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Temperature is a ubiquitous environmental variable used to explore materials

scattering; powder X-ray diffraction; sample . .. . . .
&P Y P structure, properties and reactivity. This article reports a new paradigm for

variable-temperature measurements that varies the temperature continuously
across a sample such that temperature is measured as a function of sample
position and not time. The gradient approach offers advantages over
conventional variable-temperature studies, in which temperature is scanned
during a series measurement, in that it improves the efficiency with which a
series of temperatures can be probed and it allows the sample evolution at
multiple temperatures to be measured in parallel to resolve kinetic and
thermodynamic effects. Applied to treat samples at a continuum of tem-
peratures prior to measurements at ambient temperature, the gradient approach
enables parametric studies of recovered systems, eliminating temperature-
dependent structural and chemical variations to simplify interpretation of the
data. The implementation of spatially resolved variable-temperature measure-
ments presented here is based on a gradient-heater design that uses a 3D-
printed ceramic template to guide the variable pitch of the wire in a resistively
heated wire-wound heater element. The configuration of the gradient heater was
refined on the basis of thermal modelling. Applications of the gradient heater to
quantify thermal-expansion behaviour, to map metastable polymorphs recov-
ered to ambient temperature, and to monitor the time- and temperature-
dependent phase evolution in a complex solid-state reaction are demonstrated.

environments; negative thermal expansion.

Supporting information: this article has
supporting information at journals.iucr.org/j

1. Introduction

Temperature is arguably the most universally explored envir-
onmental variable for non-ambient studies of materials
structure. X-ray scattering and spectroscopic measurements as
a function of temperature are applied to probe temperature-
dependent structure parameters, transitions, structure—
property relationships, and reaction mechanisms and kinetics
(Reiss, 2018; Evans & Evans, 2004). Traditionally, tempera-
ture-dependent studies have collected data as a sample is
progressively heated or cooled, either continuously or in
discrete steps. In practice, these measurements are limited by
how fast the temperature can be changed, the temperature
range and the number of temperature points of interest. Time-
dependent measurements at several fixed temperatures are
often used to explore reaction kinetics and to quantify kinetic
parameters and activation energies (Millange et al., 2000).
Here we present a new paradigm for high-throughput
variable-temperature experiments, wherein a continuous
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temperature gradient is generated across a uniform sample.
Data are collected as a function of position, over which
temperature varies, rather than as a function of time/
temperature. We developed a controlled-temperature-
gradient sample environment based on our versatile flow-cell/
furnace design (Chupas et al., 2008), wherein the resistive
heating elements were adapted to produce a thermal gradient
rather than spatially uniform heating. The temperature reso-
lution depends on the spatial resolution of the X-ray
measurements and the slope of the thermal gradient. The
thermal-gradient heater provides advantages in the efficiency
with which variable-temperature data can be collected, elim-
inating the ramping and equilibration time.

We demonstrate the applicability of this approach for
studying temperature-dependent structural parameters, phase
transitions and solid-state reactions. We show that it can be
used in situ to accelerate variable-temperature studies or to
monitor the time evolution of a system at a continuum of
temperatures in parallel. Alternatively, it can enable para-
metric studies to explore the effect of heating at different
temperatures by mapping the capillary-loaded sample
following recovery to ambient temperature.

2. Gradient-heater design and performance
2.1. Gradient-heating element

A widely used flow-cell/furnace reported previously
(Chupas et al., 2008) was used as the basis for the new
gradient-heater design. The flow-cell/furnace has a modular
architecture: compression fittings that hold the sample-loaded
capillary and heating elements are assembled with precision-
ground rods and precisely matched mounting blocks. This
design uses resistively heated wire-wound elements mounted

above and below the sample capillary to heat the sample on
the basis of feedback from a thermocouple inside the capillary.
The heating elements are fabricated by winding Kanthal
(FeCrAl alloy) wire around a ceramic bar. Stable uniform
heating of the sample is facilitated by a uniform winding of the
heating wire, radiative heating by the ceramic rod inside the
wire coil, and the use of heat shields that minimize air currents
and convective heat loss.

