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Lithium transition metal oxides are an important class of electrode materials for lithium-ion batteries. Binary or ternary (transition)
metal doping brings about new opportunities to improve the electrode’s performance and often leads to more complex stoichiometries
and atomic structures than the archetypal LiCoO,. Rietveld structural analyses of X-ray and neutron diffraction data is a widely-used
approach for structural characterization of crystalline materials. However, different structural models and refinement approaches can
lead to differing results, and some parameters can be difficult to quantify due to the inherent limitations of the data. Here, through
the example of LiNig §Cog.15Alg.0502 (NCA), we demonstrated the sensitivity of various structural parameters in Rietveld structural
analysis to different refinement approaches and structural models, and proposed an approach to reduce refinement uncertainties due
to the inexact X-ray scattering factors of the constituent atoms within the lattice. This refinement approach was implemented for
electrochemically-cycled NCA samples and yielded accurate structural parameters using only X-ray diffraction data. The present
work provides the best practices for performing structural refinement of lithium transition metal oxides.
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Most electrodes used in Li-ion batteries are based on first-row tran-
sition metal oxides, such as layered structures related to LiCoO,' and
spinel-type LiMn,0,.> Energy storage in these materials is realized
via an intercalation mechanism; Liions are reversibly inserted into and
extracted from the redox-active transition metal oxide lattice. Strate-
gies to optimize the electrochemical performance of these systems,
through substitution of the transition metal ion (LiNi,(Mn).Col_x_).Oz)3
and intergrowth of different structure types, such as xLi,MnOs -
(1-x)LiMO, (M = Ni, Co, Mn, etc),* have yielded next generation
electrodes of increasing structural and compositional complexity. Un-
derstanding the structure and distribution of redox-active species and
Li within these transition metal oxide electrodes,® and how these
evolve during electrochemical cycling or over extended cycling, is
critical to guiding the development of next generation electrodes and
mitigating the processes that lead to decreased electrochemical per-
formance (capacity loss, voltage fade, etc).

Crystallographic analysis of diffraction data is widely used to probe
the atomic structure of electrode materials; the positions of atoms
within a crystalline electrode phase can be located with high pre-
cision. However, for electrode materials with increasingly complex
mixed-metal stoichiometry and cation site disorder (also referred to
as “site mixing”), we are pushing the diffraction data to evaluate a
growing number of structural parameters. If the additional structural
parameters introduced by mixed metal stoichiometry are not ade-
quately constrained by the data, refinement of these parameters may
be correlated, preventing simultaneous determination of all structural
parameters and contributing to systematic errors in the refined values.
The diffraction data must be modeled with increasing care and con-
sideration of the characteristics of the diffraction probes to reliably
distinguish and quantify the distribution of different elements and
species.

As the diffraction, typically of X-rays or neutrons, data are derived
from elastic scattering processes, the ability to distinguish atoms of
different elements depends on the difference in their respective scat-
tering power. The different scattering physics of X-ray and neutron
also compound the determination of the best structural model that is
consistent with both neutron and X-ray diffraction data.

® Scattering of X-rays by an atom, in an X-ray diffraction (XRD)
measurement, involves interactions with the electrons; the X-ray scat-
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tering factor (Figure la) is proportional to the number of electrons
in the atom and, due to spatial delocalization of the electron density,
the X-ray scattering factor reduces with increasing scattering vec-
tor, Q (Q = 4w sin 6/\, 0, and ) are the diffraction angle and the
wavelength, respectively). With X-ray scattering being proportional
to the number of electrons, elements close in atomic number (i.e., all
first-row transition metals) are poorly distinguished. The contribution
from light elements (e.g. Li, O) can be challenging to distinguish in
the presence of heavier elements. As different oxidation states of a
given element have a different number of electrons, the scattering

a
25 Li
o —0
s 20 — Al
‘8 — Mn
O 15 - Co
2 —Ni
@ 104
g
n 54
0 T [ [ |
0 1 2 3 4
s =sino/n (A
b Sc Ni
E'IO—
<
2 54
<@
()]
£
g 0
®
[&]
n
-5 — Ti Mn
[ [ [ [ [ [
0 5 10 15 20 25 30

Atomic number

Figure 1. (a) The X-ray scattering factor>® of select atoms and (b) the coherent
neutron scattering length’! of Li, O, Al and the first-row transition metals.
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contribution from the redox-active transition metal within the elec-
trode will vary depending on the state of charge.

® Scattering of neutrons (Figure 1b), in a neutron diffraction (ND)
measurement, involves interaction with the atomic nuclei; the neutron
scattering length (1) varies irregularly with atomic number and isotope
and is (2) not Q-dependent. The variability of neutron scattering length
(e.g. with very different scattering lengths for Ni and Co) can be used
to help distinguish species of low and similar atomic number. The
Q-independence of the scattering length makes ND a better approach
than XRD to determine the atomic displacement parameters.

