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We present the design and capabilities of a high temperature gas flow environment for neutron diffrac-
tion and pair distribution function studies available at the Nanoscale Ordered Materials Diffractometer
instrument at the Spallation Neutron Source. Design considerations for successful total scattering
studies are discussed, and guidance for planning experiments, preparing samples, and correcting and
reducing data is defined. The new capabilities are demonstrated with an in situ decomposition study
of a battery electrode material under inert gas flow and an in operando carbonation/decarbonation
experiment under reactive gas flow. This capability will aid in identifying and quantifying the atom-
istic configurations of chemically reactive species and their influence on underlying crystal structures.
Furthermore, studies of reaction kinetics and growth pathways in a wide variety of functional materials
can be performed across a range of length scales spanning the atomic to the nanoscale. Published by
AIP Publishing. https://doi.org/10.1063/1.5033464

I. INTRODUCTION

As materials for a secure and sustainable future continue to
trend toward increasing complexity, the need for insights into
materials while they are in use has never been greater. We must
expand the frontiers of real time analysis of functional materi-
als to understand and control material pathways, intermediates,
metastable components, defects, and interfaces and their rela-
tionships to desirable material properties. This is particularly
true in large swaths of the energy sector, where our understand-
ing of gas-solid-phase interactions remains largely conceptual.
For instance, in heterogeneous catalysis, the identities, concen-
trations, structures, and roles of chemically reactive species
remain elusive because we still lack robust approaches to
observe them at relevant atomistic length or time scales. The
case is similar for tracking the local and long-range inter-
actions that define the processes of gas adsorption, storage,
and separation, or the growth, coarsening, or decomposition
of electrochemical components through cycling.

The pair distribution function (PDF) analysis based on
neutron or x-ray total scattering techniques has emerged as
an important tool in the investigation of complex material
phenomena. Total scattering holds the key to determining the
local material structure as well as the crystallographic aver-
age structure, often critical to understanding the underlying
chemical and physical properties of functional materials. By
virtue of its interactions with atomic nuclei, neutron total scat-
tering offers particular sensitivity to the light atom surface
species encountered in adsorbate, separation, and catalysis
surface science; to neighboring atoms in the periodic table
often encountered in transition metal containing materials;
and to specific isotopes through isotope contrast experiments.1

Additionally, the low neutron absorption cross section of mate-
rials means comparatively large volumes of samples can be
penetrated relative to x-ray scattering approaches, ensuring
bulk (rather than surface) measurements of structures. Several
gas dosing environments are available at neutron diffraction
instruments around the world,2–6 although few are optimized
for total scattering beamlines.7 These typically involve a sam-
ple loaded into a closed cylindrical sample canister, an attached
gas line, and a connected gas manifold for dosing and evacua-
tion. Thermal decomposition and crystallization studies have
also been completed at a number of neutron diffraction beam-
lines, including several at total scattering beamlines.8–11 Sur-
prisingly, few options exist for gas flow experiments at neutron
diffraction beamlines, limiting in situ and in operando studies
to date.

The Nanoscale Ordered Materials Diffractometer
(NOMAD) BL-1b at the Spallation Neutron Source (SNS)12

combines the advantages of moderate momentum transfer (Q)
resolution and wide Q range time-of-flight (TOF) neutron
scattering with world-leading neutron flux, making it partic-
ularly well suited among dedicated total scattering beamlines
for studying the local structure of materials in their operat-
ing environments. A high precision ambient temperature gas
flow environment for NOMAD was recently commissioned
at the beamline,13 offering experimental access to local and
long-range structural responses to gas-solid interactions.14

However, many industrial reactions and processes occur in
conditions far above ambient temperatures, necessitating an
environment that combines gas flow cell and high temperature
furnace capabilities.