The gradient-heater design adapts the heating elements of
the original flow-cell/furnace, to non-uniformly heat the
sample, by progressively varying the pitch of the resistive wire
in the heating element (Fig. 1). The heating element is
extended by 50% relative to the original heater to facilitate
measurements over a broader temperature range or with finer
temperature resolution. While the wire pitch could be tailored
to deliver an arbitrary temperature profile, for the purpose of
this initial report, we target the simplest case of an approxi-
mately linear monotonic temperature gradient. At one edge of
the element, a short region of uniform high-density winding
delivers the maximum temperature. The pitch of the resistive-
wire windings is then increased continuously, providing an
approximately linear decrease in temperature [Fig. 1(a)]. The
gradient heaters tested here varied the winding pitch between
12 and 1 turns per centimetre.

The variations in winding pitch of the resistive wire are
controlled by grooves in the central ceramic bar. Here, the
silica-based ceramic bar was fabricated using 3D printing
(Ceramic Resin, Formlabs), which affords a high degree of
control and reproducibility. The ceramic is electrically insu-
lating with high thermal and mechanical stability (over 1000°C
reported, up to at least 1300°C in our tests). While the original
elements used commercially available cylindrical rods, the
gradient design uses a rectangular bar (cross section 4 X
8 mm). This rectangular geometry helps maintain the tension

Figure 1

CAD and photographic representations of the flow-cell/furnace-equipped gradient heater (a) and (d), (b) the ceramic bar that guides the spacing of the
resistive wire, and (c) a single gradient heater. Black-body radiation from the resistive wires serves as an intuitive indicator of the thermal gradient. (e) A
thermal image of the gradient heater overlaid on a photograph of the heating zone (colour bar shows the temperature in °C).
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when fabricating the element, provides a wider heating zone
perpendicular to the thermal gradient and further reduces air
currents, which have been identified as a principal source of
thermal fluctuation in related heaters (Newton et al., 2019).

The gradient heaters are fixed to stainless-steel holders
[Fig. 1(c)]; a pair of ceramic tubes (Omega Engineering Inc.,
part No. DH-1-24-100) are mounted in the stainless-steel
holders to sheathe the resistive wire and ensure reproducible
positioning of the ceramic bar and gradient. Alumina felt
(Zircar Ceramics) placed between the resistive-wire coil and
stainless-steel holders prevents shorting. The ceramic tubes
can support vertically mounted wires which serve as fiducial
markers for positioning the thermal gradient within the X-ray
beam. A hole in the heater ceramic fixes the thermocouple
position relative to the thermal gradient. These measures to
ensure reproducible positioning of the sample, heating
elements and thermocouple tip are critical to calibrating the
temperature at all positions across the gradient.

2.2. Assembly

Sample-loaded capillaries of ca 1.1 mm outer diameter were
assembled in the flow-cell/furnace. The length of sample in the
capillary was increased from ca 5 mm in a typical conventional
setup to ca 35-40 mm in the gradient heater (Fig. 1). Resistive
heating of the gradient elements, fitted with 28-gauge wire and
mounted above and below the sample, was achieved with a DC
power source (BK Precision XLN3640) in combination with a
temperature controller (Stanford Research Systems PTC10)
on the basis of feedback from a K-type thermocouple at a
fixed position within the gradient. Heat shields minimized air
currents and associated thermal fluctuations.

2.3. Temperature calibration

The sample temperature at different positions along the
thermal gradient was determined either using a K-type ther-
mocouple inside an empty capillary or on the basis of lattice
parameters determined from X-ray diffraction data collected
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Figure 2

(a) An example of a thermal gradient generated by variable spacing of
resistive wire (indicated as blue lines). (b) The deviation in the
temperature from a polynomial fit (black line) for a series of
measurements separated by 15 min (circles, triangles, squares).

for a mixture of solids with different, known coefficients of
thermal expansion (Drews, 2000).

