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TOPICAL REVIEW — Advanced calculation & characterization of energy storage materials & devices at multiple scale

Pair distribution function analysis:
Fundamentals and application to battery materials

Xuelong Wang(£ % J¥), Sha Tan(i&#5), Xiao-Qing Yang(#H¢7), and Enyuan Hu(# B JF)
Chemistry Division, Brookhaven National Laboratory, Upton 11973, USA

(Received 20 November 2019; revised manuscript received 29 December 2019; accepted manuscript online 31 December 2019)

Battery materials are of vital importance in powering a clean and sustainable society. Improving their performance
relies on a clear and fundamental understanding of their properties, in particular, structural properties. Pair distribution
function (PDF) analysis, which takes into account both Bragg scattering and diffuse scattering, can probe structures of both
crystalline and amorphous phases in battery materials. This review first introduces the principle of PDF, followed by its
application in battery materials. It shows that PDF is an effective tool in studying a series of key scientific topics in battery
materials. They range from local ordering, nano-phase quantification, anion redox reaction, to lithium storage mechanism,

and so on.
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1. Introduction

Battery materials are indispensable to a clean and sustain-
able society.!!! Their importance has recently been acknowl-
edged by the awarding of 2019 Nobel prize in chemistry.!!
While there is no doubt about their success, there are always
strong motivations to make them better in terms of energy
density, fast charging capability, and environmental friendli-
ness. These improvements rely on a clear understanding of
battery materials’ fundamental properties, in particular, struc-
tural properties. ]

Studying the structural properties of battery materials is
by no means a trivial task as the materials themselves are in-
trinsically complicated. For example, the local structure can
be diverse due to Jahn—Teller distortion,* cation ordering,[s]
local distortion,[®! and so on. In addition, battery materials can
be crystalline or amorphous, depending on performance opti-
mization requirements. These facts pose grand challenges for
areliable characterization of battery materials. More challeng-
ing situations arise when it comes to studying how structures
change in response to an external electric field as in the case
of charging and discharging.[”!

Diffraction techniques including x-ray diffraction (XRD)
and neutron diffraction (ND) are conventionally used to study
the structural properties of materials. They are established on
the basis of translational symmetry, or long-range order, and
are very effective in elucidating the structures of crystals. [3-11]
However, for materials without long-range order, such as nano
and amorphous materials, the application of diffraction meth-
ods is very limited.['>!7] Such limitation is attributed to two
facts. First, short-range structural information is embedded in
the diffuse scattering.!'-23 Unfortunately, this part is usually
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either too weak to detect (orders of magnitude weaker than
the Bragg scattering) or thrown away during background sub-
traction. As a result, short-range structural information is lost.
Secondly, nano-phases give rise to very broad and weak Bragg
peaks which can make phase quantification highly challenging
if possible.l?+%]

In this context, total scattering technique that includes
both Bragg scattering and diffuse scattering stand out as an
effective tool to address the aforementioned scientific issues.
Coupled with Fourier transform and pair distribution function
(PDF) analysis, it helps to answer a series of questions regard-
ing local structure, nano-phase quantification, anion redox re-
action, and lithium storage mechanism.!?®-33! In this review,
principles of PDF will be explained, followed by the introduc-
tion of total scattering measurement instrumentation. After
that, some representative cases in which PDF plays a key role
in answering scientific questions are presented.

2. PDF fundamentals and total scattering exper-
imental set-up

The PDF method originates from the Debye scattering
equation developed by Debye back in 1915.1361 In 1927, Zer-
nicke and Prins pointed out the Fourier relationship between
the real-space atomic pair density and the Q space total scat-
tering intensity. [*’1 Q is the scattering vector whose magnitude
is 4wsin@ /A (20 is the scattering angle and A is the incident
radiation wavelength). While the mathematical foundations
have been established a long time ago, PDF was not widely
applied until recent decades. This is because to do a mean-
ingful Fourier transform, total scattering data should cover a
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large range of Q. But both atomic form factor and atomic dis-
placement parameter can lead to significant intensity decrease
at high O, making the data quality very poor in this region.
Thanks to the advancement of modern x-ray synchrotron fa-
cility and spallation neutron sources, extremely high flux of
x-ray photons and neutrons can be obtained. Coupled with
high energy, or short wave-length A, high Q region can now
be accessed (since Q is inversely proportional to A) and a high
quality Fourier transform can be implemented. Here, some
mathematical basics are explained and several functions are
introduced. Some function has strict physical definition, such
as g(r); some have computational convenience, such as G(r);
and some provides intuitive understanding, such as R(r). To
begin with, the pair distribution function g(r) is defined as fol-