The primary challenge to date in developing such a capa-
bility has been achieving appropriate background scattering
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contributions alongside the material and component design
requirements for the high temperature regime of interest. Total
scattering studies are absolutely dependent on stable back-
ground scattering: diffuse scattering often comprises a small
portion of total scattering intensity in disordered crystalline
systems.15 Effort is made to maximize the amount of sam-
ples in the neutron beam while minimizing the presence of
background components. It is essential to accurately mea-
sure the parasitic scattering arising from the sample con-
tainer, air/ambient environment, and any other instrument
background components. As much as possible, containers are
made thin and of weakly scattering components (typical mate-
rials are thin amorphous quartz, incoherently scattering vana-
dium, or null scattering alloys such as titanium zirconium).
Care is taken to ensure that corrections for absolute normal-
ization, multiple scattering, and absorption can be completed
for the chosen geometry, most often leading to cylindrical or
annular sample cross sections. The temperature dependence
of background and sample container scattering must also be
considered and worked into experiment plans and data reduc-
tion routines. A final consideration is the thermo-mechanical
integrity of sample cell components. Alternate choices are
often required to avoid chemical reactivity of specific gas
and sample components with sample containment components
(for example, certain elements react or alloy with vanadium
or titanium zirconium, or may react with quartz at elevated
temperatures). A confluence of these factors has prevented the
actualization of a high temperature gas flow environment for
neutron PDF studies until now.

This paper describes the design and capabilities of the new
high temperature gas flow environment for neutron diffrac-
tion and PDF studies available at the NOMAD instrument,
SNS, intended for studying the reactive species of functional
materials during their operation, including growth, dehydra-
tion, or decomposition regimes. Two commissioning examples
demonstrate the utility of the new equipment: (1) a decompo-
sition study of a battery electrode material under inert gas flow
and (2) a carbonation/decarbonation cycling experiment using
a carbon capture material. This technique will be useful in
studying the connection between global symmetry and local
symmetry and unraveling not just what happens but also why
it happens through real-time studies of material functionality
under gas flow conditions.

II. DESIGN AND CAPABILITY

The primary components of the high-temperature gas
flow environment are the high precision gas flow system,13

a modified vacuum furnace based off of an Institut Laue–
Langevin (ILL) design,16 a sample stick, and the custom high-
temperature U-tube sample cell developed at the SNS. The
capabilities and operating ranges of the high precision gas flow
and furnace system as employed in this sample environment
are summarized in Table I.

The quartz U-tube sample cell was designed to facilitate
precise gas flow at high temperatures and strikes a balance
between the sample cell structural integrity and low back-
ground. In order to operate at the standard high temperature
range of 800 ◦C, it is necessary that the furnace hot zone be

TABLE I. Overview of general operating capabilities of the high temperature
gas flow sample environment.17

Temperature range (◦C) 30–800
Heating ramp rate (◦C) 0–10
Gas flow rate (ml/min) 0–50
Pressure at the sample (atm) 0–2
Gas switch time (ms) 425
RGA measurement time 250 ms per mass point

well separated from the quartz-to-stainless steel adapter as this
junction has a maximum operating temperature of 450 ◦C.
It was found that under the operating conditions, with the
employed furnace, this required a minimum of 25.4 cm
between the sample position and the quartz-to-stainless steel
adapter. The NOMAD beamline has a beam width at sam-
ple position of roughly 1.5 cm. The quartz U-tube sam-
ple cell has an outer diameter (OD) at sample position of
4.95 ± 0.05 mm with a wall thickness of 0.38 ± 0.1 mm.
In order to accommodate the NOMAD beam profile, the lat-
eral distance of the quartz tube at the sample-position to
return-side is 2 cm (center-to-center). A strain relief device
is mounted directly above the stainless-steel junction to pre-
vent tube breakage. A rendering of the installed setup is shown
in Fig. 1 (left), with images of the sample stick (center) and
U-tube (right) also shown. Above the quartz-to-stainless steel
adapter, a 1

4 in. Swagelok adapter is used to connect both the
inlet and outlet flows to the sample centering stick. A set of
valves at the top of the centering stick is used to isolate an
installed sample cell from the atmosphere during installation
and removal.

