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ABSTRACT: Flux growth synthesis is an advantageous synthetic
method as it allows for the growth of single crystals of both
congruently melting and metastable phases. The determination of
synthetic parameters for the flux growth of new crystalline phases is
complex as many factors and parameters need to be considered,
such as the purity and morphology of the starting material and
heating profile variables including maximum temperature, dwell
time, cooling rate, and flux removal temperature. In situ
monitoring of crystallite growth can lead to elucidation of reaction
intermediates and growth mechanisms. The determination of
pivotal reaction parameters can revolutionize the way growth
parameters are selected. Herein, we report a new sample
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environment and furnace apparatus for synchrotron in situ synthesis of crystalline materials, including flux grown intermetallics.

B INTRODUCTION

In 2014, Shoemaker et al. published a groundbreaking way to
study the formation of solid state phases with temperature
dependent in situ X-ray diffraction studies." Simultaneous heat
treatment and characterization of inorganic precursors with salt
fluxes led to the discovery of previously unknown phases,
including phases that would not have been recovered ex situ.
For example, the investigation of Cu or Sn with K,S; or K,S; as
a flux led to the discovery of previously unknown intermediate
phases such as K;Cu,S, K¢Sn,S; K,Sn,S, and K Sn,Ss.
Additionally, the identification of reaction intermediates™’
creates an opportunity to ascertain reaction mechanisms and
determine the formation of polymorphs.* ® Phase identifica-
tion at different stages during the synthesis can guide tailored
temperature profiles.”’~'* In addition, in situ high temperature
powder diffraction methods coupled with the fast hydride
route led to the discovery of new ternary phases in the Na—
Zn—Sb system including NaZn,Sb;; and related
Nal_xZn4_ySb3.13 Neutron diffraction in situ studies have
also proven useful. For example, the optimization of the
growth of Cu,,FesGe,S;, and other related complex
chalcogenides'* and the flux growth of Ba/Yb/Mg/Si phases
revealed a lack of precipitation or interconversion of phases
during crystal growth. Rather, each phase can be targeted by
adjusting the reaction cooling rate: BajsYb,Mg,,Sij, forms
when slowly cooled to 800 °C and Ba,,YbsMg, Siy; forms
when fast cooled to 640 °C."

In addition to phase formation, other factors can be
monitored via in situ studies to further understand physical
phenomena, including phase stability,'®'” structural integ-
rity,"*'? and property evolution including in situ transport”’
and electrochemical”’ and thermoelectric properties.”> For
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example, quantitative studies regarding the impact of annealing
temperatures and cooling conditions provided insight into the
dynamics of order/disorder phase transitions in the Pt;Co
nanoparticle catalysts.”’

Determining the most suitable reaction profile for the
synthesis of extended solids is complex as numerous
multifaceted factors must be considered.”*”** Binary phase
diagrams can initially serve as a guide in determining heating
profiles, but growing single crystals of ternary compounds
presents a challenge given the additional intensive thermody-
namic variables. While the mechanisms driving the formation
of solid state phases are still largely unknown, the flux growth
method is critical for the synthesis of exotic extended solids as
single crystals.””*”*%**7° Challenges associated with the
growth of extended solids include the selection of the most
suitable starting materials in addition to a compatible low-
melting flux. Factors such as purity and morphology of the
starting material, e.g., grain size of powders, chunks, or pellets,
should be considered in relation to reactivity. The reaction
vessel must be appropriate for the synthetic conditions and not
be reactive with the elements.””””** The development of
successful heating profiles relies on many kinetic and
thermodynamic factors which must be considered, such as
maximum temperature, dwell time, cooling rate, and flux
removal temperature. The most important variable for a
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successful targeted reaction is dependent on the material being
investigated. The current approach to selecting reaction
conditions for intermetallics is based on chemical intuition
and guided/biased previous experiments of related phases.
Once the reaction is completed, which can take between a few
days to a few weeks, the products are removed and
characterized. Without in situ data to guide temperature
profile selection, new growth conditions are modified/
optimized based on the identity and purity of the final
products. Therefore, the synthetic understanding of the growth
processes of both stable and metastable materials are necessary
for targeted synthesis of new high-quality materials.