As an example, a capillary containing a mixture of NaCl and
Si was assembled within the gradient heater. X-ray scattering
data were collected at beamline 11-ID-B of the Advanced
Photon Source with an X-ray wavelength of 0.2115 A and
beamline 28-ID-1 of the National Synchrotron Light Source 11
(NSLS-II) with an X-ray wavelength of 0.1668 A. Data were
collected using a 0.5 x 0.5 mm beam at 1 mm intervals along
the thermal gradient. The temperature-dependent lattice
parameters for each phase were quantified via a Le Bail fit to
the data within TOPAS (Coelho, 2018). The temperature at
each point within the gradient was estimated from the
observed offset between the lattice parameters for the phases
and their known room-temperature lattice parameters and
coefficients of thermal expansion (Drews, 2000; Stinton &
Evans, 2007).

A linear variation in the pitch of the resistive wire yielded
an approximately linear thermal gradient across the sample
(Fig. 2), the wire-winding density correlating with observed
temperature. The stability of the temperature across the
thermal gradient was evaluated from repeated temperature-
calibration data collected at 15 min intervals. The temperature
was stable and did not deviate from a fit to all data by more
than +2° (Fig. 2). There was no time-dependent trend
observed in the temperature deviations. We hypothesize that
heating of the ceramic bar by the wire and the interplay with
the thermal conductivity of the ceramic play an important role
in smoothing the temperature — the heated ceramic serves as a
heat reservoir that also contributes to sample heating. The
mass of the sample is small relative to the heater and ceramic,
so exo- and endothermic processes within the sample are
unlikely to lead to significant or sustained local deviations in
the temperature.

A linear relationship between the maximum temperature
(Tmax) and the temperature range (7yune) and minimum
(Tmin) temperature (Fig. 3) was observed.
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Figure 3

For a given gradient-heater configuration the temperature range spanned
by the gradient heater increases linearly with the maximum temperature.
The relationships are given as T, = (1 —a)Ty —b or T, =
aT,,. +b. For the present gradient-heater configuration (shown in

Fig. 2) a = 0.54, b = 44°C.
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(a) The model geometry. As drawn, the top and bottom heating elements
show views of the two different element edges (i.e. they are related by a
180° rotation about the x axis). Grooves that face the sample are aligned
parallel to the y direction. (b) The simulated (red) and experimental
(blue) temperature profiles. The edges of the heating elements are
indicated by the vertical dashed lines.

3. Thermal modelling
3.1. Model parametrization

To supplement thermal measurements and aid the heating-
element design, a parameterized thermal transfer model was
applied to simulate the steady-state temperature profile within
a powder sample heated by the heating elements, each of
which consists of the resistive wire and central ceramic bar,
using COMSOL Multiphysics version 5.4 (COMSOL AB,

Stockholm, Sweden; https://www.comsol.com). Parameters
used herein (see supporting information, Table S1) were
obtained from the literature and experimental data described
in the supporting information. The simulation geometry
consisted of an NaCl/Si sample powder mixture placed
between two ceramic bars with heating wires wound around
them [Fig 4(a)]. As current is applied through the wires, they
undergo Joule heating, which is transferred to the sample and
ceramic. The simulated sample temperature values are aver-
aged along the direction of the X-ray beam, which is along the
y direction in Fig. 4(a). The resulting temperature profile is
shown in Fig. 4(b), which matches the experimental data.

3.2. Controlling the temperature profile

The temperature range spanned by the gradient heater
depends on the degree to which the wire spacing varies across
the heater. A larger variation in the wire spacing corresponds
to a greater temperature range for the same maximum
temperature. Three simulations were conducted to examine
the temperature profile when the resistive wires are config-
ured differently [Fig. 5(a)]. The heating element for Mark 2A
has a smaller variation in the wire spacing (with a maximum
distance, D, of 6.7 mm between the centres of two grooves)
than that for Mark 2B (D = 8.2 mm), followed by Mark 2C
(D =11.4 mm). The minimum distances between the centres of
two grooves for the three heating elements are identical.
Detailed schematics of the three winding configurations are
shown in Fig. S1. The simulation suggests that a greater
temperature span can be achieved with a larger variation in
the wire spacing.