FIG. 1. (Left) Rendering of the quartz sample U-tube for high temperature
gas flow cells as it is installed in the ILL-type furnace on NOMAD. (Center)
Photograph of the U-tube installed on the sample centering stick and (right)
zoomed-in view of the U-tube with the sample loaded.
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The employed furnace is equipped with vanadium win-
dows and has a 50 mm diameter bore hole. In this configura-
tion, with a standard sample stick, the furnace has a maximum
possible temperature of 1200 ◦C. However, the additional con-
straints brought about by the quartz-to-steel adapter limit the
usable maximum temperature to 800 ◦C. Cooling in the furnace
is passive such that the maximum cooling rate is a function of
the current temperature, ranging nonlinearly from 200 ◦C/min
at the maximum temperature of 800 ◦C down to 1 ◦C/min at
35 ◦C. The cooling rate can be controlled via the ramp func-
tion of the furnace while the furnace is at higher temperatures,
so long as the desired cooling rate is slower than the passive
cooling capacity at that temperature. Any desired cooling rates
below the maxima are possible, down to the limits of preci-
sion of the furnace. Thermocouples installed inside the gas
flow U-tubes, in contact with the sample, are used to control
the furnace temperature via a software controlled setpoint.

Powdered samples which permit the desired flow of gas
are required as the only pathway for the gas to flow is through
the sample. To ensure this, offline flow testing under the
planned experimental conditions is suggested. Samples which
naturally do not allow sufficient flow can be pressed into a
pellet, broken up, and sieved into coarse particles. Silica wool
is placed above and below the sample position to maintain
the correct sample height in the beam. A 3 cm or greater col-
umn of sample is suggested, with a total sample volume of
0.2 cm3–0.6 cm3 typically required.

III. DATA ENCODING AND REDUCTION

The measured data can be automatically reduced into
common diffraction (TOPAS, GSAS, FullProf) and PDF
(PDFgetN, PDFgui, RMCprofile) data formats using the Inter-
active Data Language (IDL)-based NOMAD instrument soft-
ware.12 However, as the measured data are encoded into a
NEXUS file,18 with associated timing, temperature, gas flow
conditions, and residual gas analyzer information, advanced
data reduction schemes are possible using the Mantid data
reduction framework.19

The background measurements for this sample environ-
ment are very sensitive to subtle changes; for instance, tem-
perature dependent changes and differences in the U-tube wall
thickness will be seen clearly in measured data. As such,
temperature-dependent and tube-specific data reduction meth-
ods can be employed for more precise results. Examples of data

from samples loaded in the quartz U-tube, compared to the
standard capillary used for most measurements on NOMAD,
are found in Fig. 2. The measured scattering structure fac-
tor, S(Q), is normalized and transformed into the real-space
pair-distribution function, G(r), via the equation

G(r)=
2
π

∫ ∞
0

Q[S(Q) − 1] sin(Qr)dQ. (1)

Note that G(r) is often presented in arbitrary units (a.u.)
and fit using an overall scale factor due to the reduction pro-
cedures defaulting to non-absolute data corrections. Correct
sample placement is critical for high-quality quantitative data
analysis. Subtle differences in the thickness of the U-tubes
can lead to over- or under-subtraction of the background. The
characteristic pair-pair correlations in amorphous quartz at
r = 1.6 Å and 2.6 Å can be used to guide the background
scaling factor and verify proper reduction. If necessary, the
influence of quartz peaks in the data could also be avoided
through the use of a vanadium sample tube when it is com-
patible with sample chemistry, and oxidation or reaction with
vanadium metal is not a concern.

IV. COMMISSIONING STUDY: DECOMPOSITION
OF ORDERED λ-Ni0.5Mn1.5O4

While global use and research efforts into Li-ion batteries
continue to rise, significant challenges still exist surrounding
safety concerns that may lead to catastrophic failure events.
Concerns regarding the thermal safety of high-voltage cath-
ode materials such as LiMn1.5Ni0.5O4 are among some of the
pressing issues facing next generation cathode compositions
as O2 release from the crystal lattice at elevated temperatures
leads to significant changes in electrochemical performance
and potential thermal runaway situations. The combination of
both high-voltage and high thermal stability is an important
material selection criterion for the design of electrochemical
cells as increasing demand for high-power energy storage has
periodically demonstrated catastrophic failures in commercial
applications.20,21 To better identify and understand the fail-
ure mechanisms in energy materials, such as LiMn1.5Ni0.5O4,
in situ studies are critical. Previous studies utilizing time-
resolved x-ray diffraction22 have identified the mechanistic
pathways responsible for oxygen evolution from the crystal
lattice. Local structure studies via PDF have the potential
to identify the underlying mechanisms which precipitate the

FIG. 2. (a) Comparison of the diffrac-
tion data and (b) PDF data from ex situ
λ-Ni0.5Mn1.5O4 samples loaded in the
quartz capillary (top) vs. in situ samples
loaded in the quartz U-tube (bottom).