A number of studies’® analyzed both XRD and NPD data, but
direct co-refinement of X-ray and neutron diffraction data for battery
systems is relatively rare.” However, co-refinement of XRD and NPD
data has been successfully applied to understand other systems con-
taining light elements, such as hydrogen,'® and complex structures
with a large number of atoms and positional parameters.'!

Here we explore the sensitivity and limitations of X-ray and neu-
tron powder diffraction in resolving mixed-metal stoichiometry and
structural defects in complex substituted transition metal oxide elec-
trodes, focusing on LiNiggCog5Alp0s0, (NCA)'? as an exemplar.
In such electrode materials, doping the transition metal site with a
few percent of a different species can have a dramatic impact on the
electrochemical performance.'* Similarly, increasing the Li-Ni cation
mixing has been linked to a large reduction in energy storage capac-
ity (by a factor of 2).'* By comparing different refinement strategies
involving analysis of X-ray data only, neutron data only or combined
X-ray-neutron data, analysis using X-ray scattering factors for differ-
ent oxidation states, and analysis over different Q-ranges, we evaluate
the precision/accuracy with which the Ni, Co and Al stoichiometry,
the occupancies of Li and O, and the extent of the cation mixing, can
be determined. The optimized refinement strategy was then applied
to samples of NCA recovered following electrochemical cycling to
evaluate the associated changes in their structure and ion distribution.

Experimental

Structural model.—The structural model for NCA is described in
the R-3m space group with the Ni, Co and Al on the 3a site, Li on the
3b site, and O on the 6¢ site (Figure 2a). Cation mixing between Li
and Ni, which is routinely observed due to their similar cation size,° is
modeled by allowing Ni and Li occupancy (in equal quantity) on the
3b (Li) and 3a (transition metal) sites, respectively. Accordingly, the
relationship between site occupancy factors for different atoms can be
described by the following equation:

Li _ Ni _ 1 _ Ni _ _Co_ Al
ny, =ny, =1 —ny, —n3] —n3, (1]

where n corresponds to the occupancy of the atom M on the Wyckoff
site i. The total occupancy of atoms on the 3a site is constrained to be
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Figure 2. (a) Crystal structure of NCA. The blue (Ni, Co and Al), green and
red spheres correspond to the transition metals and Al, Li, and O, respectively.
(b) Typical charge and discharge profiles of the NCA/meso carbon micro bead
full cell.
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1 in the model; if there is incomplete occupancy (i.e. vacancies) at the
3a site (transition metal layer), this will lead to refined occupancies
greater than 1 on the 3b (Li layer) and/or 6¢ (O layer) site. Atomic dis-
placement parameters (ADPs) for atoms occupying the same Wyckoff
positions are constrained to be the same. Since the lattice parameters
are only reflected in the Bragg peak positions and not the intensities,
the lattice parameters can be determined independently of a structural
model and are not discussed here.

Neutron and X-ray powder diffraction measurement.—For the
pristine NCA sample, time of flight (TOF) powder neutron diffraction
data was collected on the POWGEN instrument at the Spallation Neu-
tron Source (SNS) in the Oak Ridge National Lab (ORNL). Around
3 g of powder was filled into a vanadium sample can and sent via the
mail-in service to the SNS. Data were collected at a wavelength of
1.066 A to cover a d-spacing range of 0.3—3.0 A.

For charged/discharged NCA samples, TOF data were collected
at the VULCAN instrument at the Spallation Neutron Source (SNS),
Oak Ridge National Laboratory. At VULCAN, approximately 1.6 g
of powder was loaded into a vanadium sample can of 6 mm diame-
ter. An incident beam (5 mm x 12 mm) of 0.7 to 3.5 A bandwidth,
allowing 0.5~2.5 A d-space in the diffracted pattern of the +90° 26
detector banks, was selected using the double-disk choppers at 30
Hz frequency. The high-resolution mode was employed with Ad/d
~0.25%. The SNS was at nominal, 1100 kW, power. Powder neutron
diffraction data were collected in the high-resolution mode for a du-
ration of 3 h and processed using VDRIVE software.!> The data was
normalized to a vanadium rod.

High-resolution XRD measurement was performed at beamline
11-BM with multiple single-crystal analyzer detectors, at the Ad-
vanced Photon Source, Argonne National Laboratory. Samples were
loaded into 0.80 mm inner diameter polyimide tubes in an argon-
atmosphere glove box. Powder diffraction patterns were measured in
0.001° steps (26) with 0.1 s per step between 0.5° and 40° for the
pristine sample and between 0.5° and 36° for the electrochemically-
cycled samples. The pristine and the electrochemically-cycled NCA
samples were measured at 0.459990 and 0.414215 A, respectively.

Rietveld structural refinement.—Rietveld refinement was per-
formed with TOPAS software package.'® The background was de-
scribed by a 9-term Chebyshev polynomial. For refinement against
NPD patterns, the TOF profile function 3, as implemented in GSAS,”
was used. For refinement against XRD patterns, the peak profile was
described by isotropic broadening due to domain size and anisotropic
broadening due to strain.'®

Sample preparation.—LiNij3Co, 15Alp0sO, was purchased from
TODA America (NAT1050). The nominal chemical composition is
used to denote the sample.

