, plotting of
data from individual runs and the determination of peak areas.

Results and Discussion

1. Laboratory Studies of the Synthesis of RbCa,-
Nb3O10. Reaction of K,CO3, CaCO3, and Nb,Os in a 1:4:3

(14) Giessen, B. C.; Gordan, G. E. Science 1968, 159, 973.
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(16) Muncaster, G.; Davies, A. T.; Sankar, G.; Catlow, C. R. A;
Thomas, J. M.; Colston, S. L.; Barnes, P.; Walton, R. I.; O'Hare, D.
Phys. Chem. Chem. Phys. 2000, 2, 3523.

(17) Software available from http://www.ccpl4.ac.uk, 2002.
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molar ratio together with a large excess of RbCl readily
produced the layered perovskite RbCa,;Nb3O;0 at 800
°C. The reaction incorporated rubidium from the flux
to form the rubidium layered perovskite rather than the
intended potassium analogue. Initial laboratory studies
indicated that the product formed in under an hour and
that reaction times ranging from 1 to 24 h resulted in
little difference in the product. Although the alkali metal
in the product clearly came from the flux, K.CO3; was a
necessary component in the reaction as heating CaCOg3
and Nb,Os in a 4:3 molar ratio together with a large
excess of RbCI at 800 °C produced only calcium niobates,
CaNb,;0Og and CazNb,O7. Interestingly, heating the
potassium layered perovskite, KCa;Nb3O1, in molten
RbCI at 800 °C for 24 h led to the ion-exchange product
RbCazNb3z010. This result suggests that one possible
explanation for needing K,COj3 in the reaction mixture
is that the reaction takes place via a KCayNbzO1g
intermediate. Alternatively, the potassium in K,COg3
may not be the important factor at all but rather the
K>CO3 decomposition is crucial for maintaining a critical
oxide ion concentration in the flux.

The effect of reagent concentration in the flux was
investigated by varying the K,CO3:CaCO3:Nb,0s5:RbCI
molar ratios from 1:4:3:100 to 1:4:3:50 to 1:4:3:20 to 1:4:
3:2. As long as a large molar excess of RbCl was present
(1:4:3:100 or 1:4:3:50 molar ratios), single-phase RbCa,-
NbzO;0 was obtained. However, when the reagent/salt
ratio dropped to 1:4:3:20 or 1:4:3:2, increasing amounts
of impurity phases were observed in the X-ray powder
diffraction patterns of the products. In the product from
the 1:4:3:20 reaction, trace amounts of CaNb,Og can be
identified, and in the product from the 1:4:3:2 reaction,
CaNb,0Og is present in larger quantities together with
CazNb,0O7. Clearly, the optimal conditions involve a
large excess of RbCIl. The rapid formation of RbCa,-
Nb3Oj0 in the RbCI flux at 800 °C prompted us to
investigate the traditional solid-state synthesis at the
same temperature. The original preparation of RbCa,-
NbsOj0 reported in the literature involved firing a
mixture of Rb,SO,4, CazNb,O7, and Nb,Os, first at 750
°C and then at 1250 °C over the course of 2 days.'® We
found, however, that simply heating Rb,CO3;, CaCOs,
and Nb,Os in a 1.5:4:3 molar ratio (50% molar excess
Rb,CO3) at 800 °C for 24 h produced single-phase
Rbcasz3olo.

Before the in situ experiments were undertaken, high-
temperature X-ray powder diffraction data were col-
lected from RbCa,Nb3010 using a laboratory diffracto-
meter to verify that no phase transitions occurred up
to 800 °C. Data were collected at 28, 800, and 1000 °C
and again at 28 °C after cooling from high temperature.
Aside from the expected thermal expansion at high
temperatures, no significant changes were observed in
the X-ray diffraction patterns. Lattice parameters for
RbCa;Nb3z0;p refined from the peak positions of 17—20
reflections at each temperature are collected in Table
1. No phase transitions were observed in this sample
up to 1000 °C. The diffraction data at 800 °C were
subsequently used to confirm assignment of the product
peaks in the in situ EDXRD patterns obtained during
the synthesis of RbCa;Nb3O10 (see below).
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Figure 1. In situ EDXRD data from the middle detector (26
= 4.63°) collected every minute from a molten RbCI flux
synthesis as the furnace is heated to 800 °C. All of the peaks
are due to crystalline RbCIl and shift to lower energies (higher
d spacings) as the furnace is heated, consistent with thermal
expansion. Peak intensities decrease until finally the RbCI
melts.