092906-4 Olds et al. Rev. Sci. Instrum. 89, 092906 (2018)

FIG. 3. (a) Diffraction and (b) PDF
datasets from in situ decomposi-
tion measurements of λ-Ni0.5Mn1.5O4,
shown between 200 ◦C and 400 ◦C.

decomposition, as well as perhaps to suggest characteristic
signatures which could indicate impending failure prior to
catastrophic oxygen release. We here study the decomposi-
tion of partially ordered and delithiated LiMn1.5Ni0.5O4 as a
commissioning study of the high temperature gas flow cell
environment.

LiMn1.5Ni0.5O4 powder samples were synthesized23 and
subsequently annealed in air at 720 ◦C to produce the ordered
(P4332) spinel phase. With a sufficiently high redox potential
(≈5.1 V vs. Li/Li+), NO2BF4 was used to chemically delithi-
ate the as-prepared sample using a 2:1 NO2:Li ratio in dried
acetonitrile. Mixtures were left for 24 h under Ar atmosphere.
Products were rinsed and filtered prior to drying under vac-
uum. The sample was loaded into a quartz U-tube in a He
glovebox and sealed in a vacuum bag prior to transferring to
the beamline. The loaded U-tube was transferred to the sample
stick under constant Ar flow and purged with ultra-high purity
Ar immediately prior to the measurement.

The sample was measured at room temperature in the gas
flow cell isolated for 95 min and under flow at 30 SCCM Ar
flow conditions for 45 min. No significant differences were
seen in the measured diffraction data under an isolated inert
environment compared to flow. We note that while not the
disordered polymorph (verified by the presence of peaks at
Q = 1.0 Å−1 and 1.7 Å−1), these samples were only partially
ordered due to the comparatively short annealing time during
synthesis.

The sample was then heated at 1 ◦C/min up to 400 ◦C and
soaked at temperature for 3 h. In situ neutron diffraction mea-
surements were taken during this ramping and soak time, with
the data initially binned into 5 min segments. The resultant
diffraction and PDF from each of these 5 min sections are

shown as a 2D dataset in Figs. 3(a) and 3(b). It can be
seen that the reaction starts at ≈280 ◦C and is completed by
≈350 ◦C.

We first characterize the set of in situ data using combi-
natorial appraisal of transition state (CATS) analysis.24 This
allows for model-free rapid identification of similarity across
a large number of data with a defined r-range. The compar-
isons of the local similarity (r = 0–5 Å) with longer range
similarity (r = 5-40 Å) are shown in Fig. 4(a). Across these
two real-space ranges, we see a much greater swell in normal-
ized residual of data comparison in the long-range features
[upper left quadrant in Fig. 4(a)] than the short-range features
(lower-right quadrant). The CATS suggests that the local struc-
ture remains much more consistent across the full temperature
range, despite the longer range features altering significantly
at 280 ◦C and 350 ◦C. Inspection of the PDFs presented in
Fig. 3(a) confirms this analysis as the local structure (r < 5 Å)
is seen to change only subtly across the entire temperature
range, in contrast to the significant changes seen in longer
lengthscale pair-pair correlations (r > 5 Å). This suggests that
the reaction pathway undertaken by the material is displacive in
nature, as opposed to reconstructive or first order. Furthermore,
close examination of the data, rebinned in a motif suggested
by the CATS analysis, reveals the existence of an intermediary
phase, shown in Fig. 4(b) (middle).

Although in-depth quantitative refinement and analysis
of this in situ data are to be explored in future work, this
preliminary analysis demonstrates the utility of performing
in situ studies of complex materials, revealing behaviors
and structures which would not be discoverable using con-
ventional ex situ studies of pristine and fully decomposed
samples.

