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ABSTRACT: Solid-state reaction kinetics on atomic length
scales have not been heavily investigated due to the long
times, high reaction temperatures, and small reaction volumes
at interfaces in solid-state reactions. All of these conditions
present significant analytical challenges in following reaction
pathways. Herein we use in situ and ex situ X-ray diffraction,
in situ X-ray reflectivity, high-angle annular dark field scanning
transmission electron microscopy, and energy-dispersive X-ray
spectroscopy to investigate the mechanistic pathways for the
formation of a layered (Pb0.5Sn0.5Se)1+δ(TiSe2)m heterostruc-
ture, where m is the varying number of TiSe2 layers in the
repeating structure. Thin film precursors were vapor deposited as elemental-modulated layers into an artificial superlattice with
Pb and Sn in independent layers, creating a repeating unit with twice the size of the final structure. At low temperatures, the
precursor undergoes only a crystallization event to form an intermediate (SnSe2)1+γ(TiSe2)m(PbSe)1+δ(TiSe2)m superstructure.
At higher temperatures, this superstructure transforms into a (Pb0.5Sn0.5Se)1+δ(TiSe2)m alloyed structure. The rate of decay of
superlattice reflections of the (SnSe2)1+γ(TiSe2)m(PbSe)1+δ(TiSe2)m superstructure was used as the indicator of the progress of
the reaction. We show that increasing the number of TiSe2 layers does not decrease the rate at which the SnSe2 and PbSe layers
alloy, suggesting that at these temperatures it is reduction of the SnSe2 to SnSe and Se that is rate limiting in the formation of
the alloy and not the associated diffusion of Sn and Pb through the TiSe2 layers.

■ INTRODUCTION

Understanding the kinetics of solid-state reactions is
particularly important in the formation of metastable phases,
but it is challenging to obtain detailed information about most
solid-state reactions because reactants are typically powders
and the reactions and structural changes occur at the many
surfaces and interfaces. Solid-state reactions are typically
monitored by tracking changes in unit cell volume,1 by
tracking the ratio of reactants and products and their structural
evolution using Rietveld refinement of diffraction data,2−4 or
via in situ electron microscopy and electron diffraction
studies.5 In situ X-ray diffraction techniques have been used
to probe solid-state reactions6,7 and more complex synthesis
methods such as solvothermal approaches.8,9 Combining in
situ scattering and spectroscopy techniques has also provided
useful insights into reaction pathways.10,11 Obtaining direct
information about the atomic level steps in solid-state
reactions, however, remains elusive due to the heterogeneous
nature of reactions occurring at interfaces.
Topotactic reactions via soft chemical reactions are often

used to form metastable compounds. Topotactic reactions are
those where a structural change occurs where the final
structure is related to the initial structure through crystallo-
graphic orientation. There may be a loss or gain of atoms

during the transition, and structural units of the original
structure may be maintained during the reaction. The
preservation of basic structural features between reactants
and products constrains possible reaction pathways. The most
common examples of topotactic reactions are intercalation and
ion exchange. These reactions are of vital importance for
battery applications, where the commercial technology
depends on the reversibility of the topotactic reactions.12,13

Other topotactic reactions of interest include intercalation of
large organic molecules into layered clay structures for sensing
applications,14 transition metal oxide reductions,1 and the
redox synthesis of metastable magnetic phases.4 Layered
compounds, because of the obvious diffusion pathways parallel
to the layers and preferred orientation that enhances reflection
intensities in diffraction experiments, are particularly attractive
for in situ studies of topotactic reactions. These investigations
have resulted in proposed reaction mechanisms, such as the
intercalation of Li into TiS2.