Table 1. Tetragonal Lattice Parameters for RbCa;NbzO19
Refined from X-ray Powder Diffraction Data Collected in
the Laboratory at Several Temperatures

temp (°C) a(A) c(A) volume (A3)
28 7.720(2) 14.909(3) 888.6(2)
800 7.776(1)  15.138(4) 915.3(3)
1000 7.787(1)  15.206(3) 922.1(3)
28 (postheating)  7.718(1)  14.914(2) 888.4(2)
literaturel® 7.725(2)  14.909(5) 889.7

2. In Situ EDXRD Data. Molten Salt Synthesis of
RbCazNb3O10. Figure 1 shows EDXRD data measured
by the middle detector every 60 s during the early stages
of heating a 1:4:3:50 molar ratio of the reactants K-
CO3:CaC03:Nb,05:RbCI to 800 °C. The furnace takes a
short period of time to reach the desired temperature,
so the early data are dominated by the Bragg reflections
of RbCI. As the temperature rises, we observe the
thermal expansion and melting of RbCI evidenced by
the shift of these reflections to lower energies (higher d
spacings) and, ultimately, the disappearance of these
peaks. The positions of the four peaks labeled in Figure
1 were determined for the first 10 spectra using the
peak-fitting routine XFIT, and the d spacings were used
to refine a set of unit cell parameters. Figure 2a shows
a plot of the refined cell parameters of RbCl as a
function of time. By comparison of these data with the
literature values for the cell parameter of RbCl as a
function of temperature,'® we can calculate a temper-
ature curve for the sample as a function of time, shown
in Figure 2b. It should be pointed out that the melting

(18) Dion, M.; Ganne, M.; Tournoux, M. Mater. Res. Bull. 1981, 16,
1429.

(19) Srivastava, K. K.; Merchant, H. D. J. Phys. Chem. Solids 1973,
34, 2069.
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Figure 2. (a) Variation in the cubic cell parameter for RbCI
as a function of furnace heating time (top). Cell parameters
were refined from the peak positions of the EDXRD data
shown in Figure 1. Error bars were generated by assuming a
deviation of +3¢ from the refined lattice parameter. (b) With
use of published thermal expansion data for RbClI, the tem-
perature of the sample at each point in time was calculated
from the cell parameter (bottom). The maximum deviations
of the lattice parameter at each point were used to estimate
the errors in the calculated temperatures. These data show
that the furnace heats to 800 °C rapidly, within the first 12
min of heating.

point of RbCI is 718 °C. The last two data points in
Figure 2b lie above this value, although the error bars
on these temperatures are also quite large and fully
encompass the melting point temperature. The data in
Figures 1 and 2 demonstrate that the desired reaction
temperature (800 °C) is achieved within the first 12 min
just as the RbCI salt melts.

Figure 3a shows EDXRD data measured on this same
reaction mixture just before and after the melting of
RbCIl. Three Bragg reflections of the product RbCa,-
Nb3zO;0 are seen immediately after the salt melts; these
do not increase in intensity after 13 min of reaction time.
We attempted to study this molten salt synthesis at a
lower temperature to observe the growth of product over
a longer time scale. Figure 3b shows the data obtained
from an identical reaction heated to 750 °C. Once again
the product appears immediately after the melting of
the salt mixture, and in this case after 16 min, the
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Figure 3. Selected in situ EDXRD data from the middle
detector (26 = 4.63°) for molten RbCI flux syntheses carried
out at (a) 800 °C (top) and (b) 750 °C (bottom). In both cases,
weak peaks from RbCazNbsO,q, identified with the Miller
indices 203, 220, and 400 from a tetragonal unit cell, are
discernible as the salt begins to melt.

reaction is complete. Although we have observed for the
first time the rapidity of the molten salt reaction, we
were unable to extract accurate peak areas to determine
crystallization curves. The rapid growth in peak inten-
sity (the reaction was complete after acquisition of only
2—3 spectra) and the high background noise of the data
made peak area determination difficult. The background
in the data is presumably due to a high level of
absorption and amorphous scattering of the X-ray beam
by the liquid RbCI flux. This would also explain why
we were unable to observe any useable signal in the
higher angle top detector after the RbCI melted; the
scattered beam has to pass through a larger amount of
sample before reaching the top detector. In other
experiments we have performed involving molten salts
with lighter atoms (NaCIl/KCI mixtures, for example),
the background scatter and absorption by the salt were
far less problematic.20

On the basis of laboratory evidence for the necessity
of K,COs in the reaction mixture, we speculated earlier
that the molten salt synthesis of RbCa,Nb3zO19 might