Simulations were then undertaken to explore the impact of
the ceramic bar width on the temperature profile. The simu-
lated temperature profiles [Fig. 5(b)] suggest that a wider
surface of ceramic bar affords a smoother, more uniform,
temperature profile along the sample. This effect is probably
due to a smoother temperature profile along the centre line of
the surface of the ceramic bar facing the sample, afforded by
the greater distance from the sides of the ceramic bar where
heat loss occurs. We examined the temperature profile of the
sample when the sample is offset from the centre of the
gradient heater [Fig. 5(c)]. Offsets of up to 1 mm result in
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(b) ()

The simulated temperature profile of the sample between two ends of the resistive wire comparing (a) different winding configurations, (b) different
widths of the heating elements (Mark 2C), and (c) the effect of the sample being offset in the y direction (Mark 2A).
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negligible change in the temperature profile. This offset is
much larger than the error in alignment permitted by the cell
design, demonstrating that a small misalignment would not
alter the temperature profile of the sample. By contrast,
temperature errors of tens of degrees are observed when the
capillary is offset by 3 mm (i.e. within 1 mm of the edge of the
ceramic bar). This reflects the benefits of the wide ceramic bar,
and rectangular profile, for temperature fidelity.

4. Example applications
4.1. Negative thermal-expansion behaviour in Zn(CN),

Most materials undergo positive thermal expansion, that is,
the material volume increases with temperature. Certain
framework materials exhibit the opposite behaviour in that
their volume decreases with increasing temperature — a
phenomenon referred to as negative thermal expansion
(NTE). Such NTE materials are of fundamental and applied
interest, with notable applications in compensating for the
positive thermal expansion of other materials. Studies of NTE
materials as a function of temperature are used to quantify the
magnitude of the thermal expansion, expressed as the coeffi-
cient of thermal expansion (CTE, o = dI/dT), by monitoring
the temperature dependence of the lattice parameters, and to
investigate the structural mechanism underlying the beha-
viour.

Here we use the gradient heater in sifu to characterize the
NTE behaviour in zinc cyanide, Zn(CN), (Pn3m, a =
~5.865 A), in the range ca 200-700°C, by quantifying the
temperature-dependent lattice parameters and, accordingly,
to evaluate the CTE. Zn(CN), is a cyanide-bridged framework
material that exhibits strong NTE, which is most pronounced
at —93°C, where a = —19.8 x 10~° K™ (Chapman e al., 2005).
X-ray scattering data were collected at beamline 11-ID-B at
the Advanced Photon Source using high-energy X-rays (A =
0.2113 A) An X-ray beam of 0.5 x 0.5 mm was used to probe
the sample at 1 mm intervals along the thermal gradient. This
corresponded to temperature intervals of ca 19°C. Data were
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Figure 6

The temperature dependence of the lattice parameters in Zn(CN),,
measured using the gradient heater, and the corresponding coefficients of
thermal expansion.

collected in 10 s exposures, at ca 40 positions. The CTE for
Zn(CN), changes from ca —16 x 107° K~! at 208°C to plateau
at ca —8 x 107 K" above ca 560°C (Fig. 6). The magnitude
of the CTE at 200°C and the decrease in the magnitude of
CTE with increasing temperature is consistent with previous
reports.

The efficiency with which high-quality variable-temperature
powder diffraction data can be collected is notable; in the
present example, data spanning a broad temperature range
were collected in <3 min. By comparison, conventional vari-
able-temperature powder X-ray diffraction collection strate-
gies would take >100 min to span a similar temperature range
(assuming a ramp rate of 5°C min™").

4.2. Structural transitions and polymorphism in Nb,Oj5

Transitions between different polymorphs of a material can
be induced through heating, with the potential to recover
high-temperature polymorphs as metastable phases at
ambient conditions. Variable-temperature X-ray scattering
studies are valuable in identifying the stability and meta-
stability of each polymorph, along with the temperature at
which transitions occur.