Electrochemical cycling of NCA was performed in pouch cells
designed and assembled in a dry room at NIMTE’s (Ningbo Institute
of Materials Technology & Engineering) fabrication facility. The cell
includes 10 pieces of dual sided meso carbon micro bead (MCMB)
anode and NCA cathode. The cathode is composed of 92 wt% NCA,
5 wt% super P and 3 wt% polyvinylidene fluoride on an aluminum
current collector. The anode is composed of 91 wt% MCMB, 4 wt%
super P, 2 wt% carboxymethyl celluloseand, 3 wt% styrene-butadiene
rubber on a copper current collector. A Celgard separator is used to
alternatively cover the anode and cathode on each side. The electrolyte
solution composed of 1 M LiPFg in a 3:7 (volume ratio) ethylene
carbonate: dimethyl carbonate (DMC). Typical charge and discharge
profiles are shown in Figure 2b. The cycled electrodes were recovered
by disassembling cycled pouch cells in an argon-atmosphere glove
box. The cathode was washed with DMC three times and dried in
Ar-atmosphere overnight. The NCA powders were scraped off the Al
current collector for structural analysis.

Downloaded on 2017-09-14 to IP 137.110.55.199 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A1804

Results and Discussion

Selecting structural parameters for Rietveld refinement.—The
number and type of structural parameters that can be reliably refined
are dictated by the type (neutron or X-ray diffraction) and quality of the
powder diffraction data. Refining more parameters than are adequately
constrained by the diffraction data will lead to a high correlation
(>70%) between the parameters. A high correlation between two
parameters indicates that changes in either of the parameters would
yield the same (for 100% correlation) or similar (for high correlation)
effects on the refinement. Attempts to refine all site occupancy factors,
including the mixed metal stoichiometry and the Li-Ni mixing, against
only the neutron or X-ray diffraction data resulted in high correlations
of these parameters (Table S1). This indicates that neither the NPD
nor XRD data alone provides sufficient information to evaluate the
stoichiometry of NCA. We found that refining only the anisotropic
ADPs of atoms on the 3a and 3b sites, the Li occupancy on 3b site,
the O occupancy on 6¢ site, and the z coordinate of O eliminates these
correlations (Table S2), while constraining the isotropic ADP of Li
on 3b site and Co, Al and Li-Ni site mixing occupancies to constant
values.

Diffraction aberrations due to absorption occur in both NPD and
XRD measurements. For NPD, °Li (7.5% natural abundance) has a
large absorption cross section, but refinement of the absorption coeffi-
cient yields a small value (<0.1), suggesting a minor effect of absorp-
tion on the result here. The use of "Li-enriched sample can in principle
mitigate the absorption effect, yet a previous NPD study of "LiCo0O,
found that enrichment with "Li was not as effective as measuring over
a larger Q-range for obtaining accurate structural parameters.'® Ad-
ditionally, the absorption correction is applied as a product of a scale
factor and an ADP factor, which will underestimate the ADPs? but
will have little effect on positional and occupational parameters. For
XRD, the absorption factor is highly correlated with the ADPs, and
excluding this factor from refinement leads to underestimated ADPs
but has little effects on other structural parameters. Therefore, the
absorption factor is not included in the NDP and XRD refinements at
the expense of a systematic underestimation of the ADPs.

Since some structural parameters have to be constrained, the re-
finement will yield different values depending on the values assigned
for the constrained structural parameters. This could lead to erroneous
results when the constrained parameters are not well characterized by
other methods. For example, the nominal stoichiometry may deviate
from the actual stoichiometry, and compositional heterogeneity may
lead to a distribution of stoichiometry for individual crystallites. Con-
sequently, the variation in the refined structural parameters introduced
by uncertainty in the constrained structural parameter could be higher
than the estimated standard deviation (esd) from the refinement. In
the following sections, we evaluate the impact of variations in the
constrained structural parameters on the refined structural parameters
in NCA.

Rietveld refinements against only NPD data for pristine NCA.—
We performed Rietveld refinement against only the NPD pattern (Fig-
ure 3) with the nominal Ni, Co and Al stoichiometry (NipsCog.15Alg05)
and no Li-Ni mixing, which yields errors (esd) of <0.01 for Li and O
occupancies, 0.00004 for O coordinate, and 0.03 AZ for the anisotropic
ADPs of Ni, Co, Al and O (Table S3). To evaluate the impact of
uncertainty in constrained parameters on the refinement results, we
performed a series of refinement with different values for the Ni, Co
and Al stoichiometry, Li-Ni mixing and Li isotropic ADP.