(20) Geselbracht, M. J.; Noailles, L. D.; Ngo, L. T.; Walton, R. I.;
Cowell, E. S.; Millange, F.; O'Hare, D., to be published.
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Figure 4. In situ EDXRD data from the middle detector (26
= 4.63°) for the solid-state synthesis of RbCa;Nb3;0;0 at 800
°C. Bragg reflections for the product are labeled with hkl Miller
indices based on a tetragonal unit cell.

take place via a KCa;Nb30;p intermediate. We can find
no indication for the transient formation of KCa;NbzO19
in the EDXRD data, although the speed of the reaction
and the poor signal-to-noise of the data may be masking
evidence for any intermediates.

Solid-State Synthesis of RbCa;NbzO19. Figure 4 shows
a three-dimensional stacked plot of EDXRD data mea-
sured every 120 s by the middle detector during the
formation of RbCa;NbzO19 from Rb,CO3; (50% molar
excess), CaCOgs, and Nb,Os at 800 °C. The data allow
us to make a number of observations: (i) there is a
considerably reduced background in this reaction com-
pared to the molten salt reaction, thus confirming our
view that the presence of liquid-alkali-metal halide gives
rise to significant background scatter and (ii) the solid-
state reaction takes place on a longer time scale than
the molten-salt reaction, making the process more
amenable for study by our EDXRD cell. We can also see
the presence of transient crystalline phases at the early
stages of reaction. Two-dimensional plots of the data
allow these transient phases to be identified more easily
(Figure 5). In the data from the bottom detector (Figure
5a), we observe three distinct transient diffraction
features. In the data from the middle detector (Figure
5b), we see the decay of NbyOs, the presence of two
intermediate phases, and the growth of the product.
(Note that some of the peaks due to starting materials
fluctuate in intensity during the first 6 min; this is most
likely due to initial sample movement caused by the
rapid heating.) In the data from the top detector (Figure
5¢), the fluctuation of starting material peaks is again
apparent, but after 6 min, when the material has
resettled, product growth progresses smoothly. We also
see one transient diffraction feature in the data from
the top detector.

Figure 6 shows a decay curve for Nb,Os and growth
curves for RbCayNbzO;9 determined by integration of
selected peaks from the data in Figure 5. For Nb,Os,
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Figure 5. In situ EDXRD data at selected times from the
solid-state synthesis of RbCa,;Nb3;O40 at 800 °C. (a) Data from
the bottom detector (26 = 1.83°), where three intermediate
peaks, each with a slightly different time profile, are marked
with the symbols (O) (x), and (f). (b) Data from the middle
detector (260 = 4.63°), where one peak from the starting
material Nb,Os is marked with N and two intermediate peaks
are marked with symbols (x) and (a). (c) Data from the top
detector (26 = 7.47°), where the presence of a weak intermedi-
ate peak is indicated with an asterisk (x). For all three
detectors, peaks due to the product RbCa;NbzOs, are labeled
with hkl Miller indices based on a tetragonal unit cell.

we chose the well-resolved Bragg reflection at 42.9 keV
(d = 3.57 A) in the middle detector, and for RbCa;-
Nb3O1, the 220 Bragg peak from the middle detector
(55.8 keV, 2.75 A), and the 400 and 207 peaks from the
top detector (49.0 keV, 1.94 A and 50.1 keV, 1.90 A,
respectively). It proved impossible to obtain such curves
for all Bragg peaks observed because first many overlap
with each other, making partitioning of the area to
individual peaks very difficult, and second at the
beginning of the reaction many peaks overlap with those
of the starting materials. The most striking feature of
the product growth is that the curves obtained by
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Figure 6. Normalized integrated peak areas for the decay of
one Nb,Os starting material reflection compared to the growth
of three different product peaks indexed to a tetragonal unit
cell for RbCa;NbsO;0. Curves are added as a visual guide only.

analysis of three different Bragg reflections are super-
imposable, even though they arise from Miller planes
with different crystallographic orientations. This sug-
gests that crystal growth is isotropic. Qualitative ob-
servations of the changing diffraction patterns in Figure
5 also provide evidence for this. For example, the closely
spaced 200 and 004 reflections seen at ~40 keV in the
middle detector clearly grow at the same rate, even
though at the early stages of reaction they overlap with
peaks due to the starting materials. Thus, even though
we are observing the growth of a layered perovskite
material whose structure may be described as being
highly anisotropic, there is no evidence for more rapid
crystal growth in one particular crystallographic direc-
tion. A second important observation about these data
is that a large amount of Nb,Os has been consumed
before the RbCa;Nb3zOig crystallizes. The decay curve
of the starting material and the growth curve of the
product clearly do not cross at o = 0.5 (a is the extent
of reaction on a scale of 0—1). This suggests that the
Nb,Os is converted into another phase (potentially an
amorphous niobium oxide or a ternary or quaternary
phase produced by reaction with the other components)
before the onset of crystallization of the product. Our
observation of intermediate crystalline phases is con-
sistent with this idea.