Y)Y 6(r—rij),

i j#i

lows:
1

)= Gzporon

in which py is the average number density of atoms, N is the
total number of atoms, and 7;; is the distance between atom i
and atom j. §(r —r;;) is the Dirac delta function which equals
a single unit only when r = r;;. In practice, the reduced atomic
pair distribution function G(r) is more frequently used,

G(r) = 4mrpo[g(r) —1].

This is because G(r) can be directly calculated from the mea-
sured total scattering function S(Q) through Fourier transfor-
mation

G() == [ ls(@) - 1)sin(r)ao.

where Q is the amplitude of the transferred momentum calcu-
lated by the difference between scattered wavevector and inci-
dent wavevector. S(Q) by definition is calculated by measured

G()

coherent scattering intensity 7°°"(Q)
Icoh(Q) Yo |fl(Q) |2
Zeif QP

where ¢; is the atomic concentration of the i-th type of ele-

S(0) =1+

)

ments and f/(Q) is its atomic x-ray scattering factor or neutron
scattering length. The coherent scattering intensity I°°M(Q)
can be directly collected from the experimentally measured
total intensity /(Q) when properly corrected for incoherent in-
tensity, background noises, detector efficiency, multiple scat-
tering, etc. By now, the relationship between measurable total
scattering intensity /(Q) and structural function g(r) has been
established. To better understand the meaning of g(r), it is
necessary to introduce the closely-related radial distribution
function (RDF), R(r), which offers a more intuitive picture:

R(r) = 47rr2p0g(r).

As shown in Fig. 1(a), rR(r) indicates the number of atoms
that can be found inside the spherical shell with radius » and
thickness dr centering around another atom.!!!l For detailed
introduction on different correlation functions for describing
the total scattering, interested readers could find a systemati-
cal review in which David A. Keen compared the commonly
used correlation functions. [3%]

Figure 1(b) shows a typical PDF pattern (G(r)) for a ma-
terial. It is a real-space function and a wealth of structural in-
formation can be directly obtained from it. The peak position
indicates the distance of atomic pairs. The area of peaks is re-
lated to the abundance of relevant pairs weighted by their scat-
tering power. The width of peaks is related to disorder inside
the material which can be structural disorder or/and atomic
thermal vibration. The maximum distance at which peaks are

observable gives insight to the size of coherent domain.3%40]

Peak Position qmmmp Atomic Distances
Peak Area 4amm) Coordination Number
Peak Width 4mmm) Disorder
Peak r,,,, 4mmm) Particle Size, Coherence

0

2

i
v

AV
¥
4

Fig. 1. (a) Atom distribution of CeO in real space, and a sphere centered at an atom with radius r and annulus thickness dr.!'!l (b) High-energy
x-ray total scattering derived pair distribution function in real space, G(r), provides real-space structure information which is independent of

structure modeling. (%1
For a successful total-scattering measurement, scattering
data needs to cover a wide range of Q. Practically, this means
a short wavelength is required for the experiment since Q is
inversely proportional to A. It also means a very high flux

of radiation source is needed because both atomic form fac-

tor and structural disorder (including thermal vibration and
static uncertainties) can lead to significant dampening in the
high Q region. The former mostly influences x-ray experi-
ment and the latter influences both x-ray and neutron experi-