15−17 Although diffusion is easy
parallel to the layers, what happens perpendicular to the layers
is less obvious and yet is critical to accomplishing trans-
formations that require mass exchange between the layers.
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More challenging are studies of topochemical reactions in
three-dimensional solids, and there is considerable interest in
understanding the mechanism of these reactions due to their
importance in lithium batteries.18 The mechanistic under-
standing of intercalation reactions has enabled their use in
multistep reactions which can be performed sequentially to
accomplish transformations that cannot be done in a single
one-step reaction.3 Recent advances in preparing designed
heterostructures through stacking of two-dimensional layers
provide a new and diverse set of interesting starting materials
for topochemical transformations.
In this paper we explore the conversion of ordered

(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstructures into
(Pb0.5Sn0.5Se)m(TiSe2)n at elevated temperatures using both
diffraction and scanning transmission electron (STEM)
techniques. The starting phases, (PbSe)1(TiSe2)n-
(SnSe2)1(TiSe2)n where n = 1 and 3, enable us to create a
sample with an abrupt concentration gradient where there is
no mixing of Pb and Sn across a known distance of 0.6 or 1.8
nm, respectively. The monoselenides in both the precursor and
product have distorted rock salt structures. The dichalcoge-
nides in the precursor and product have the CdI2 structure.
The c-axis of the dichalcogenide is perpendicular to the
substrate and the (100) plane of the rock salt structure. The
topotactic nature of this reaction, illustrated schematically in
Figure 1, combined with the preferred orientation of both the

reactants and products makes this an ideal system to probe the
interconvers ion us ing in s i tu X-ray diff ract ion.
(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstructures can be
prepared at low temperatures and (PbxSn1−xSe)m(TiSe2)n
random alloys can be prepared at elevated temperatures19 by
using starting precursors with different structures that mimic
the composition variation along the c-axis. Both families of
compounds are structurally well characterized using both X-ray
diffraction (XRD) and electron microscopy techniques, with
atomically abrupt interfaces between structurally distinct
layers. The ability to systematically change the nano-
architecture and interface density through the design of the
precursors is an added advantage of this system, as it allows
both interdiffusion of layers and diffusion within a layer to be
independently probed as a rate-limiting step in the reaction

pathway. Following the self-assembly of the initial precursor
into (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n at low temperatures,
the conversion between the compounds is consistent with a
two-step reaction mechanism. SnSe2 decomposes through the
loss of Se and the simultaneous reduction of the Sn in
(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n to form SnSe. The Sn and
Pb cations immediately begin to intermix through the
intervening TiSe2 layers. The rate of the formation of the
final (Pb0.5Sn0.5Se)m(TiSe2)n product does not depend on the
number of TiSe2 layers between the Sn and Pb constituents,
indicating the rate-determining step is the loss of Se and
concomitant reduction of Sn.
While this study involves a very specific decomposition

mechanism, the quick interdiffusion of Pb and Sn across an
intervening solid at the relatively low temperature of 250 °C is
a surprising result. Typically solids need to be heated to ∼2/3
of their melting points for significant diffusion to occur, as this
temperature is required to create a significant concentration of
defects. The temperature where diffusion is observed in this
study is much lower than the melting points of the respective
solids (1079 °C PbSe,20 874 °C SnSe,21 or higher than 900 °C,
TiSe2

22). The abrupt concentration gradient and the short
diffusion distances enhance the diffusion rate. As pointed out
by Persson, the amorphous state sets a limit on what
compounds can be nucleated. Only compounds more stable
than the amorphous state can form.23 This study suggests a
general strategy to obtain an amorphous solid at low
temperatures is to prepare precursors with abrupt concen-
tration gradients, which potentially can be accomplished by
sequentially depositing elements in thin layers. Low-temper-
ature annealing will mix the layers, and the compound that
forms will be the easiest to nucleate.

■ EXPERIMENTAL SECTION
Precursor films that mimic the composition modulation of the target
compounds were prepared by sequentially depositing elemental
layers. The precursors were deposited in a custom-built high-vacuum
physical vapor deposition system at pressures below 5 × 10−7 Torr.
Pb, Sn, and Ti were deposited using electron beam guns, and Se was
deposited using an effusion cell. Rates were maintained at 0.1−0.3 Å/s
at the substrate using a quartz crystal microbalance (QCM) to
monitor the rate and control the power of the electron beam sources.
Elemental layers were deposited using a PC-controlled pneumatic
shutter system to expose the substrate to the plume of each source
until a calibrated thickness measured by the QCM was reached. The
procedure to calibrate the deposition parameters has been described
in detail previously.24 Precursor films were annealed in a N2
environment ([O2, H2O] ≤ 0.8 ppm) for ex situ experiments.