B Ce,,,Co,Ges,,, HOMOLOGOUS SERIES

In light of the recent discovery of an intermetallic homologous
series, Ce,,;Co,Ge,,; (Figure 1),>’ and the accompanying
challenges to grow each member, it became necessary to
determine synthetic parameters to grow and characterize each
member of the series (n = 1—6). Single crystals of Ce,CosGe,¢
and Ce,CosGe;y’"” were first grown with Ce:Co:Ge with
>10-fold excess flux, typically by heating to 1100 °C for an
average of 3—5 days before slow cooling to 815 °C. Due to the
similarity in the compositions for the members of the
homologous series, exclusive growth of the individual phases
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has not yet been achieved. Therefore, we set forth to utilize the
high resolution synchrotron beamline 11-BM at the Advanced
Photon Source at Argonne National Laboratory™ to imple-
ment in situ studies in the growth of the intermetallic series.
To monitor reaction evolution and phase formation, we were
motivated to design an in situ apparatus suitable to withstand
the necessary reaction conditions. Designing in situ experi-
ments is nontrivial. Each experimental parameter, from
equipment to synthetic variables, must be carefully considered
to optimize monitorization. Additionally, new aspects such as
time, temperature, scale, and absorption need to be considered.
Once data is collected, determining phases present and point
of formation can be arduous. Multiple phases and new phases
present will complicate deconvolution and analysis of the
powder pattern. This work describes a new sample environ-
ment and puts forth a methodology to perform in situ X-ray
diffraction measurements for solid-state syntheses, specifically
for air sensitive, metal flux intermetallic reactions. Further-
more, rational steps and considerations are discussed to help

others prepare for in situ work.
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Figure 2. Simulated powder patterns (4 = 0.4592 A) for n = 1—6 members of the Ce,,,Co,Ges,,; homologous series. The 020 low angle reflection

is marked with an * to highlight the long b lattice parameter.

B IN SITU SYNTHETIC CONSIDERATIONS

There are seven primary questions that need to be addressed
before preforming an in situ experiment, which will be outlined
below.

Question 1: What Beamline Should You Use? The
beamline chosen for the experiments will dictate the answers to
the following questions. Considerations for choosing a
beamline include beam energy, Q range, data resolution, and
collection time. Powder patterns generated from our detailed
single crystal X-ray diffraction work on the homologous series
indicate peak overlap, peak splitting, and a wide range of peak
intensity in the most helpful/indicative peaks. For example,
Figure 2 shows the most indicative peaks for phase
identification are less than 2% of the maximum peaks.
Additionally, from our experience with bulk laboratory
synthesis we know that it is common to have multiple
members of the series in one synthetic batch. Therefore, high
resolution data is necessary to deconvolute split peaks and
visualize low angle and low intensity indicative peaks. Although
the fast collection time at 17-BM (seconds as compared to 30
min~' h at 11-BM) and high energy at 11-ID-C (105 keV)
coupled with the fast collection time would have been
advantageous for highly absorbing samples, the collapsing of
Q_ space that occurs with higher energies would put the low
angle peaks in the beam stop, blocking some of the most
important peaks for phase identification of this homologous
series. The point detectors combined with Si(111) analyzer
crystals at 11-BM provide low background, where no back
scattering, fluorescence, or additional signal from the sample
environment interfere with the pattern, provide the necessary
resolution to see peak splitting and peak shapes to deconvolute
the related phases. It would be ideal to have a beamline with
higher energy than 11-BM’s current range (e.g, >S50 keV to
avoid the Sn absorption edge) and a collection time of 2 or 3
min instead of 30—60 min coupled with the high resolution
detectors. However, 11-BM is the best beamline available for
this work due to the low background and high data resolution.

Question 2: Is Your Sample Too Absorbing? Calculate
the X-ray absorption of your starting material using the
Cromer and Liberman algorithm (https://11bm.xray.aps.anl.
gov/absorb/absorb.php).* Single crystals of CegCosGe,s and

Ce,CogGe g were grown in a Sn flux consisting of about 1/3 of

the starting material which would cause absorption issues for
an in situ experiment.’®” Therefore, the amount of Sn in the
reactions was reduced and the energy of the beamline was
shifted to 27 keV to avoid the Sn absorption edge of ~30 keV.