ments. Because of these considerations, PDF experiments are
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mostly done at either x-ray synchrotron facilities or high flux
neutron facilities (e.g., spallation neutron sources). It should
also be noted that the diffuse scattering part is very important
to PDF measurement and needs to be dealt with carefully. In
diffraction experiment, this part of information is lost during
background subtraction which is generally done by fitting a
high order polynomial. In total scattering experiments, diffuse
scattering is preserved in the total scattering data by measur-
ing a separate background (including air scattering and sam-
ple container scattering) pattern which is subtracted from the
sample’s total scattering pattern. Such obtained data contains
Bragg scattering, diffuse scattering, as well as inelastic scat-
tering parts, which are all from the sample itself only. The
inelastic part is further removed from the data in a PDF pro-
cessing software such as PDFgetX3. Figures 2(a) and 2(b)
schematically demonstrate the commonly used experimental
set-ups for x-ray and neutron total-scattering measurements,
respectively. For x-ray PDF experiments, a large 2D detector
is placed behind the sample to collect the total scattering pat-
tern. Considering the diffraction geometry, the detector needs
to be very close to the sample to access the high Q region.
The signal from the 2D image will be integrated into 1D total-
scattering function data S(Q) and further converted to PDF
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data through Fourier transformation. For neutron PDF exper-
iments, the measurement is done in time-of-fly (TOF) style
where the transferred momentum is calculated by the time dif-
ference between events of neutrons ejection and neutrons hit-
ting on the detector.[*!1 As shown in Fig. 2(b), many banks of
detectors are placed alongside the heading direction of the in-
cident beams collecting the scattered neutrons.*?! The benefit
of using neutron is that the neutron scattering length of ele-
ments is aperiodic and this provides the possibility of probing
some light elements such as C, N, O, and F with high sensi-
tivity. In contrast, the x-ray scattering power of an element
is proportional to its atomic number and therefore low Z ele-
ment has small scattering power. In the following case studies
on battery materials, it will be shown that two PDF analysis
methods are complementary to each other. Both of them play
important roles in understanding the science in battery materi-
als. The large area detector and high flux x-ray/neutron source
used for total scattering experiments can help finishing data
acquisition in a few seconds. The in sifu total scattering exper-
iment under conditions such as heating and battery cycling can
be easily realized with properly designed sample stage and in
situ cell. More information on the in situ total scattering ex-
periments has been summarized in recent reviews. "]

Ni d1 d3

Incident
neutrons
v \\

—

Collimator

v \< Detector bank 2
+90°

RD
Beam Sample is movable
stop in any direction and

can be rotated

Fig. 2. (a) Transmission geometry set-up for modern x-ray pair distribution function measurements, where combination of high-energy x-ray and a
large-area detector placed close to the sample could approach a wide Q range. The PDF data shown here, accompanied with its schematic structure, are
for Ni with face-centered-cubic structure. (b) Schematic top view of time-of-flight neutron diffraction (TOF-ND) diffractometer and sample placement

(not to scale). 42!
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3. Application of PDF methods to battery mate-
rials

3.1. Reaction mechanism of nano-sized or amorphous
electrode materials

Nano-particles and amorphous materials are commonly
seen in battery materials. On the one hand, nanosizing is
sometimes beneficial as it decreases the effective diffusion
length and speeds up the electrochemical reaction. On the
other hand, lithiation or sodiation can give rise to nano-sized
or amorphous phases during the reaction. A typical example
is conversion type materials, such as silicon anode and metal
oxide/fluoride cathode. They are usually nano-sized in pris-
tine state and can become amorphous during electrochemical
reactions.'®#%] In these cases, the Bragg peaks (XRD) are
either totally lost because of a lack of long-range ordering or
are too broad and weak which denies a reliable structural anal-
ysis. PDF, as a total scattering technique, probes both the crys-
talline and amorphous phases effectively and plays a unique
and important role in structural study of these battery materi-
als.