FIG. 4. (a) r-dependent CATS analysis
of the PDF (plotted with a colormap
based on normalized residual of the
r-range) and (b) the associated data iden-
tified through the CATS analysis of the
in situ λ-Ni0.5Mn1.5O4 decomposition
study. The decomposition process can
be seen to begin around 280 ◦C, com-
pleting the structural transformation by
350 ◦C.
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V. COMMISSIONING STUDY: CARBON CAPTURE VIA
HIGH TEMPERATURE CARBONATION/CALCINATION
CYCLING OF CALCIUM OXIDE

With growing concerns for the effects of anthropogenic
greenhouse gases, particularly CO2 and its long-term effects
on our global climate, it becomes imperative to develop tech-
nologies that reduce production or release of CO2 to the Earth’s
atmosphere. Carbon capture and storage (CCS) targets the lat-
ter of these two, providing a promising solution for reaching
ambitious emission reduction targets set by countries around
the world.25 In power generation alone, the burning of fossil
fuels leads to the release of flue gases with concentrations of
CO2 on the order of 5 vol. % (combustion of natural gas) to
upwards of 12 vol. % (combustion of coal). Currently, compa-
nies are considering scrubbing the flue gas with liquid amines
to selectively remove CO2.26 Yet, this process requires a sub-
stantial amount of energy: 15%-20% of the electrical output
from the power station is required. An alternative solution is to
use solid sorbents that can absorb the CO2 at the high operating
temperature of the flue gas and release the gas upon increas-
ing temperature, providing a continuous absorber recycling
loop.

One of the most promising solid sorbent materials is the
CaO-CaCO3 system due to its high CO2-absorption temper-
ature range (650-900 ◦C), low economic cost, and natural
abundance in Ca-containing minerals such as limestone and
dolomite.27,28 In operating conditions, CO2 is removed from
the flue gas by reacting with CaO to form CaCO3 (carbona-
tion). After removing the solid from the absorbing system and
with an increase in temperature, CO2 is released and CaCO3

is converted back to CaO (calcination). This allows the CaO
to be recycled back into the absorber system.

While limestone is already being used in pilot plants, fur-
ther research of the underlying atomistic details of this reaction
is imperative to realize optimal performance of CaO-based
materials for CCS. Currently, the main research focus is on
improving the macroscopic properties of the system, such as
the capacity and kinetics of the overall cycle, and very few
studies have sought to study the mechanism of this absorp-
tion/desorption process in terms of understanding the initial
formation of the carbonate layer on individual particles and the
subsequent diffusion of CO2 molecules (whether via a solid-
state type ionic conduction mechanism through shell layer
cracking or otherwise) to react with the unreacted core.29,30

More detailed observation of the local nanostructures formed
upon carbonation and calcination is needed to resolve this basic
question of the reaction. Local structure studies via PDF prove

to be a key tool in discerning the atomistic structural changes
for reaction chemistry and in catalytic systems. We here study
the carbonation/calcination cycling of CaO-CaCO3 as another
commissioning study of the high temperature gas flow cell
environment.

The CaO samples were prepared from CaO nanopowders
(98%, <16 nm, Sigma Aldrich). The powder was loaded into a
quartz U-tube on a lab bench with silica wool below and above
the sample. Initially, the sample was loaded in the furnace
in the gas flow cell and taken to the elevated temperature of
900 ◦C to drive off any surface absorbents from exposure to the
environment during loading and to ensure complete calcination
to CaO.17

In Figs. 5(a) and 5(b), the time evolution of the carbon-
ation/calcination cycle for both the diffraction and the PDF,
respectively, is shown. Before the experiment starts at time
t = 0 min, the sample temperature has been increased to 900 ◦C
at 5 ◦C/min under a 30 SCCM N2 gas flow. Starting at t = 0 min,
the sample was measured for approximately 45 min to ensure
it was fully calcined based on the diffraction and PDF patterns
(t = 0 min to t = 45 min). The sample was then ramped down
to 600 ◦C, and the gas flow was switched to 1 SCCM of CO2

and 20 SCCM of N2, corresponding to the changes observed at
approximately t = 50 min in Fig. 5. Patterns were then collected
every 5 min to give the smooth evolution of the carbona-
tion phase transition to CaCO3 observed from t = 50 min to
t = 125 min. Then, the gas flow was switched back to 30 SCCM
N2 and the sample was ramped again to 900 ◦C to undergo cal-
cination back to CaO (t = 125 min to t = 150 min). This corre-
sponds to the phase change observed at approximately 125 min
in Fig. 5.