® To explore how deviations from the assumed Ni, Co and Al
stoichiometry affect the refined structural parameters, a series of re-
finements were performed for 0.75 < n}/ < 0.9, 0.1 < n{? < 0.25,
and 0 < n4! < 0.15 (with no Li-Ni site mixing and a constant Li
isotropic ADP). The refined occupancies of Li and O as a function of
different Ni, Co and Al stoichiometry are shown as contour plots in
Figures 4a and 4b, respectively. The refined occupancies of Li and O

are highly affected by the Ni stoichiometry as evidenced by contours
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Figure 3. The best refinement profile against the NPD pattern of pristine NCA
with nominal Ni, Co and Al stoichiometry and no Li-Ni mixing.

almost parallel to tie lines corresponding to constant Ni stoichiometry.
Deviation from the nominal Ni, Co and Al stoichiometry (effectively
Ni stoichiometry) by +0.01 leads to 20.009 variation in the Li and O
occupancies (Table S3), which is comparable to the estimated standard
deviation; variations in the O coordinate and the anisotropic ADPs are
within in the estimated standard deviations.

® To explore how deviations from the assumed Li-Ni mixing
and Li isotropic ADP affect the refined structural parameters, a se-
ries of refinements were performed for 0.00 < n%’ < 0.05 and
0.5A% < BL < 1.5 A%. We found that the refined Li occupancy was
strongly dependent on both Li isotropic ADP and Li-Ni mixing (Fig-
ure 4¢) while O occupancy was more dependent on Li-Ni mixing than
Liisotropic ADP (Figure 4d). Variation of Li-Ni mixing from 0 to 0.01
leads to 0.02 change in the Li and O occupancy (Table S3), which is
larger than the estimated standard deviation. Variations in the O coor-
dinate and anisotropic ADPs of Ni, Co, Al and O are within the esti-
mated standard deviations. Similarly, the variation of the Li isotropic
ADP from 0.9 to 1.1 A2 leads to 20.02 change in the Li occupancy but
only +0.002 change in the O occupancy; variations in the O coordinate
and anisotropic ADPs are within the estimated standard deviations
(Table S3).

We found that the O coordinate and the anisotropic ADPs of atoms
on the transition metal layer (3a site) and O atoms (on 6c¢ site) could
be accurately quantified even if the Ni, Co and Al stoichiometry, Li-
Ni mixing and Li isotropic ADP were not well known. In contrast,
the refined Li and O occupancies can deviate from the actual values
by a few times of the estimated standard deviation even when the
Li-Ni mixing or the Li isotropic ADP assumed for the structural
model changes by a small value (£0.005 for Li-Ni mixing and £0.1
A2 for Li isotropic ADP).

Rietveld refinement against only XRD data for pristine NCA.—
The impact of X-ray scattering factors on Rietveld refinement
results.—Unlike neutrons which are scattered by nuclei, X-rays are
scattered by electrons, therefore, the scattering factor of an atom is
affected by its oxidation state, that is, the electron density and den-
sity distribution. The differences in the scattering factors between
free neutral and ionic atoms are most pronounced for s (=Q/4m)
<0.2~0.3 A" (Figure 5a), which includes six intense Bragg peaks,
i.e. (003), (101), (006), (012), (104) and (015), for NCA (Figure 5b).
Consequently, the refinement results will depend on the choice of
the X-ray scattering factors of atoms in the structural model and the
Q-range used for refinement. Usually, the X-ray scattering factors of
free neutral or ionic (based on the atom’s formal charge) atoms are
adopted for the structural model. However, the free-atom scattering
factor can deviate substantially from the actual scattering by an atom
in the crystalline lattice. Indeed, full charge transfer between atoms
rarely occurs so that the actual charge density on an atom deviates
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from its formal charge.?!?*> The actual scattering factors of atoms in
NCA and similar oxides have not been determined.

We performed a series of Rietveld refinements to examine how the
refined structural parameters are affected by different choices of the
scattering factors. In addition to neutral atoms, the oxidation states
of +2, +3 for Co and Ni, +3 for Al, +1 for Li, and —1 and —2 for
O were considered. For each structural model, the oxidation states
of Co and Ni were constrained to be the same, and each type of
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Figure 5. (a) The scattering factors of free neutral and ionic atoms.? (b) The
XRD pattern of pristine NCA.
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atom could adopt the scattering factor of any of the oxidation states
described above. This yields 36 different combinations of scattering
factors for the NCA structure (descriptions of the 36 combinations
are listed in Table S4). As for the NPD refinement described in the
previous section, the nominal stoichiometry was assumed for Ni, Co
and Al with no Li-Ni mixing, and the Li isotropic ADP was fixed to
1 A2, which is within the average Li ADP reported for LiCoO,'® and
LiNiO,?* by NPD measurements.

The different combinations of scattering factors for Rietveld re-
finements led to wide variations in the quality of fit measured by the
Ry,-factor (Figure 6a). The structural model with Li, Ni, Co, AP
and O~ has the lowest R, = 8.764%, which is only marginally better
than the Ry, (8.768%) corresponding to the structural model with
all neutral atoms, while the structural model with the formal charges
(Li*, Ni**, Co®*, AI**, and O%~) shows a substantially worse quality
of fit (Ry, = 8.880%).