Several Nb,Os polymorphs (TT-, T-, B- and H-Nb,Os) form
at temperatures up to 1100°C and can be recovered to room
temperature as metastable phases (Griffith ez al., 2016). The
temperature-dependent polymorphism of Nb,Os, produced
through oxidation of NbO,, was documented by mapping the
recovered sample capillary following heating in the gradient
heater (Fig. 7). The NbO, precursor was treated in the
gradient heater in air for 15 min at temperatures in the range
200-700°C. The capillary was recovered to room temperature
and X-ray scattering data were collected at beamline 11-ID-B
at the Advanced Photon Source using high-energy X-rays (A =
0.2113 10\). Data were collected at 35 positions at 1 mm inter-
vals along the capillary using a 0.5 x 0.5 mm beam with 0.1 s
exposures.
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Figure 7

Diffraction data corresponding to the oxidation of NbO, to different
Nb,Os polymorphs. Position-dependent data were obtained following
recovery of the capillary treated at 200-700°C.
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Oxidation from black NbO, (I4,/a) to cream-coloured
T-Nb,Os (Pbam) is observed at ca 425°C, followed by the
formation of grey B-Nb,Os (C2/c) at ca 550°C, and the
observation of disordered white H-Nb,Os (P2/m) starting at
ca 650°C. For comparison, Griffith ef al. observed the forma-
tion of TT-Nb,Os at 300°C, followed by the T-phase at 600°C,
the B-phase at 850°C and the H-phase at 1100°C, for treat-
ment of individual samples for 24 h. Distinct TT and T phases
are not resolved here. The series of transitions found in the
present study follow the same sequence as reported by Griffith
et al. but are observed at lower temperatures. For example, the
B phase is observed here at 550-650°C but is only found at
much higher temperature (850°C) by Griffith et al. We attri-
bute these differences to the shorter time at temperature in
the gradient heater (15 min cf. 24 h). The shorter heating time
will favour the kinetic over the thermodynamic products. In
this case, the B phase is likely to be the kinetic product at 550—
650°C but the thermodynamic product at 850°C. While
differences in particle size can also impact phase transition
temperatures, these effects are most pronounced for nanoscale
materials, and can be excluded here as both the present
sample and that reported by Griffith et al. have well defined
crystallites consistent with bulk crystallites.

That the measurements on the recovered material are
undertaken at the same temperature means that differences in
a given phase can be interpreted as differences in the irre-
versible changes in the structure or chemistry induced at
different temperatures, rather than reversible temperature-
dependent effects such as thermal expansion or displacive
phase transitions. While both increasing crystallite size and
reducing disorder can contribute to a sharpening of the
diffraction peaks, given the known existence of a low-
temperature disordered phase, “TT-Nb20O5’, which transitions
to the ordered T phase, we propose that the observed peak
sharpening reflects a progressive ordering process.

4.3. Solid-state reaction: metathesis

Solid-state reactions involve coupled transformations of
chemistry and structure that can be complex to disentangle.
Insight into the mechanism and pathway for such reactions can
be obtained by characterizing how the structure, chemistry
and abundance of the multiple crystalline reagents, inter-
mediates, products, impurities and polymorphs thereof evolve
as a function of time and reaction temperature using in situ
X-ray scattering (Jiang et al., 2017; Martinolich & Neilson,
2017; Shoemaker et al., 2012; Todd et al., 2019).

For the ternary metathesis reaction LiMnO, + YOCl —
LiCl + YMnOs;, the time evolution of nine discrete crystalline
phases was observed at a continuum of temperatures up to
750°C. Variable-temperature in situ X-ray scattering data were
collected at beamline 28-ID-2, XPD (A = 0.1949 A), at NSLS-
II, in the gradient heater following isothermal heating for 20
and 40 min, and following cooling to room temperature.
Preparation of the reaction precursors has been described
previously (Todd et al., 2019).