Adjustments to deposition parameters during calibration were
made using X-ray reflectivity (XRR) and diffraction (XRD) as well as
compositional characterization from electron probe microanalysis
(EPMA) using a method described elsewhere.25 XRR, θ/2θ XRD, and
in situ measurements were performed on a Bruker D8 Discover
diffractometer (Cu Kα radiation). In-plane XRD measurements were
performed using a Rigaku SmartLab diffractometer (Cu Kα
radiation). In situ measurements were conducted using an Anton-
Parr hot stage on the D8, with N2 gas flowing through the polyether
ether ketone polymer housing to prevent oxidation. The scan time for
the in situ measurements was 600 s.

High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectros-
copy (EDX) experiments were conducted at Sandia National
Laboratories, using an aberration-corrected FEI Titan G2 80-200
STEM equipped with a four-quadrant large-area EDS detector and at
Pacific Northwest National Laboratory using a JEOL ARM 200CF S/
TEM. The STEMs were operated at 200 keV.

Figure 1. Schematic of the conversion of (PbSe)m(TiSe2)n(SnSe2)m-
(TiSe2)n into (Pb0.5Sn0.5Se)m(TiSe2)n, which involves the loss of Se
and the interdiffusion of Sn and Pb through the intervening TiSe2
layers.
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■ RESULTS AND DISCUSSION
Precursors to (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n superstruc-
tures were prepared by depositing specific sequences of
elemental layers to target a specific product following
procedures described previously.24 Pairs of elements (shown
in the square brackets below) were calibrated to produce
specific metal/selenium compositions. The ratios between the
elemental layers were adjusted to obtain cation ratios that
matched the expected lattice mismatches. A [Pb|Se][Ti|
Se][Sn|Se][Ti|Se] sequence of elemental layers was deposited
as a precursor to the (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 super-
structure. A second precursor was prepared by depositing three
[Ti|Se] elemental bilayers twice in the same sequence of
bilayers as a precursor for the (PbSe)1(TiSe2)3-
(SnSe2)1(TiSe2)3 superstructure.
A sequence of diffraction patterns was collected as a function

of time while the annealing temperature was held constant at
275 °C, and the resulting data for the (PbSe)1(TiSe2)1-
(SnSe2)1(TiSe2)1 precursor are shown in Figure 2. The

sharpening of all peaks as well as an increase in intensity of
the odd integer reflections in the 30 min scan indicates that a
superstructure with the period of the precursor has self-
assembled. The scan after 2 h shows decreases in the intensity
of odd order reflections with increases in the even order
reflection intensities, suggesting that the superstructure has
begun to transform into the (Pb0.5Sn0.5Se)1(TiSe2)1 final
product. This transformation continues with time, with the
odd order reflections systematically decreasing in intensity
until only the (001) reflection of the original superstructure is
barely visible after 11 h, while the even order reflections of the
initial product grow in intensity (for example the (0014)
reflection of the initial product, which is equivalent to the
(007) reflection of the final product). Along with the changes
in intensity, there is a slight shift of the reflections to higher
angle as a function of time, suggesting a slight decrease in the
unit cell size. After additional annealing, only the even order
reflections remain, suggesting that the c-axis lattice parameter

has been decreased by a factor of 2, which is consistent with
the formation of (Pb0.5Sn0.5Se)1(TiSe2)1. The relative in-
tensities and the lattice parameter are consistent with that
obtained for the compound (Pb0.5Sn0.5Se)1(TiSe2)1 prepared
without forming the three-component superstructure as a
precursor.19

In-plane diffraction data collected as a function of annealing
time is shown in Figure 3. All the reflections in the in-plane

diffraction pattern of the superstructure can be indexed as
belonging to either SnSe2, PbSe, or TiSe2. There is no evidence
for SnSe, which shows a strong distortion in the a and b lattice
parameters of the rock salt structure.19 As a function of time,
the reflections for SnSe2 lose intensity, as seen by the change in
intensity of the (110) reflection at 2θ ≈ 47°. The rock salt
reflections appear, grow in intensity, slightly shift their
position, and begin to broaden, suggesting a distortion of the
in-plane structure is occurring. This is consistent with the
formation of two layers each containing a PbxSn1−xSe alloy as a
function of annealing time.19 The in-plane diffraction data
support the formula (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 for the
initial superstructure formed and the sequence of events
inferred from the 00l diffraction data. In the conversion of
(PbSe) 1(TiSe2) n(SnSe2) 1(TiSe2) n in to the fina l
(Pb0.5Sn0.5Se)1(TiSe2)n compound, Se must diffuse out of the
structure and Pb and Sn must exchange through the
intervening TiSe2 layers.
HAADF-STEM data were collected on a sample of