The refined structural parameters also varied widely depending
on the scattering factors used for the structural model (Figures 6b
and 6¢). For example, the O occupancy obtained for the structural
model with neutral atoms and atoms of formal charges is 1.05 and
0.98, respectively, yielding 0.07 difference (Figure 6b). The variation
in structural parameter, from Rietveld refinement of all 36 different
oxidation state combinations, is an order of magnitude higher than the
estimated standard deviation from an individual Rietveld refinement
(Table S6). This demonstrates that the refined values are substantially
affected by the choice of the scattering factors used for atoms in the
structural model.

Although R, is often used to evaluate and compare structural
models,? the structural model with the lowest Ry, in Figure 6a does
not necessarily correspond to the most accurate structure of NCA.
In the present case, a lower Ry, only indicates that the structural
model provides a better fit to the electron density distribution rather
than the atomic/nuclear density distribution in the actual structure. For
example, because 0%~ has a higher electron density than neutral O,
the refinement of the structural model with 0%~ leads to a higher site
occupancy factor of oxygen than the structural model with neutral O
(Figure 6b).

As substantial differences in the scattering factors only exist in
the low-s regions, we could reduce the difference in the quality of
fit (Figure 6d) and the variation in the refined structural parameters
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Figure 6. (a) The quality of fit measured by Ry, for Rietveld refinements of structural models with different combinations of scattering factors against the full
s-range of the XRD pattern. Refined values of (b) the Li and O occupancies and (c) the anisotropic atomic displacement parameters (ADP) obtained from the
corresponding refinement against the full range of the XRD pattern. (d) The quality of fit when the low-s region (s < 0.23 A~!) is excluded from the refinement.
Refined values of (e) the Li and O occupancies and (f) the anisotropic ADPs obtained from Rietveld refinements when the low-s region is discarded. The scattering
factors assumed for each structural model can be found in Table S5. The By and B33 components of the anisotropic ADPs are parallel to a and c-axis, respectively.

(Figures 6e and 6f) by excluding Bragg reflections from the low-s
region (s < 0.23 A~1) from the refinement. The variation in values for
the structural parameters obtained from 36 different models are only
a factor of 2~5 times larger than the estimated standard deviations
from an individual Rietveld refinement (Table S6). Meanwhile, only
the estimated standard deviation of oxygen occupancy increases by
a factor of ~2 (from 0.0016 to 0.0034), and no substantial increase
in the estimated standard deviations is observed for other structural
parameters. Hence, the effects of the atomic oxidation state on the
Rietveld refinement result can be mitigated by excluding the low-s
region; the intensities at high-s region are more sensitive to scattering
of the core electrons that are not affected by the oxidation state.

Impact of Ni, Co and Al stoichiometry, Li-Ni mixing and Li
isotropic ADP on Rietveld refinement result.—To evaluate parame-
ters other than the scattering factor on the refinement results, we used
scattering factors for neutral atoms in the structural model and ex-
cluded s < 0.23 A~ from the refinement.

® The effects of Ni, Co and Al stoichiometry variation on the
Li and O occupancies were explored for 0.75 < nf’ < 0.9, 0.1 <
n§? < 0.25,and 0 < n4! < 0.15, with no Li-Ni mixing and constant
Li isotropic ADP at 1 A2. The refined occupancies of Li and O are
highly dependent on the Al occupancy when the total occupancy at
the 3a site is fixed to 1 (Figures 7a and 7b, respectively), since the
contour lines of both Li and O occupancies are almost parallel to
lines corresponding to constant Al occupancy. Variation in the Ni,
Co and Al stoichiometry by +0.01 leads to +0.005 change in the Li

and O occupancies, which is comparable to the estimated standard
deviation (Table S7); the corresponding changes in the anisotropic
ADP of atoms on 3b site and O are well within the estimated standard
deviation (Table S7).

® The effects of Li isotropic ADP and Li-Ni mixing, with nominal
Co and Al composition, on Li and O occupancies are shown in Figures
7c and 7d, respectively. Variation in the Li-Ni mixing between 0 and
0.01 leads to £0.07 and £0.005 change in the Li and O occupancies,
respectively (Table S7). In contrast, variation in the Li isotropic ADP
between 0.9 and 1.1 A? leads to only £0.02 and £0.003 change in
the Li and O occupancies, respectively (Table S7).

Accuracy of Rietveld refinement against XRD data.—When the
low-s region (0.23 A1) is excluded from the refinement, the O coor-
dinate and the anisotropic ADP of atoms on the 3a site and O can be
accurately quantified. The accuracy of the O occupancy is limited to
40.01 due to the undetermined, actual scattering factors for atoms in
NCA. The Li occupancy is highly dependent on even small variations
(£0.005) in Li-Ni mixing. This suggests that Li-Ni mixing can be
well quantified even when there is a large error associated with the Li
occupancy.