Question 2.1: What Type of Reaction Vessel Should You
Use? Heavily absorbing samples will require small reaction
capillaries (1 mm o.d.) to decrease absorption while less
absorbing materials may require larger diameter capillaries.
Smaller capillaries can be used, but challenges such as difficulty
loading samples, surface effects, capillary action, and an
increased likelihood to breaking should be considered. Kapton
capillaries are best for use in temperature ranges up to 400 °C.
For the work on the homologous series, a reaction vessel that is
transparent to X-rays, can withstand 1100 °C for greater than
48 h, is nonreactive with the starting materials, and provides an
inert atmosphere to prevent oxidation was required. Two
options following these criteria are sapphire (maximum
temperature ~ 2000 °C) and fused silica tubes (maximum
temperature ~ 1150 °C); the latter were chosen due to the
cost and no additional benefit from sapphire.

Question 2.2: Does Your Sample Need to Be Diluted? The
packing density can be decreased by diluting the sample. A
material with low X-ray absorption and without unwanted
diffraction, such as an inert and stable standard or ground silica
wool, are ideal options. We diluted the sample with ground
silica wool to mitigate absorption issues and provide more
nucleation sites to encourage random orientation and smaller
crystal sizes. Additionally, bigger grains/single crystals cause
issues in both area detectors and point detectors. Because 11-
BM uses a point detector (instead of an area detector), the
data is only a small slice of the diffraction ring which makes
reducing the contribution of crystallites more of a priority.

Question 3: What Starting Material Will You Use?
Preliminary synthesis attempts used elemental Ce, Co, Ge, and
Sn as starting material in an attempt to avoid local minima
barriers of formed binary compounds. Therefore, the in situ
reactions utilized elemental Ce, Co, Ge, and Sn. Other starting
materials include binary, ternary, and arc-melted precursors.
For more information on growth techniques, please refer to
previous work,*>?%334243

Question 4: What Is the Morphology of Your Starting
Material? Metal rods and chunks were used in the initial large
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scale reactions.”™*” However, fine powders of each element
were ideal for in situ studies due to the increased surface area
for reactivity and ease of packing into small (<1 mm)
capillaries. It is important to note that certain elements (such
as Ce) will become more air sensitive as the particle size
decreases. Handle with caution.

Question 5: Will Your Reactants Become Molten? If
the answer is “no”, then the default orientation of the beamline
will suffice. However, if the answer is “yes”, a vertical
orientation will be necessary to keep the liquidous sample
from moving out of the beam. Horizontal orientations are
problematic for syntheses where the low melting flux has a low
viscosity. For example, when using a Sn flux in a horizontal
orientation, at temperatures above 250 °C, the sample would
flow in the sample capillary out of the X-ray beam since it is
nearly impossible to ensure a completely level horizontal
orientation. Therefore, a vertical orientation is ideal to monitor
the in situ flux growth of complex intermetallic materials, such
as the Ce,,,Co,Ge;,,; homologous series.

Question 6: Is a Specific Atmosphere Required? Is an
Inert Atmosphere Necessary? If an inert atmosphere is
necessary, starting materials will need to be packed into a
capillary in an inert atmosphere (ie. glovebox or glovebag)
and sealed with an appropriate epoxy. The epoxy side will be at
the top of the vertical sample environment and therefore far
enough away from the heating element to prevent melting. We
packed fused silica tubes (0.9 mm o.d.) with starting materials
in an Ar atm glovebox and sealed with 2-part epoxy. It is
important to note that multiple capillaries should be prepared
for each reaction due to the thin capillary walls breaking easily.

Question 7: What Is Your Proposed Heating Profile?
The proposed synthetic conditions should be determined with
consideration of the awarded amount of time at the beam.
Additionally, it should be based on preliminary reaction
conditions. The heating method used will greatly depend on
the maximum temperature necessary for the reaction. For
additional information regarding how heating profiles are
determined, see refs 25, 30, 31, 35, 44, and 4S. Figure 3
provides a checklist to prepare for beam time.

From our previous considerations, we can highlight S main
obstacles that need to be addressed in a furnace design.

Obstacle 1. Previous synthetic attempts were focused on
growing single crystals; however, crystallite formation,
particularly the plate-like crystals of the homologous series,
can lead to preferred orientation causing variation of peak
intensity. Preferred orientation is more an issue when using a
point detector as compared to an area detector because the
diffraction pattern is only from a slice of the diffraction ring;
therefore, the intensity variations will be more pronounced.
Additionally, preferred orientation can also become a problem.
Therefore, the sample needs to be spun.