(PbSe)1(TiSe2)3(SnSe2)1(TiSe2)3. A representative image
(Figure 4) contains a repeating sequence of a bright PbSe
bilayer, three consecutive dark TiSe2 trilayers, an intermediate
intensity SnSe2 trilayer, and a second band of three consecutive
dark TiSe2 trilayers. The structure of the bright PbSe bilayers is
consistent with a rock salt structure in the areas oriented down
a zone axis, agreeing with STEM images of other compounds
containing a rock salt structured PbSe bilayer.19 The structure
of the SnSe2 layer determined from the zone axis images is
consistent with layers in the bulk CdI2 structure, with Sn in an
octahedral coordination centered between two Se layers. The
structure of the TiSe2 layers is consistent with the CdI2
structure, where the outer Se layers octahedrally coordinate
the middle Ti layer. The stacking of the TiSe2 layers is mostly

Figure 2. Specular diffraction patterns of a precursor to
(PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 obtained as a function of annealing
time at 275 °C. The initial formation of (PbSe)1(TiSe2)1-
(SnSe2)1(TiSe2)1 i s fo l lowed by its convers ion into
(Pb0.5Sn0.5Se)1(TiSe2)1. The scans have been offset from one another
for clarity.

Figure 3. In-plane diffraction data as a function of annealing time at
275 °C (black = 30 min, blue = 2 h, red = 8 h.). The initial compound
formed, (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1, converts into
(Pb0.5Sn0.5Se)1(TiSe2)1 on annealing. The scans have been offset
from one another for clarity.
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consistent with the 1T polytype found for bulk TiSe2, but
occasionally a layer in the three-layer blocks has a different
orientation than the other two. The STEM data are consistent
with the observed specular and in-plane X-ray data, supporting
the initial formation of the three component heterostructure,
(PbSe)1(TiSe2)3(SnSe2)1(TiSe2)3.
The topotactic nature of the observed transformation from

(PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 into (Pb0.5Sn0.5Se)1(TiSe2)1
preserves the out-of-plane crystallographic alignment, making
this system ideal for in situ diffraction measurements. Based on
the data presented above, two different transformations are
expected during the annealing. At low temperatures or for
short times at higher temperatures, the precursor is expected to
self-assemble into the ordered (PbSe)m(TiSe2)n-
(SnSe2)m(TiSe2)n superstructure. At longer times or at higher
temperatures, the (PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n super-
structure is expected to transform into the compound
(Pb0.5Sn0.5Se)m(TiSe2)n. To explore the self-assembly of the
precursor into the ordered superstructure, XRR data were
collected as a function of time at temperatures below 250 °C,
as shown in Figure 5.
The intensity changes seen in Figure 5 as a function of time

result from changing electron density in the repeating structure
as it reorganizes to a more stable state with lower Gibbs free
energy. The overall pattern changes very little, suggesting that
there is minimal change in the overall superstructure. There is
a slight shift in the position of the maxima of the first-order
reflection and subsidiary maxima to higher angles as a function
of time, indicating that the thickness of the deposited layers
decreases. The shift corresponds to less than a 0.1% decrease
in thickness and the peak also narrows, suggesting the sample
is becoming more ordered. The second-order Bragg reflection
does not shift position, which is consistent with the higher
order reflections. This indicates that the second-order
reflection results from the ordered superstructure. The relative
positions of the first- and second-order Bragg reflections after
annealing correspond more closely to that expected from

Bragg’s law corrected for index of refraction changes. There is a
slight decrease in the intensity of the first-order Bragg
reflection, while the intensity of the second-order Bragg
reflection remains constant. These changes suggest that
annealing causes amorphous regions of the initially deposited
samples to self-assemble into the ordered (PbSe)m(TiSe2)n-
(SnSe2)m(TiSe2)n superstructure. The growth in intensity of
the higher order odd Bragg reflections reflects the increased
coherence as planes of atoms become regularly spaced. The
intensity and position of the first-order Bragg reflection with
time trends toward a constant value at low temperatures
(Figures 6 and 7), which suggests that below 200 °C,
(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n (where m = 1, n = 1 or m =
1, n = 3) compounds self-assemble from their respective
precursors.