Combined neutron and X-ray refinement for pristine NCA.—
Establishing appropriate X-ray scattering factors.—In a combined
refinement, a common structural model is refined against both NPD
and XRD datasets simultaneously. The two different diffraction pat-
terns provides more structural information to allow unconstrained
refinement of a greater number of structural parameters. Due to the
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Figure 7. Ternary contour plots of the refined (a) Li and (b) O occupancies, shown in color, as a function of the Ni, Co, and Al composition. The Li-Ni mixing

Ni

(n3y) and Li isotropic ADP (Bi’“s‘;,) are assumed to be 0 and 1 A2, respectively. The contour lines parallel to tie lines corresponding to constant Al occupancy
indicates that Li and O occupancies are strongly correlated with the Al occupancy. The refined (c) Li and (d) O occupancies are shown in color as a function of
né\;’ and B ll‘s'o with the nominal Co and Al stoichiometry. The Li occupancy is more correlated with Li-Ni mixing than Li isotropic ADP, while the O occupancy is

correlated with both Li-Ni mixing and Li isotropic ADP.

different scattering physics of neutron and X-ray, the nuclear (i.e.,
atomic) occupancies are directly probed by neutron scattering, while
for X-ray scattering the atomic occupancies are inferred based on
the electron density defined for the atom in the structural model via
selection of the X-ray scattering factor (Figure 6b). To ensure the
structural model provides a good description of both the electron den-
sity distribution (as measured by XRD) and the nuclear/atomic density
distribution (as measured by NPD) of the actual structure, the X-ray
scattering factors of Li, Ni, Co, Al and O need to be defined appro-
priately to reflect the actual electron density of the atoms within the
crystalline lattice.

The actual scattering factor of the atoms within the crystalline
lattice were approximated by composite scattering factors—Ilinear
combinations of the scattering factors corresponding to the neutral and
ionic (Ni**, Co** and O%7) states. The composite scattering factor
was evaluated by refining the ratio between the scattering factors
corresponding to the two different states in a combined neutron and
X-ray refinement. Given the small scattering factor of Li and the small
amount of Al in the actual structure, changes in the scattering factors
of Li and Al make little impact on the refinement results and neutral
Li and Al scattering factors were assumed in the structural model.

The refined composite X-ray scattering factors suggests that the
data are best modeled as neutral atoms for Ni and Co and a linear
combination of 20% neutral O and 80% O for O. This result holds
even if when different Al occupancies (0~0.1) are assumed for the
structural model. The composite scattering factors are different from
the combination that yielded the smallest Ry, in Figure 6a. Combined
refinement using the composite X-ray scattering factors with nominal
Al occupancy yielded more credible values for the Li and O occupancy
factors (0.995 and 0.996, respectively) than structural models with
neutral atoms or atoms of formal charge (Figure 8, Table S8).

Impact of Al stoichiometry on the combined Rietveld refinement.—
Reliability of the refined structural parameters was evaluated by vary-

ing the Al occupancy between 0 and 0.1. The corresponding variations
in ADP, O coordinate, and Li-Ni mixing are well within their estimated
standard deviations (Figure 9), so the errors of these structural param-
eters are determined by the quality of the data (e.g. signal-to-noise, 26
resolution, and Q-range) and not the value of the Al occupancy. The
occupancy factors of Li, O, and Co are correlated and change linearly
with the Al occupancy (Figure 9): £0.01 variation in Al occupancy
introduces +0.006, £0.006 and £0.002 variation in the Li, O and Co
occupancy, respectively. Therefore, to obtain <0.01 accuracy in the
Li, O and Co occupancy, the Al occupancy has to be determined at
least with a precision of +0.015.
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Figure 8. The site occupancy factors of Li and O obtained from combined
neutron and X-ray refinement with a fixed Al occupancy at 0.05. The X-ray
scattering factors and the s range of the XRD pattern used for the combined
refinement are labeled explicitly.
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structural model.

Rietveld refinement for electrochemically cycled NCA
samples.—Beyond analysis of the pristine electrode material, powder
diffraction methods are widely used to evaluate structural changes
that occur during electrochemical cycling, including under operando
conditions. We examined a series of electrochemically-cycled NCA
samples with NPD only, XRD only and combined NPD-XRD re-
finement. The electrochemical history of the samples used for the
refinement is shown in Table I.

Combined neutron and X-ray Rietveld refinement has the potential
to give the best structural model. However, the challenge for combined
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Table I. The electrochemical cycling history of different samples.

Sample name Electrochemical cycling history Current rate

c43V Charged to 4.3 V C/20

c45V Charged to 4.5V C/20

c4TV Charged to 4.7 V C/20

d20V Charged to 4.7 V and then C/20
discharged to 2.0 V

neutron and X-ray refinements is ensuring the same electrochemical
state of the electrode, particularly for operando measurements con-
ducted at separate neutron and X-ray facilities. Refinement of a com-
mon set of lattice parameters against both NPD and XRD, showed
offsets in the observed and the calculated peak positions for the NPD
data (Figures 10a and 10b), indicating different lattice parameters
for the NPD and XRD samples. This discrepancy likely arises from
sample inhomogeneity and corresponds to a difference of ~0.05 Li.
To ensure refinement against the correctly measured intensity profile,
lattice parameters were refined individually for each dataset while
common atomic coordinates, occupancies, and ADPs were refined for
both NPD and XRD datasets (Figures 10c and 10d). The occupancies
of Al and Co were fixed at 0.05 and 0.13, respectively, and the com-
posite X-ray scattering factors identified for pristine NCA structures
were used (a linear combination of 80% O>~ and 20% neutral O for
O, and neutral atoms for the rest of the atoms).