The scattering data show complex coupled changes in the
diffraction peaks as a function of time and temperature
(Fig. 8). Non-negative matrix factorization (NMF), imple-
mented using the Python scikit-learn package (Pedregosa et
al., 2011), was applied to resolve correlated features in the
data as separate components and to quantify their associated
weightings (Fig. 8). The use of such blind-signal separation has
been established for images (Lee & Seung, 1999), audio
signals (Samaragdis & Brown, 2003) and diffraction patterns
(Long et al., 2009; Kusne et al, 2015; Geddes et al., 2019;
Chapman et al., 2015). Each component groups peaks that are

NMF components XRD data Cﬁé’,’gﬁ#ﬁé’ i
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Figure 8
Variable-temperature synchrotron X-ray diffraction data documenting
the ternary metathesis reaction collected after ca 20 min at a continuum
of temperatures: LiMnO, + YOCI — YMnOs; + LiCl (middle). The series
of variable-temperature data can be described by five components (left),
derived from an NMF analysis, with the weightings of the five components
changing as a function of temperature, reflecting different states of the
metathesis reaction (right). Conventional phase identification and
Rietveld refinement applied to the NMF components (left) can identify
the multiple phases that contribute to each NMF component and their
relative abundance. For example, component A contains 23% t-YOC],
22% LiMnO,, 7% r-YOCI, 13% Y304Cl, 6% Mn30,, 12% LiMn,04, 10%
LiCl, 4% h-YMnO; and 2% 0-YMnOs;.
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observed together, that is, peaks from a given crystalline phase
and other crystalline phases that form and/or disappear at the
same time. It is important to note that NMF does not neces-
sarily decompose series of data into the contributions from
individual pure phases but recovers the components whose
summation best describes those data. Doing so affords fewer
data sets requiring analysis, thereby improving efficiency.
Here, five NMF components were observed, describing nine
crystallographic phases observed across the series of data.

The components from the NMF analysis include features
from real crystalline phases and the evolution of the compo-
nent weightings reflect the progression of intermediate reac-
tions along the reaction pathway; Rietveld refinements were
undertaken on the components in TOPAS (Fig. 8). The
analysis identified two polymorphs of yttrium manganese
oxide, formed at different temperatures: orthorhombic,
0-YMnO; (Pnma), and hexagonal, h-YMnOj; (P63;cm) (Fig. 9).
LiMnO, (C2/m) and YOCI (P4/nmn) form intermediates
r-YOCI (R3m) and the spinel LiMn,Oy; r-YOCI then oxyge-
nates to Y30,Cl. Indeed, r-YOCI is observed in the NMF
components despite being highly disordered (broad diffrac-
tion peaks). Lithium chloride presents an interesting, albeit
not general, case for the gradient heater, as it melts at 605°C,
resulting in the absence of LiCl peaks in in sifu data above this
temperature. The spinel LiMn,O, is thermodynamically
favoured as LiMnO, delithiates to form LiCl (Kitchaev et al.,
2017). As LiCl reformed, we identified intermediates Y3;0,Cl
and spinel Mn;O, as majority phases in the calculated
components. The analysis shows the time evolution of the
reaction at different temperatures, including transformation
between different polymorphs; for example, an increasing
proportion of o-YMnOj; relative to h-YMnO; is observed with
increasing reaction time.

5. Discussion and conclusions

The gradient-heater tests and modelling highlight the poten-
tial to customize the temperature profile across a sample by
changing the spacing of the resistive wire windings. While the

present work targeted a linear monotonic gradient, alternative
designs could produce a nonlinear temperature gradient or
mirror the temperature gradient with the spacing of the
resistive wires arranged symmetrically (this would reduce the
need for spatial fiducial markers). The potential to model and
rapidly prototype gradient heaters with different wire config-
urations facilitates such customization.

The strategies developed here to generate a controlled
reproducible temperature gradient across the sample may be
equally applied to deliver more uniform heating in conven-
tional applications of the flow-cell/furnace. Specifically, 3D-
printed ceramic bars with evenly spaced grooves could facil-
itate uniform winding of the resistive wire which, at present,
relies on the skill of the experimenter. Furthermore, the
rectangular profile of the ceramic bars can both shield air
currents around the sample capillary, reducing this major
source of thermal fluctuations, and provide more uniform
heating in the plane of the sample than cylindrical rods.