The patterns shown in Fig. 3(a) are the ex-situ PDF of
a silicon anode collected during the first discharge by Key et
al."*9) 1t can be seen that during discharge, the peak intensities
of all Si—Si pairs generally decrease. Specifically, the peaks
at long distances decrease much faster than those at short dis-
tances (< 5 A, corresponding to the Si-Si pairs in the first
and second coordination shells). Upon discharging to 50 mV,
all of the peaks above 4.5 A essentially disappear. The total
loss of atomic pairs at long distance implies almost complete
amorphization of the silicon anode lattice at low voltage dur-

(a) 2.?5 R 38 R «?.5 A (©)

Silicon
105 mv
100 mV

9smv.
85mV <« |_|7S|3
50 mV

}0 mV < Li;sSi,

observed
—— difference
—fit

2™ cycle
and

6
r(A)

subsequent f
cycles

o Li
o Si

ing deep lithiation. The PDF pattern of the fully discharged
(0 mV) sample is fitted using the structure of Li;5Si4, which is
believed to be the main product of silicon lithiation. The result
is shown in Fig. 3(b). The fitted curve and the measured data
differ significantly below 3.8 A but agree well above that. This
indicates that the lithiation product of silicon contains consid-
erable local disorder. Fitting is much improved when a nano-
sized silicon is introduced as the secondary phase. More de-
tailed analysis revealed the evolution of the silicon anode dur-
ing electrochemical cycling as illustrated in Fig. 3(c). At the
initial stage of discharge, lithiation begins close to the surface
of small crystalline silicon particles and propagates towards
the inner part with the breakage of Si—Si bonds, resulting in
the formation of small Si clusters surrounded by Li ions. The
competition between lithiation of small Si cluster and lithi-
ation of remaining crystalline Si framework goes on for the
whole discharge process until all silicon atoms from the lat-
tice are consumed. Defected crystalline phase Li;s5 5Sis may
nucleate from the newly-formed amorphous phase. Upon first
charging, delithiation of Li;s, §Si4 phase proceeds from both
the surface and the bulk area. The PDF results indicate that
once nucleation sites of small Si clusters are formed, they be-
gin to grow into an amorphous silicon matrix with few Li ions
trapped inside. In the following discharging/charging cycles,
Li ions insertion and extraction take place in the amorphous
silicon phase instead of returning back to crystalline Si parti-
cles. Based on the understanding of the above mechanism, the
authors suggested that the cycling potential window should be
controlled for optimizing the reversibility and capacity reten-

tion of silicon anode.

Fig. 3. (a) The ex-situ PDF of silicon extracted from the first discharge process. Dashed lines: the first, second, and third coordination shell Si-Si distances in
a Si diamond framework. Two 0 mV samples are included, blue (top): the unwashed sample, teal (bottom): the washed sample. (b) PDF data and the fitting
result (Ry, = 43%) of the washed 0 mV sample. Characteristic Li;5sSi4 correlations are indicated by the dashed lines at 2.85 A and 4.75 A, connecting (a)
and (b). (c) Schematic illustration of silicon lithiation and delithiation. Crystalline silicon lithiation process (discharged down to 0 mV) corresponds I to I'V.
Discharge steps are denoted by red arrows, while blue and green arrows denote charge steps. Delithiation of fully lithiated silicon is shown by V to VIIL, and

VIII to XI correspond to the relithiation of amorphous silicon to form fully lithiated silicon for cycle number x (x > 1).

[46]
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Another attractive conversion material is FeF3 and its var-
ious derivatives, which are low cost and environmentally be-
nign. In addition, it can take up to 4 Li ions per formula
and enable multiple electron transfer, promising a high energy
density. [47] However, this material suffers from the problem of
large voltage hysteresis and poor cyclability. To understand
the reaction mechanism, Wiaderek et al. carried out in situ
PDF experiment for FeO,F_, (Fig. 4(a)).1*8! PDF revealed
the presence of an amorphous rutile phase that was difficult
to be probed otherwise. The authors provided a quantitative
description of the evolution of both crystalline and amorphous
phases during charging/discharging (Fig. 4(b)). It is found that
the highly reversible intercalation-extrusion reaction precedes
the less reversible conversion reaction. Fan ef al. proposed
to use Co and O dual-doping in FeF; to decrease the voltage
hysteresis and increase the cyclability.[*°! Such strategy turned
out to be very successful as indicated by the excellent electro-
chemical performance. PDF studies indicated that in the dual-