Obstacle 2. The starting materials are highly absorbing.
Reaction ratios have been modified to reduce absorption, but a
small (1 mm o.d.) capillary is still required. The sample
environment must couple to capillaries this size.

Obstacle 3. The reactants become molten during the
heating profile; therefore, the sample environment and furnace
need to be in a vertical orientation to prevent the sample from
flowing out of the beam.

Obstacle 4. The starting materials are air sensitive;
therefore, the samples need to be packed in an inert
atmosphere. Additionally, the samples need to be heated in
an inert atmosphere, so a closed environment is required.
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In Situ Synthesis Considerations

D Which beamline should be used?
D Is the sample too absorbing?

What size vessel should be used?
D Does the sample need to be diluted?
E What starting material will be used?

What is the morphology of starting material?
Will the reactants become molten?

Is a specific atmosphere required?

l: What type of reaction vessel should be used?
E What is the proposed heating profile?

Figure 3. Checklist of questions to consider when preparing in situ
synthesis diffraction experiments at a synchrotron facility.

Obstacle S. The starting materials have high melting points,
even with the use of a low melting flux. Therefore, the
proposed heating profile requires the samples to be held at
1000 or 1100 °C for ~ 2 days, which requires robust heating
elements and appropriate insulation.

B THE FINAL DESIGN

The overall sample environment, shown in Figure 4, was
designed to perform in situ synthesis reactions in a synchrotron
beam, specifically at 11-BM of the Advanced Photon Source at
Argonne National Laboratory. Table S1 provides a list of
components used in the overall design. A detailed description
of the assembly can be found in the Supporting Information.

Obstacle 1—Solution. To reduce the preferred orientation,
a spinning attachment was incorporated. The use of quartz
wool as an inert standard can serve to randomize crystallite
orientation as well.

Obstacle 2—Solution. The starting material was mixed with
quartz wool before packed into the capillary to decrease the
amount of absorbing material in the capillary.

Obstacle 3—Solution. A 1/16 in. Swagelok straight fitting
was modified to couple to the motor head, which allowed for
the sample to hang vertically from the motor head. The
bottom piece is a 1/16 in. compression fitting that snugly holds
the capillary in place. The top piece was machined to fit the §
mm rotating motor head which is held in place by two set
screws. The motor/capillary configuration was coupled, via
cage assembly rods, to a flow cell cage with a universal base
plate.

Obstacle 4—Solution. A 1 mm o.d. capillary, flame-sealed
on one end, was packed in an Ar atmosphere glovebox, and the
top end is sealed with a 2-part epoxy. The epoxy end is placed
in the modified Swagelok piece to keep the epoxy as far from
the heat source as possible to prevent it from melting.

Obstacle 5S—Solution. Most solid state reactions occur at
temperatures of 700—1300 °C.>° To grow members of the
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Figure 5. General schematic for the in situ monitoring of intermetallic synthesis. Synchrotron radiation is generated and focused at 11-BM. The X-
rays pass through the sample environment and diffraction data is collected on the Si crystal analyzer detector. The resulting powder patterns are
compiled, and phase determination and evolution are evaluated by the Rietveld method.

intermetallic homologous series, Ce,,;Co,Ge;,,|, 2 maximum
operating temperature of 1100 °C is necessary. In our initial
experiments, reaction conditions were modified to limit the
dwell time to no longer than 48 h. However, including the
ramp up time and ramp down time, this heating apparatus
needed to be robust at high temperatures for long periods of
time without blocking diffraction rays and generating addi-
tional unwanted diffraction. The versatile flow cell*® utilizes
two Kanthal A-1 resistive wires wrapped around ceramic rods
with the sample placed between them. These furnaces are well-
known to go up to a maximum of 1050 °C but not for as long
as required (48 h) and not the required 1100 °C, which is in
part due to heat loss in all directions. Kanthal A-1 wire has a
melting point of 1400 °C, and the loss of heat in all directions
requires the wire to heat above 1400 °C to keep the sample at
the required temperature. To extend the working temperature
range of the resistive coils, the sample was placed in the center
of the coil for homogeneous heat treatment. The coils,
wrapped around a 6 mm o.d. fused silica tube, were wrapped in
insulation to reduce heat loss. A small section of insulation was
removed from both sides, using tweezers, to allow for the beam
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to pass through. A thermocouple was placed near the bottom
of the sample to allow for a temperature feedback loop.
Practice trials reached the desired temperature of 1100 °C and
lasted there for over 3 days. A platinum wire heating element
and sapphire tubing can be used for a higher temperature
range.