The temperature steps that can be resolved spatially across
the temperature gradient are limited by the width of the X-ray
beam and the slope of the temperature gradient. We note that
the temperature-gradient approach can be combined with the
conventional variable-temperature approach to increase the
temperature resolution. By collecting a series of gradient
measurements and changing the maximum temperature by
less than the temperature difference between adjacent points,
one can reconstruct the temperature profile with higher
resolution, where different, but overlapping, data sets fill the
gaps. This hybrid approach can mitigate the compromise
between range and resolution for studies over wide
temperature ranges.

The fidelity of the thermal-gradient approach relies on the
reproducibility of the gradient and sample positioning. Large
changes in the sample volume upon heating may allow the
sample to move, introducing possible errors in estimated
temperature. These changes will be notable during decom-
position reactions, for example, where gaseous by-products
are evolved. The shift of the sample position and associated
errors can be minimized by ensuring that the sample powder is
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well packed and further mitigated by mixing the sample with
an inert low-scattering matrix (e.g. glass wool).

Compared with conventional variable-temperature studies,
where the sample can be similar in dimension to the X-ray
beam, the extended region of the capillary being probed
across the thermal gradient requires a larger sample volume
(ca 4cm cf. 4 mm capillary filled). However, this is still
substantially less sample than required for conventional ex situ
studies following treatment at different elevated temperatures.

As the entire temperature range of interest exists
simultaneously, the thermal-gradient approach to variable-
temperature measurements is inherently more efficient than
conventional methods, eliminating the time overhead asso-
ciated with changing and stabilizing the temperature.
Temperature and time become independent dimensions,
allowing for simultaneous in situ studies of the thermodynamic
and kinetic properties of a material. By allowing multiple
temperatures to be probed in parallel, the gradient heater
facilitates time-dependent studies of processes (e.g. reactions,
transformation, annealing) at different temperatures. Such
measurements are needed to estimate kinetic parameters and
to identify temperature-dependent reaction mechanisms. For
example, by probing the time dependence of different reac-
tions at several temperatures, it is possible to estimate acti-
vation energies (Zhao et al., 2011). The continuous nature of
the temperature gradient means that phases present in narrow
temperature windows are not overlooked as can occur for
temperature measurements at a series of discrete temperature
points.

The additional potential for the gradient heater to pre-treat
a system at a continuum of elevated temperatures before
being recovered to ambient temperature for measurements
opens opportunities for new types of experiments and analysis.
For example, parametric studies of systems recovered
following treatment at a series of temperatures is relevant to
probing annealing processes or emulating the products
recovered from solid-state reactions. Undertaking such studies
using a conventional approach is labour and sample intensive
and, as such, they are typically limited to a handful of
temperatures. Analysis of systems recovered to ambient
temperature is more straightforward as it eliminates
temperature dependence of the structure, for example,
thermal expansion. This, in turn, may simplify the separation
of phases through multivariate data analytic approaches such
as principal component analysis or non-negative matrix
factorization (Chapman et al., 2015; Geddes et al., 2019).

In summary, we believe the thermal-gradient approach is a
new paradigm in variable-temperature studies, which is
amenable to measurements of systems both at a continuum of
elevated temperatures and following recovery to ambient
conditions.

6. Related literature

The following additional literature is cited in the supporting
information: Ditmars et al. (1982); Endo et al. (2003); Evans et
al. (1997); Glassbrenner & Slack (1964); Haynes (2013-2014);

Janiak (2003); Jund & Jullien (1999); Leadbetter et al. (1969);
Lee & Seung (2001); Matsuda et al. (2004); Modest (2013);
Murashov & White (2000); Ravindra et al. (2001); Sato (1967);
Shimizu et al. (2013); Wang & Zhang (2013).
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