N W’\/\NW_WWW
oA e e e ————— &
A AN AA A
N AT A S e —5
T A Y A A A A A/ N — O
A A ANTANY AN e s
b A A AN AN SN T e
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A A A e 8
V N N T
AT NN oo

Metal (bcc)

$°,

100th discharge

(e)

1st discharge

2 1'3 4 3 6 7 8
r(A)

doped samples, the reversible intercalation-extrusion reaction
is greatly promoted and the irreversible conversion reaction is
significantly suppressed. In details, figure 4(c) shows that each
relevant phase has its own characteristic PDF peak and this
provides a convenient and reliable way to analyze the phase
composition. Figures 4(d) and 4(e) show the measured PDF
patterns for Fey 9Cog .1 OF and FeOF materials in both charged
and discharged states after 100 cycles. The main difference be-
tween them is that in Feg9Cog | OF the intensity of the metal
phase peak (around 2.5 A) is much smaller than that in FeOF at
the discharged state. Figure 4(f) shows the composition anal-
ysis of the two materials from fitting results. The proportion
of the rocksalt phase in the final discharge products greatly in-
creases after the introduction of dual doping. Therefore, the
authors concluded that dual doping enhances the reversible
extrusion reaction and suppresses the irreversible conversion

reaction.
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4
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Fig. 4. (a) The in situ PDF data of iron oxyfluoride (Fe(1 ) FelllO,F,_,, x = 0.6) during the first discharge—charge cycle. Characteristic peaks

of the rock salt intermediate are indicated by arrows. Relative peak intensities are indicated by colors. (b) Evolution of phase composition
in Fe{l1 -~ X)Fe}cHOXFz,X (x = 0.6) during cycling. (c) Characteristic atomic pairs in rutile, rocksalt, and body-centered-cubic metal and their

corresponding PDF peaks. (d) PDF patterns of Feg 9Cog | OF and FeOF at pristine state, charged state after the 1% cycle, and charged state after
the 100 cycle. (e) PDF patterns of Fey9Cog j OF and FeOF at discharged state after the 1 cycle and discharged state after the 100™ cycle. ()

Percentages of metal and rocksalt phases in Fep 9Cop  OF and FeOF obtained by fitting PDF results.

[48,49]
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3.2. Anion redox reaction mechanism in battery materials

Conventional battery materials are based on transition
metal redox such as Co3*/Co** and Ni**/Ni**. One possi-
bility of increasing the energy density is to activate the oxy-
gen anions and utilize the anion redox reaction.’%-31 To make
such a reaction as reversible as possible, it is critical to under-
stand the reaction mechanism. The O—O pair distance has been
believed to be sensitive to oxygen anion redox and such infor-
mation provides a very important piece in having a full picture
of the reaction. Neutron PDF (nPDF) is particularly effec-
tive in probing this information for two reasons. First, PDF
itself is a direct histogram of all the atomic pairs weighted
This is without
the limitation of crystalline or amorphous phases. Second,

by their scattering power and abundance.

oxygen has a large scattering length for neutron, meaning
that oxygen-involved atomic pairs will be carrying a lot of
weight in the nPDF pattern. Such technique has been re-
cently applied to sodium-ion battery cathode materials such as
Nag ¢[Lig2Mng g]O;, which is anion redox active and delivers
very large capacity.[>¥

Figure 5(a) shows the unit cell for the crystal structure
of Nag ¢[Lig2Mng g]O, material and the PDF data collected
for its pristine and charged states. The Nag g[Ligp2Mng3]O;
material has a so-called “layered P3” type crystal structure
which means that Na™ ions sit on the interlayer trigonal pris-
matic interstitial sites formed by the oxygen framework and
there are three transition metal layers in a unit cell. The in-
operando XRD measurement results show highly reversible
features during cycling, which indicates the stability of global
Further-
more, the P3 structure maintains throughout the charging and

crystal structure against desodiation or sodiation.