For Rietveld refinements against a single NPD or XRD pattern,
in addition to constraints applied in the combined refinement, the Li
isotropic ADP was fixed at 0.9 A2, the value from the combined refine-
ment of pristine NCA (Table S8). The Li occupancy was fixed at the
value corresponding to the amount of unreacted Li per formula unit
of NCA. The amount of unreacted Li was determined by subtracting
the amount of reacted Li that was directly measured from electro-
chemistry. The Li occupancy determined from the electrochemical
measurement is consistently lower than that obtained from the com-
bined refinement by at least 0.02 (Figure 11). Since the Coulombic
efficiency cannot be greater than 100%, the Li occupancy estimated
from electrochemistry should always be less than or equal to and
provide an upper limit for the actual Li occupancy.
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Figure 10. Rietveld refinement profiles of (a) NPD and (b) XRD data when a common set of lattice parameters is used for the combined refinement. Rietveld
refinement profiles of (c) NPD and (d) XRD data when separate lattice parameters are refined against each dataset. The sample was prepared by charging to 4.7 V
followed by a discharge to 2.0 V.
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The X-ray only refinements yield values that better match the
most reliable combined X-ray-neutron refinement, than neutron only
refinement. This is most evident for Li-Ni mixing and the O occupancy
with the O coordinates being insensitive to the type or number of
datasets used in the refinement. The Li-Ni mixing obtained from
XRD refinement and combined refinement shows a value at ~0.02,
whereas the refinement against NPD patterns suggests that the Li-Ni
mixing in all samples is almost O (Figure 12a). Because a variation
of +0.005 in the Li-Ni mixing corresponds to changes of +0.02 and
40.07 in the Li occupancy refined against NPD (Table S4) and XRD
(Table S6) pattern, respectively, and vice versa, refinement of the Li-Ni
mixing to the same accuracy will require a more accurate estimation
of the Li occupancy provided for the NPD than the XRD refinement.
Besides, when the Li occupancy for the structural model is less than
the actual value, refinement against NPD patterns would lead to an
underestimation of the refined Li-Ni due to the opposite signs of the
neutron scattering length of Li and Ni, whereas refinement against
XRD patterns would lead to an overestimation of the Li-Ni mixing.

The difterence in the O occupancy is <0.02 between refinement
against XRD patterns and the combined refinement, while refinement
against NPD patterns yields consistently larger O occupancy (Fig-
ure 12b). All refinements show the same trend in the O coordinate
evolution for all samples.

Rietveld refinement against only NPD or XRD patterns could dis-
cern changes in the anisotropy of ADP. The relatively large B33 com-
pared to B,; is observed for ¢ 4.3 V, ¢ 4.5 V and ¢ 4.7 V by all
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refinements (Figure 13). However, subtle changes in the ADPs cannot
be confidently interpreted in light of the accuracy of the refinement.
For example, the continuing increase in the B33 of Ni, Co, and Al with
increasing charging voltage from 4.3 V to 4.7 V is not captured by
refinement against NPD patterns. The increase in the B33 of O from
c4.3 Vtoc45V by refinement against XRD patterns (Figure 13b)
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cannot be interpreted as real given the discrepancy in the By; of O for
¢ 4.3 V (Figure 13d).

Sensitivity of neutron, X-ray and combined refinement to dif-
ferent structural parameters.—Effects of the X-ray scattering factor
on the Rietveld refinement against XRD data.—The X-ray scattering
factors are implicit parameters of the refinement and must be properly
defined and explicitly reported. Although the choices of the scattering
factors do not affect the O coordinate, and hence the bond distances,
the site occupancy factors can vary by several percent. This makes it
difficult to interpret the composition of a given site. Because the actual
scattering factors of atoms within the crystalline lattice are not readily
available, an approximation can be derived from combined neutron-
X-ray refinement. Our analysis suggests that for pristine NCA, the
scattering factors for neutral transition metal species and a compos-
ite scattering factor for O (with the scattering factors for O and O~
combined in a 1:4 ratio) are most appropriate. Further, for refinement
against only XRD pattern, discarding data at low scattering angles
(e.g. regions below s = 0.23 A™! in this work) reduces the variability
arising from scattering factors for different oxidation states. Although
discarding part of the data leads to increased estimated standard de-
viation of, and higher correlation between, the refined structural pa-
rameters, this practice avoids misleading interpretation of the data.

As a corollary, the sensitivity of XRD to the oxidation state can be
used to its advantage in discerning changes in the oxidation state. For
example, in the Li-excess compounds, O can be oxidized (from O~
to O%’ when charged to high voltages.”> This change in the oxidation
state can be detected by XRD but not NPD.