The change in the intensity of the first-order Bragg reflection
is very different at higher temperatures, as shown in Figure 6.
The intensity of the (001) reflection decreases continuously as
a function of time for temperatures above 200 °C as the
structure converts to the (Pb0.5Sn0.5Se)1(TiSe2)1. If a sample is
initially annealed for a period of time at 250 °C or higher and
then the temperature is lowered below 200 °C, the (001)

F igure 4 . Repr e s en t a t i v e HAADF-STEM image o f
(PbSe)1(TiSe2)3(SnSe2)1(TiSe2)3 showing the atomically abrupt
structural transitions between the constituent layers. The brightest
layers are from the rock salt structured PbSe. The next brightest layer
is from SnSe2, and the three adjacent dark layers are TiSe2.

Figure 5. XRR data collected as a function of time at 150 °C. Each
scan contains the first- and second-order Bragg reflections and a
sequence of subsidiary maxima (Kissig fringes) resulting from the
finite sample thickness and finite number of repeating sequences
deposited in the initial reactant. The insets are expansions of the
(001) and (002) reflections to make the small changes more apparent.

Figure 6. Variation of the natural logarithm of the normalized
intensity of the (001) reflection as a function of annealing time and
temperature. In the red data set, the sample was initially annealed at
250 °C for 3 h and then annealed at a reduced temperature of 200 °C
and then 150 °C.
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reflection does not change in intensity as a function of time
(red data set, Figure 6). This is consistent with the sample
being a metastable mixture of (PbSe)m(TiSe2)n-
(SnSe2)m(TiSe2)n and (Pb0.5Sn0.5Se)m(TiSe2)n. This suggests
that the conversion between these two structures is an
activated process, requiring a temperature above 200 °C to
have a measurable rate.
Figure 7 summarizes the changes in thickness as a function

of annealing time and temperature for the same samples
presented in Figure 6. The samples annealed at low
temperatures all show a small decrease in thickness that
trend to a constant value, with a change in the total thickness
of less than 1%. This change reflects the structural rearrange-
ments that occur during the self-assembly of (PbSe)1(TiSe2)1-
(SnSe2)1(TiSe2)1 from the mostly amorphous precursor. The
samples annealed at higher temperatures show a much larger
decrease in thickness, reflecting the larger changes that occur
as (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 transforms into
(Pb0.5Sn0.5Se)1(TiSe2)1. At 250 °C the decrease in thickness
is significantly faster than at lower temperatures. It decreases
with increasing annealing time, perhaps reflecting the longer
diffusion distances required for the Se that must be lost. A
sample annealed for ∼20 000 s at 250 °C and then annealed
further at 200 or 150 °C has no change in sample thickness at
the lower annealing temperatures. This suggests that higher
temperatures are required to transform (PbSe)m(TiSe2)n-
(SnSe2)n(TiSe2)n into (Pb0.5Sn0.5Se)m(TiSe2)n. Se evaporates
from the sample in this transformation, as confirmed using
EPMA.
Considering the changes that must occur during the

conversion of the (PbSe)m(TiSe2)n(SnSe2)n(TiSe2)n super-
structure into the (Pb0.5Sn0.5Se)m(TiSe2)n alloy, there are two
likely rate-limiting steps. One is the intermixing of Sn and Pb,
which is being directly monitored by the previously discussed
X-ray diffraction data. The second likely rate-limiting step is
the reduction of Sn and concomitant loss of Se as the SnSe2
converts into SnSe. To decouple these potential rate-limiting
steps, annealing studies were performed on precursors with
different thicknesses for the TiSe2 layered regions separating
the Sn and Pb containing layers. To first order, the reduction
of Sn and loss of Se as the SnSe2 converts into SnSe is expected
to be independent of the thickness of the TiSe2 layers. The
increase in the thickness of the TiSe2 region, however,
increases the diffusion length for the mixing of Sn and Pb by