discharging processes, suggesting the rigidity of the oxygen
framework. While little information is obtained from XRD
as the long range average structure shows little change dur-
ing electrochemical cycling, nPDF and x-ray PDF (xPDF) can
provide a wealth of structural information. As can be seen
in the upper panel of Fig. 5(a), nPDF peaks corresponding to
atomic pairs Na—O, O-0, and Na—Mn can be directly identi-
fied. The most obvious difference between the patterns of the
pristine state and the charged state is the new shoulder peak
at ~ 2.5 A in the charged one which is related to a short-
ened O—O pair. The lower panel of Fig. 5(a) shows the xPDF
patterns. The peaks corresponding to the Mn—O and Mn—-Mn
pairs in close shell (< 4 A) barely change after charging, im-
plying that the local coordination environment of the transition
metal mostly maintains, which is consistent with the XRD re-
sults. The more significant changes of PDF patterns at larger
atomic pair distances after charging (for both nPDF and xPDF)
turn out to be caused by stacking faults introduced by deso-
diation as the model structure in Fig. 5(d) illustrates. Using a
structural model containing stacking faults, the authors carried

out a co-refinement of total scattering data in reciprocal space
(Fig. 5(b)) and PDF data in real space (Fig. 5(c)) for samples at
the charged state. The results located the short and long O-O
atomic pairs. The short O—O pair distance (~ 2.5 A, sugges-
tive of peroxo-like species) is related to the interlayer O—O pair
while the long O—O pair (~ 2.8 A) is related to the intralayer
0O-0 pair which mostly stays the same during charging. Fur-
ther nPDF refinement indicates the absence of transition metal
migration and oxygen vacancies. Such analysis indicates that
the P3-type lattice framework is fairly rigid and helps to pro-
mote the reversibility of the anion redox reaction.
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Fig. 5. (a) Local structural changes of Nag ¢[Lig2Mng g]O, collected
at pristine and charged state (4.5 V) are reflected in xPDF and nPDF
with the first coordination bonding labeled. Refinement results of (b)
the neutron diffraction data and (c) neutron PDF data using the super-
cell structural model in (d). (d) The refined 15-layer supercell model for
the charged Nag »[Lip2Mng g]O; (4.5 V). The enlarged figure shows the
local coordination environments of O and residual Na. >4l

NPDF is also used to study the anion redox re-
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action in the cation-disordered cathode material.  Fig-
ure 6(a) shows the structure model and neutron powder
diffraction pattern for cation-disordered cathode material
Li; »Tip35Nig 35Nbg.1 01 §Fp.» (LTNNbOF) which is also an-
ion redox active.[> Figure 6(b) shows its nPDF pattern and
the peaks for the nearest TM—O and O-O atomic pairs. Dif-
ferent from the case of Nag ¢[Lig2Mng§]O» where O—O pairs
are shortened during oxygen oxidation, the O—O pairs mostly
maintain their distance in LTNNbOF as shown in Fig. 6(c).

This is also verified by scanning transmission electron mi-
croscopy (STEM) results (Figs. 6(d) and 6(e) ). Further anal-
ysis reveals that cation disordering greatly reduces the possi-
bility of forming coplanar O 2p orbital pair which is needed
for the O—O pair shortening as observed in other anion redox
active materials. From these cases, it can be seen that nPDF
provides a direct local probe to specific O—O atomic pairs. For
the anion redox reaction study, nPDF is a very valuable struc-
tural characterization tool.

(a)

Intensity (a.u.)

NPD,R,, =3.7 %
S.G. Fm-3m

~294 A

F——-
G(r)

b
®) TM-O PDF

A A~S\

nPDF, R, = 10.1 %

(c)

G(r)

S

1%
=
w

4 5 @— [001]
r(A) (100)

Fig. 6. Li,Tij35Nip35Nbg 101 gF.2 refinement results of the (a) neutron powder diffraction with its crystal structure shown in the inset, and
(b) neutron PDF patterns with atom pair distance and corresponding PDF peaks labeled. (c) The ex-situ local neutron PDF patterns (left panel),
and variation of the average O—O distance (right panel). [110] STEM-HAADF images of the (d) pristine and (e) 4.8 V charged samples, the

corresponding average distances of the nearest-neighbor O—O columns projected along the [110] axis are labeled in the structure schematic.