Peak area analysis was also performed on several of
the intermediate peaks seen during the reaction. In this
case, difficulties were encountered when peaks over-
lapped with both product and starting material peaks,
but it was possible to measure independently the areas
of three of the transient peaks. The well-resolved
intermediate peak in the bottom detector at 44.6 keV
(8.75 A), marked with an open circle in Figure 5a, was
successfully integrated. From the middle detector, the
intermediate peaks marked with x and with filled
triangles in Figure 5b (at 47.0 keV, 3.26 A and 53.8 keV,
2.85 A, respectively) were also integrated. The results
of these analyses are shown in Figure 7. Given the
different time profiles observed for these intermediate
peaks, we conclude that there is more than one inter-
mediate phase present.
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Figure 7. Integrated peak areas showing the growth and
decay of three different intermediate peaks, two from the
middle detector and one from the bottom detector. The symbols
used in this plot match those used to mark these intermediate
peaks in Figure 5a,b.

In an effort to identify the intermediate phases,
several quenching studies were attempted back in the
laboratory. The identical furnace and reaction conditions
were used in these studies to mimic the environment
of the in situ experiments in every respect. Samples of
the solid-state reaction mixture were heated from room
temperature to 800 °C and then quenched in air after a
specified amount of time. In one case, the reaction was
guenched after heating for 10 min, and in a second case,
the reaction was quenched after heating for 20 min.
These quenched samples were analyzed by X-ray dif-
fraction on a laboratory diffractometer, taking advan-
tage of the much higher resolution of Bragg reflections
as compared to the EDXRD technique. In both quenched
samples, the predominant crystalline phase isolated was
the product RbCa;Nb3z019, providing corroborative evi-
dence for the rapidity of product growth. In addition to
peaks due to RbCa;NbzOip, each of the quenched
samples also contained smaller diffraction peaks due to
other phases. The sample quenched after 10 min
contained very small amounts of RbsNbgO17, although
none was present in the sample quenched after 20 min.
There were a number of unidentified diffraction peaks
observed in both quenched samples. It is interesting to
note that three of these peaks index to a simple cubic
unit cell with a lattice parameter (3.99 A) similar to that
of a perovskite-type structure. Given that the structure
of RbCay;NbzO1p is built from perovskite-type slabs,
chemically, this would be a very plausible intermediate
structure. There is some correlation between transient
diffraction peaks observed in the in situ EDXRD data:
specifically, peaks at 8.80, 3.28 and 3.20, and 2.82 A
observed in the quenched samples agree with the three
EDXRD intermediates peaks whose temporal profiles
are shown in Figure 7. No unambiguous assignment of
these diffraction features was, however, possible. Fur-
ther study of these samples by high-resolution electron
microscopy and electron diffraction would be invaluable
in the identification of these intermediate phases.
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Conclusions

The first time-resolved in situ X-ray powder diffrac-
tion studies of the high-temperature formation of the
layered perovskite RbCa;NbzO;9 has allowed insight
into the complexities involved in its synthesis. A new
molten salt route to the solid facilitates the rapid
formation of RbCa,NbzO;0; we observed the crystalliza-
tion of the material as soon as the RbCI flux melts, and
the reaction is shown to be complete within a few
minutes of reaching 800 °C. Although the data from this
experiment are affected by strong background signal,
the crystallization is obviously much more rapid than
that in a traditional solid-state route, where the reaction
takes around 80 min to reach completion. On the basis
of the in situ EDXRD data and on laboratory quenching
studies, the solid-state reaction appears to involve two
or more intermediate phases. The data we have ac-
quired are the first that will enable the pathways of
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these complex reactions to be understood. Our results
suggest that a detailed study of quenched materials will
be a profitable line of future research. The application
of this in situ X-ray diffraction technique to other high-
temperature solid—solid and molten salt reactions will
offer an unprecedented view into the possible mecha-
nisms of these reactions and should advance our un-
derstanding of the processes used to make solid-state
materials.
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