a factor of 3. If interdiffusion is the rate-limiting step and if
Fick’s laws for diffusion hold, the thicker intervening TiSe2
layers should decrease the interdiffusion rate of Sn and Pb by a
factor of 9. If the diffusion does not follow Fick’s laws, then the
difference in the interdiffusion rates could be smaller or larger,
but one would still expect it would take more time to diffuse a
longer distance. Figure 8 contains the intensity of the (001)

reflection versus time for n = 1 and n = 3 precursors when they
are annealed at 250 °C. The decay in the intensity is the same
for both, which indicates that the decomposition of SnSe2 to
SnSe and Se is the likely rate-limiting step in the reaction.
The diffraction and STEM studies are consistent with the

following proposed mechanism:

{ [ | ]}{ [ | + ]}{ [ | + ]}{ [ | + ]}
→ ≤ °

m n y m y n y

T

Pb Se Ti (2 )Se Sn (2 )Se Ti (2 )Se

(PbSe) (TiSe ) (SnSe ) (TiSe ) 200 Cm n m n2 2 2

→ + m

(PbSe) (TiSe ) (SnSe ) (TiSe )

(PbSe) (TiSe ) (SnSe) (TiSe ) Se (slow)
m n m n

m n m

2 2 2

2 2 n

→
≤ °T

(PbSe) (TiSe ) (SnSe) (TiSe ) (Pb Sn Se) (TiSe ) (fast)

250 C
m n m n m n2 2 0.5 0.5 2

Since changing the thickness of the TiSe2 layers does not
change the rate of the reaction, the rate-limiting step of the
higher temperature reaction is most likely the decomposition
of SnSe2 to SnSe. This decomposition requires the migration
of Se out of the structure. The onset of the reaction at 250 °C
and the associated decrease in film thickness suggest that this is
the temperature required to decompose the SnSe2 layer into
SnSe and Se. The decomposition of SnSe2 creates vacancies in
the structure, which enable Se, Sn, and Pb atoms to diffuse
through (or around) the TiSe2 layers.

■ CONCLUSIONS
The data presented suggest that a topotactic reaction with
multiple steps and identifiable intermediates occurs as
precursors with defined nanoarchitecture evolve into specific
(Pb0.5Sn0.5Se)m(TiSe2)n compounds. The precursors initially
self-assemble into a three-constituent heterostructure,
(PbSe)m(TiSe2)n(SnSe2)m(TiSe2)n, when annealed briefly at
higher temperatures or at lower temperatures for longer times.
The values of m and n are defined by the nanoarchitecture of

Figure 7. Change in normalized film thickness (d/d0) as a function of
time and temperature for an m = 1 n = 1 compound. In the red data
set, the sample was initially annealed at 250 °C for 3 h and then
annealed at a reduced temperature of 200 °C and then 150 °C.

Figure 8. Decay of the intensity of the (001) reflection as a function
of time and temperature for (PbSe)1(TiSe2)1(SnSe2)1(TiSe2)1 and
(PbSe)1(TiSe2)3(SnSe2)1(TiSe2)3 samples at the indicated temper-
atures.
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the precursor. At elevated temperatures and longer annealing
times, the structure rearranges to form (Pb0.5Sn0.5Se)m(TiSe2)n,
which maintains a layered architecture as the unit cell size
decreases by a factor of 2 due to the now equivalent
(Pb0.5Sn0.5Se)m layers. In this reaction, Sn is reduced, Se
needs to diffuse out the film, and Pb and Sn need to diffuse
through the intervening TiSe2 layers. Since increasing the
number of TiSe2 layers (n) in the precursor, which increases
the diffusion length, did not change the reaction rate, the
decomposition of SnSe2 into SnSe + Se is the rate-limiting step
in the formation of (Pb0.5Sn0.5Se)m(TiSe2)n from the precursor.
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