3.3. Hidden short-range order in battery materials

High voltage spinel LiNipsMn; sO4 has high operating
voltage (~ 4.75 V) and therefore high energy density. For
a long time, it was believed that this material is either ‘dis-

ordered’ or ‘ordered’. The disordered phase features Ni and

[551

Mn randomly occupying the 16d crystallographic site in the
structure described by space group Fd3m. The ordered phase
features Ni/Mn ordering (Ni occupying 4b site and Mn oc-
cupying 12d site) in the structure described by space group
P4332.156-381 XRD is typically used to identify the nature of
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LiNigsMn; 504 phase. The XRD of the disordered phase
lacks super lattice peaks associated with Ni/Mn ordering that
is observed in the XRD of the ordered phase. Such belief is
strongly questioned by nPDF study done by Liu ez al.’% The
results suggest Ni/Mn ordering persists in both disordered and
ordered phases. But such local ordering may or may not form
corporately leading to long-range order. Specifically, figure 7
shows the nPDF data of four LiNig sMn; sO4 samples synthe-
sized under different conditions. Two nonannealed samples
(FC and SC) were identified as disordered phase and two an-
nealed samples (A48 and A240) crystallized in ordered phase.
Though the atomic pair correlations in the four samples are
quite different from each other in the long-range (> 5 A), the
PDF data sets of the four samples below 5 A are remarkably
similar. The almost identical PDF character in short-range in-
dicates that the local structures are indistinguishable in the
four samples. Figure 7(b) displays the atomic structure and
Ni/Mn arrangements in the ordered phase. It is clear that 5 A is
the typical distance between the second nearest Ni/Mn neigh-
bors. The authors accordingly proposed that up to the second
nearest coordination shell the cations arrangements in the dis-
ordered phase are actually the same as those in the ordered
phase. The refinement of nPDF results is shown in Fig. 7(c).
Clearly, for the disordered phase, the local order gradually
grows into long-range disorder as the atomic pair distance in-
creases. This result overturns the traditional impression on
the Ni/Mn ordering schemes in LiNip sMn; sO4 materials and
suggests that Ni/Mn ordering domain size is a more important
factor than the degree of Ni/Mn mixing that affects the elec-
trochemical performances of the material.

Another example of how nPDF reveals the existence of
short-range ordering is the study on LiNig sMng sO, material.
Breger et al. found that strong site occupation correlation ex-
ists between Ni and Mn cations in the first and the second
coordination shells which leads to non-random distribution in
the short-range. (>3 The conclusion is drawn through a reverse
Monte—Carlo (RMC) type simulation of the PDF data. An
RMC simulation of PDF data is done in a “big box™ struc-
ture model containing hundreds to thousands of atoms by con-
stantly swapping and moving atoms until the normalized dif-
ference between calculated PDF data and measured PDF data
stays invariant or smaller than criteria set by the user.[®001]
Extensive contents about RMC methods and other PDF data
analysis techniques can be found in previous reviews.[6%%3]
Figures 8(a) and 8(b) show the fitting results of PDF data using
a “small box” model with randomly distributed cations and the
fitting results of PDF data after RMC simulation using a “big
box” model, respectively. It is clear that the RMC simulation
improved the fitting results significantly, especially in the short
distance region. Detailed analysis of the structure model after

RMC simulation revealed several hidden short-range ordering
features. One is that the Ni cations tend to be surrounded by
more Mn cations in the first coordination shell and more Li
and Ni cations in the second shell. Another structural feature
is that about 10% Li/Ni mixing exists which means about 10%
of Li ions from the Li layer exchange with Ni cations in the
transition metal layer. Furthermore, the Li ions in the transi-
tion meal layer try to avoid Ni cations in their first coordination
shell and tend to be surrounded by Mn cations. These results
on the local structural feature cannot be captured by the aver-
age structural model from fitting to diffraction data. Combin-
ing PDF data and advanced fitting/simulation methods could
open our access to much enriched structural information for

battery-related material researches.