B VALIDATION STUDY

Elemental powders of Ce, Co, Ge, and Sn were combined in an
Ar atmosphere glovebox, ground with quartz wool, and packed
in a fused silica capillary (0.9 mm o.d.) that had been flame-
sealed on one side. The open end was sealed using 2-part
epoxy and left to dry for 1-2 h as drying times are much
longer inside a glovebox. The capillary was removed from the
glovebox, connected to the motor via the fitted adaptor, and
then carefully lowered into the fused silica tube wrapped by the
resistive furnace. Care must be taken at this point to ensure the
reaction capillary does not break. Adjustments of the wires and
mullite rods may be necessary to center the sample capillary in
the insulation gap. The sample was then aligned in the beam
(first calibrated using a NIST LaB, standard), and the

https://doi.org/10.1021/acs.chemmater.1c02413
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programmable temperature controller is set to the desired
heating profile. Scans are collected throughout the reaction to
monitor crystallization and structure formation. Figure S shows
a general schematic for the in situ synthetic process. Resulting
powder patterns can be analyzed by the Rietveld method in
various software packages, such as GSAS-II*” or TOPAS.* In
this work, a crash cool method was employed but the
apparatus can also accommodate controlled cooling. For
reactions with lengthy reaction times, multiple cell synthesis
can be completed with multiple reactions running at the same
time.

B DATA ANALYSIS

The first step in data analysis occurs during the collection
process by generating waterfall plots to visually check the
powder patterns as they are collected. The melting temper-
atures of the starting materials should be monitored to ensure
the feedback loop is providing a correct temperature read out.
Important events, such as melting and formation of phases, can
be visually identified with more ease when compared directly
in the waterfall plot. Phase identification can be done by simple
peak matching or by more detailed analysis with Rietveld
refinements.

Once you identify the important areas of the data collection
you can delve in to identifying each phase. Figure 6 shows an
example waterfall plot from the heating of a Ce—Co—Ge—Sn
reaction vessel. Critical events are highlighted at 290, 570, 820,
and 960 °C. Although no reaction intermediates were formed
during this synthesis, the waterfall plot can be helpful in
designin% synthetic conditions to isolate intermediate
phases.""> A simple visualization software will provide a
wealth of information about the critical events in your sample.

1000 °C
~960 °C
~819 °C

~570°C

~290°C

25°C

15
20

25

Figure 6. Waterfall plot/contour map compiled of 56 synchrotron
powder diffraction patterns from a sample of Ce—Co—Ge—Sn heating
from 25 to 1000 °C at a rate of 1.67 °C/min where 4 = 0.4592 A.
Horizontal lines are superimposed to bring attention to the
appearance and disappearance of a phase.

B OUTLOOK

A new sample environment and in situ method that can
monitor solid state reactions, specifically those targeting
intermetallic phases and utilizing a metal flux, have been
designed, implemented, and presented. Spinning the sample
capillary decreases preferred orientation and provides sample
mixing. Mixing highly absorbing samples with an inert material
both mitigates the absorption issue and provides a multitude of
nucleation sites. To keep the molten sample fully engulfed in
the beam, the sample environment is designed for a vertical
sample orientation. Air sensitive samples and samples that
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require a specific atmosphere can be accommodated by the
apparatus by sealing the capillary under inert atmosphere or
connecting to a gas flow cell. Resistive heating elements
consisting of Kanthal or Pt wires provide temperatures up to at
least 1100 °C for >40 h and 1000 °C for >60 h which is
necessary for high melting intermetallic phases. All parts can be
purchased commercially, and only three need to be modified
from their original form, which can be easily done with simple
machining. This design has proved to be a pivotal tool in the in
situ monitoring of metal flux growth of intermetallics at 11-
BM. This method provides a more accessible and streamlined
avenue to the in situ monitoring of intermetallic phase
formation and can revolutionize how new intermetallic
reactions are designed.
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