In Fig. 6(a) and in Fig. 6(b), the diffraction and PDF pat-
terns are shown, respectively, comparing representative CaO
and CaCO3 patterns extracted from Fig. 5. Theoretical neu-
tron PDFs of bulk CaO and CaCO3 were calculated using the
GULP software package31 to determine characteristic PDF
peaks that can be attributed uniquely to either the CaO or
CaCO3 structure. Details of the calculations have been pre-
viously reported.32 In Fig. 6(c), we show the simulated PDFs
(dashed) compared to the experimental PDFs (solid) for CaO
and CaCO3, and the difference pattern of the CaO patterns
subtracted from the CaCO3 patterns. The characteristic 1.3 Å
C–O pair distance for CaCO3 can be seen to emerge in the PDF
data in both Figs. 5(b) and 6(b), displaying the unique abil-
ity to track the evolution of the local atomistic CaO structure
to CaCO3 during carbonation using neutron total scattering.
Similarly, the long-range structural changes can be observed
in the differences of the diffraction patterns from Figs. 5(a)

FIG. 5. (a) Full set of diffraction and (b) PDF datasets
from in situ measurements for a carbonation/calcination
cycle. This cycle begins with CaO at 900 ◦C (t = 0 min
to t = 45 min), is ramped to 600 ◦C and then involves gas
flow of CO2 and N2 to undergo carbonation to CaCO3
(t = 45 min to t = 125 min), and is finally ramped
back up to 900 ◦C to undergo calcination back to CaO
(t = 125 min to t = 150 min).
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FIG. 6. Measured (a) diffraction data
{plotted as Q[S(Q) − 1]} and PDF data.
Comparison of (b) local PDF for CaO
and CaCO3 from experimental (solid)
and simulated (dashed) patterns. The
difference of the CaO subtracted from
the CaCO3 patterns is shown for ∆G(r).

and 6(a), for example, by the additional peak at approximately
2 Å−1 and the reduction in the peak near 5 Å−1 during the
carbonation transition.

The high temperature gas flow cell allows for the capa-
bility to track the local atomistic structural changes coupled
with the long-range, average (Bragg diffraction) structural
changes in situ through reaction pathways, phase transitions
and during catalytic reactions, as shown here with carbona-
tion/calcination cycling for CaO-based materials. The results
of this study and others like it for CCS materials can help
elucidate the mechanism for the absorption/desorption pro-
cess and give key insights into the atomic origins of this
material functionality. Future work will follow up with in-
depth quantitative refinement and mechanistic details of these
in situ data along with studies of other new, novel solid sor-
bent materials measured on NOMAD with the gas flow cell
furnace to further elucidate in situ reaction pathways for CCS
materials.

VI. CONCLUSION

We have designed and commissioned a high temperature
gas flow environment for neutron diffraction and PDF studies
available at the NOMAD instrument, SNS. The setup com-
bines the use of a specially designed metal-to-quartz gas flow
sample tube, a high precision gas flow manifold and residual
gas analyzer, an ILL vacuum furnace, and the intrinsic high
flux and wide-Q range capabilities of the neutron total scat-
tering diffractometer NOMAD. Two commissioning examples
have highlighted the utility of the new equipment for following
local and long-range structural responses to high temperature
and/or gas flow conditions in situ and in operando. The thermal
decomposition of a battery electrode material under inert gas
flow was observed to have a several step and multi-lengthscale
decomposition process, commencing at 200 ◦C and conclud-
ing at 400 ◦C. Temporal diffraction and PDF pattern changes
in the CaO carbonation phase transition have been captured
to give short and long range coupled changes and can further
help elucidate the absorption/desorption mechanism for CaO
to CaCO3. This sample environment is currently available in
the general user program at the SNS for use on the NOMAD
beamline. With instrument-specific modifications, this design
could be utilized on other neutron scattering beamlines at the
SNS (e.g., POWGEN, CORELLI) as well as at other neutron
or x-ray scattering facilities.
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