(a)3ol'|-|'|

8.17 A

Partially ordered Disordered

P4,32

4 6

Fd3m
10 12 14 16 24 32 40 48
rA)

Disordered LiNi, sMn, O,

Fig. 7. (a) Neutron PDF data of annealed A48 (annealed for 48 h) and
A240 (annealed for 240 h) and nonannealed FC (fast cooled) and SC
(slow cooled) LiNip sMn; 504 samples. (b) Structure of the ordered!”)
LiNip sMn; 504 (S.G. P4332) polymorph viewed along the [110] direc-
tion. All oxygen atoms are omitted for clarity. (c) Least-squares refine-
ments of the disordered (S.G. Fd3m) and ordered (S.G. P4332) structure
models using local PDF data of the disordered LiNig sMn; 504 sample,
which has local Ni/Mn ordering in the short-range (agrees well with the
ordered model), and long-range Ni/Mn disordering (agrees well with
the disordered model). "]

G(r)
N | eveosse vv{

8
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——— Remove Li-Ni contacts

Random
Honey-comb

Fig. 8. Reverse Monte—Carlo simulation results for pristine!’!
LiNipsMng 50,: (a) the fitting results by using the initial random
cluster model, and (b) the fitting results after the RMC calculations.
Black crosses: experimental data, solid red line: calculated PDF,
blue line: difference between the calculated and experimental pat-
terns. (c) The transition metal layers for LiNig sMng 50, with 10%
of Li/Ni site exchange are represented by honeycomb, within which
the atoms are distributed randomly. Yellow circles: Li atoms; red
circles: Ni atoms; corners without circles: Mn.[23!]

4. Summary and perspectives

As atotal scattering technique, PDF is not limited to long-
range order and capable of probing both crystalline and amor-
phous phases. For battery materials, PDF is particularly ef-
fective in studying nano or amorphous materials such as sil-
icon anode and conversion cathode; the local probe capabil-
ity of PDF coupled with high oxygen sensitivity of neutron
makes nPDF an ideal tool for studying anion redox reactions;
PDF can also reveal the subtle short-range structural infor-
mation that is difficult to characterize otherwise. Like any
other characterization technique, the results from PDF anal-
ysis are more convincing when they are consistent with in-
formation obtained from different methods such as imaging,
spectroscopy, and theoretical simulation. For example, in the
study on conversion material Fey9Cog |OF, the particle size

and phase distribution information obtained from PDF analy-
sis was verified by TEM. ! In another study, Lyu ef al. identi-
fied the presence of Ru—Ru metal bonding in Li;Rug sMng 503
materials through PDF technique and such structural feature
was later found in TEM.*3! In studying CuMn,O4 which is
not a battery material, Shoemaker et al. used RMC to ana-
lyze the PDF result and found the occurrence of Cu**. Such
occurrence was independently verified by x-ray photoelectron
spectroscopy data. [64]

When it comes to combing PDF with computational
chemical methods such as density functional theory (DFT)
calculation and molecular dynamics (MD) simulation, more
detailed information at atomic scale can be obtained. Func-
tions such as RDF can be directly computed from the struc-
tural models used in DFT and MD calculations statistically
and compared with the results from PDF experiments. With
such approach, PDF has helped revealing solvation environ-
ment and diffusion pathways of Li ions for many liquid/solid

130.65] However, the combination between

electrolyte materials.
theoretical calculation and PDF can sometimes be challenging
considering that PDF study commonly involves a large unit
cell which can be costly in terms of computation resources.
On the one hand, the importance of PDF is increasingly
recognized by the battery community. On the other hand, PDF
experiment is far from routine as it generally requires high en-
ergy and high flux radiation sources. Fortunately, the situation
is getting better as more and more x-ray synchrotron facilities
and neutron sources are being built around the world. A wider
application of PDF to battery materials is expected and more

interesting science is to be found. >3]
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