Determination of mixed metal stoichiometry.—The mixed metal
stoichiometry of NCA with 4 different elements (Ni, Co, Al and Li due
to site mixing) on a single crystallographic site cannot be simultane-
ously determined even with combined neutron and X-ray refinement.
This reflects the scattering contrast between neutrons and X-rays for
Al, Co and Ni: only Co exhibits large scattering contrast while the rela-
tive contrast between Ni and Al is small (the neutron scattering lengths
of Ni, Co, and Al are 10.3, 2.49 and 3.45 fm, respectively; in com-
parison, their atomic numbers are 28, 27 and 13, respectively). In the
present case, a third data set obtained from, for example, resonant XRD
at Ni K-edge®® affording contrast in the Ni scattering factor is needed
to allow simultaneous refinement of the mixed metal stoichiometry. A
previous structural study of LiNi;3Mn;/3Co,,30, combined resonant
X-ray diffraction measured near Mn K-edge, with NPD and laboratory
XRD, to refine the mixed Ni, Mn and Co stoichiometry.’

Limits of Rietveld refinement against operando NPD/XRD
dataset.—Constraints on either Li-Ni mixing or Li occupancy need to
be applied for Rietveld refinement against operando NPD/XRD data
sets. The electrochemistry provides a reasonably good estimate of
the lower limit of the Li occupancy, and can be used to constrain this
value. Accurate O coordinates and qualitative changes in the ADP can
be obtained from Rietveld refinement against either NPD or XRD pat-
terns. Accurate Li-Ni mixing can be obtained from refinement against
XRD patterns by constraining the Li occupancy to a fixed value esti-
mated from, for example, the charge/discharge capacity and elemental
analysis. The accuracy of the refined O occupancy is limited to £0.02,
hence, Rietveld refinement results alone cannot be used as the definite
evidence for small changes in O occupancy.

In this work, diffraction patterns of the electrochemically-cycled
samples were measured with high angular resolution and counting
statistics, which are often compromised to achieve a better temporal
resolution in operando measurements. The accuracy of the structural
analysis depends on the reliability of the measured powdered diffrac-
tion intensities. Experimental effects that can affect the measured
diffraction intensities can limit the quality of the structural analysis.
This includes preferred orientation effects that can occur where the
crystallite geometry is very anisotropic.”’” While spinning the sample
is a common strategy to mitigate preferred orientation, this is un-
feasible for operando battery experiments, where spherical particle
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geometries, careful electrode preparation and use of area detectors are
effective strategies to ensure reliable diffraction intensities are mea-
sured. Similarly, sample absorption can impact the measured diffrac-
tion intensities leading to a systematic underestimation of the atomic
displacement parameters. Intensity distortion can also arise from the
incident-angle dependent absorption efficiency of the phosphors of
area X-ray detectors.?%?

Guidelines for Rietveld structural refinement of lithium transition
metal oxide electrodes.—

® Combined refinement allows simultaneous refinement of almost
all structural parameters (and the X-ray scattering factors) with almost
no constraints applied to the structural model, the refinement result is
the least biased and provides a better structural model than refinement
against either NPD or XRD pattern alone. Determination of the mixed-
metal stoichiometry would require more than two types of diffraction
patterns.

® O occupancy: For neutron data, the O occupancy is strongly
correlated with the transition metal stoichiometry. For XRD data, the
O occupancy is correlated with both mixed-metal stoichiometry and
Li-Ni mixing.

® O coordinate: For NPD data, the refined O coordinate is strongly
correlated with the Li isotropic ADP. For XRD data, the refined O
coordinate is not correlated with any particular structural parameter.

® Lioccupancy and Li-Ni mixing: Li occupancy and Li-Ni mixing
are strongly correlated. Refining Li-Ni mixing with fixed Li occupancy
leads to smaller uncertainty than refining Li occupancy with fixed Li-
Ni mixing. For refinements against operando NPD or XRD data, it is
advisable to constrain the Li occupancy according to the amount of
reacted Li that can be easily obtained from the electrochemistry.

Conclusions

Rietveld refinement of the layered lithium transition metal oxide
against an XRD or NPD pattern only provides limited structural in-
formation, such as O coordinate and occupancy, transition metal and
oxygen ADPs. Although combining XRD and NPD data allows the
determination of most of the structural parameters, the mixed metal
stoichiometry (with 4 elements on a single site) cannot be determined
unless a third data set (e.g. obtained from resonant scattering) is in-
cluded in the refinement. For Rietveld refinement against XRD data,
the use of different X-ray scattering factors for atoms of different ox-
idation states leads to substantial variation in the values of the refined
structural parameters. However, this variation can be effectively elim-
inated by excluding the low-s region of XRD data from refinement.
The comparison between the results obtained from XRD, NPD and
combined refinement shows that the trend in the structural parame-
ter evolution as a function of the state of charge can be captured by
refinement against only XRD or NPD pattern although substantial
differences exist in the absolute values. Our thorough examination of
the limitations and sensitivity of the X-ray and/or neutron diffraction-
based powder diffraction methods provides a practical guide to im-
plementing and interpretation of the Rietveld analysis of the layered
lithium transition metal oxides.
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