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ABSTRACT: Metal (M) oxides are one of the most interesting goo
and widely used solids, and many of their properties can be Tr' '\7.4 ’\?

directly correlated to the local structural ordering within basic E Li/Ni O Ou
building units (BBUs). One particular example is the high-Ni ordering a -
transition metal layered oxides, potential cathode materials for /\?

O ,. S :
Li-ion batteries whose electrochemical activity is largely : d /\" ~

determined by the cationic ordering in octahedra (e.g, the ' reconstruction of NiO, i
BBUs in su‘ch SY.stems). Yet to be firmly established is how the m m

@B

BBUs are inherited from precursors and subsequently evolve
into the desired ordering during synthesis. Herein, a multimodal
in situ X-ray characterization approach is employed to
investigate the synthesis process in preparing Li-
Nij7,Mng,3C04,00, from its hydroxide counterpart, at scales varying from the long-range to local individual octahedral
units. Real-time observation corroborated by first-principles calculations reveals a topotactic transformation throughout the
entire process, during which the layered framework is retained; however, due to preferential oxidation of Co and Mn over Nj,
significant changes happen locally within NiOg octahedra. Specifically, oxygen loss and the associated symmetry breaking occur
in NiOg; as a consequence, Ni** ions become highly mobile and tend to mix with Li, causing high cationic disordering upon
formation of the layered oxides. Only through high-temperature heat treatment, Ni is further oxidized, thereby inducing
symmetry reconstruction and, concomitantly, cationic ordering within NiOg4 octahedra. Findings from this study shed light on
designing high-Ni layered oxide cathodes and, more broadly, various functional materials through synthetic control of the
constituent BBUs.

topotactlc transformatlon

1. INTRODUCTION

In nature, the crystal structures and properties of solids, such as
metal (M) oxides, are based on the longrange ordered
arrangement of the basic building units (BBUs), MO,
polyhedra. This is the case in most of materials, whether
naturally formed or synthesized. However, particular properties
are very often rooted in the local symmetry and ordering of

field.” In the representative layered cathode materials, the Li*
de/intercalation during electrochemical cycling involves a
symmetry change of LiO, polyhedra from octahedra, to
tetrahedra, then to octahedra (o-t-0).”" During the process,
the retention of high CoO4 symmetry is crucial to the high
electrochemical activity;5 in contrast, due to the Jahn—Teller
activity of Ni**, LiNiO, behaves fundamentally differently from

MO,, polyhedra, which dictates how the constituent cations are
ordered within MO,. For example, in the representative
ferroelectric material BaTiO;, the large ferroelectric polar-
ization arises from the symmetry distortion of TiO4 octahedra
under an electric field." In the nonlinear optical material
LiB;O;, the large nonlinear optical effect comes from the
asymmetric vibrations of the BO; unit under an optic-electric

-4 ACS Publications  © 2018 American Chemical Society

LiCoO, even though their host structures are identical and Co
and Ni have similar ionic sizes.” Examples from literature show
that the local symmetry of MO, polyhedra greatly affects, and
even dominates the functionality of ferroelectric, ferromag-
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netic, thermoelectric, nonlinear optical, superconducting, and
battery materials.”~” Therefore, understanding how BBUs are
inherited from precursors and subsequently evolve into the
desired ordering during synthesis may enable synthetic design
of new functional materials.

Transition metal (TM) oxides are arguably the most
important solid materials in various applications because they
are naturally abundant and exhibit numerous structures and
properties applicable to optics, electronics, magnetism,
catalysis, and energy conversion/storage fields.'’”"® Notably,
the multi-cation layered oxides LiNi,Mn,Co,0, (generally
called NMC; space group (SG): R-3m) has been widely
applied as cathodes in lithium-ion batteries, for electric vehicle
and other large-scale applications.'®™* To further boost Li
storage capacity, research efforts are now increasingly focused
on developing NMC with a high Ni content (ie, 1 — x >
0.7).”"** However, cycling stability and safety are often
compromised due to the high reactivity of Ni and the
structural reconstruction on the particle surface.”*>° Signifi-
cant efforts have been given to surface or bulk modifications of
electrodes in order to improve their electrochemical perform-
ance.”””® However, implementation of these strategies to make
NMC oxides with desired structure and properties is often
difficult due to the complexity of the synthesis reactions,
especially for making such a multi-cation quaternary system. In
addition, as Ni loading increases, cationic disordering in
octahedral sites (i, Li*/Ni** mixing) degrades electro-
chemical activity;”’ this has been attributed to the slow
oxidation of Ni from Ni** to Ni** during synthesis.’>”" So far,
most of efforts have been focused on accelerating Ni oxidation
through flowing O, atmosphere, adding excessive Li source, or
preoxidation of precursors during synthesis, aiming at better
Li/Ni ordering.3 ~3¢ However, efficient oxidation of Ni during
synthesis has been challenging, and it is still unclear how the
oxidation from Ni** to Ni** occurs and, consequently, impacts
the Lit/Ni** ordering during synthesis.

For large-scale industrial applications, NMC oxides are
generally prepared through solid-state synthesis, using layered
hydroxides (SG: P-3ml) as precursors. Basically these two
have similar layered structures, wherein the TM layers are
either composed of edge-sharing TM(OH)4 octahedra or
TMOjg octahedra.”” Investigating how the TMOg4 octahedra are
inherited from hydroxide precursors and subsequently evolve is
vitally important for the synthetic design of layered cathode
materials with desired high Li/TM ordering.””~*’ Recently, the
long-range structural evolution of NMC, especially the cationic
ordering, has been investigated using in situ high energy X-ray
diffraction (XRD) techniques.””*' Nevertheless, the local
structural/chemical evolution at the scale of individual
TMOg octahedra during synthesis is still not well understood
due to the technical challenges in structural characterization at
such a fine scale.

In this work, multimodal synchrotron X-ray techniques
including diffraction, total scattering and absorption spectros-
copy were employed to track the long-/short-range structural
evolution and, locally, the oxidation of all constituent TM
cations in TMOg octahedra during the synthesis of
LiNi;;Mng 13Coq 00, (NMC771310) from hydroxide precur-
sors (Niy,»Mng;3C0410(OH),). In situ observation coupled
with first-principles calculations revealed a topotactic trans-
formation process wherein the layered framework was retained,
but significant change occurred locally within individual TMOg
octahedra. Specifically, local symmetry breaking and recon-

struction of NiOg4 octahedra dominated Li/Ni mixing/ordering
processes. Such findings shed light on the synthetic design of
stoichiometric high-Ni layered oxide cathodes and other
functional materials through tuning the constituent BBUs.

2. EXPERIMENTAL SECTION

2.1. Synthesis of NMC771310. The hydroxide precursor with
nominal composition of Niy,,Mny;3Coqo(OH), for preparing
NMC771310 was synthesized via a modified coprecipitation method
in a continuously stirred tank reactor (CSTR).*” First, a 2-mol/L
solution of NiSO,-6H,0, MnSO,-5SH,0, and CoSO,7H,0 (Ni: Co:
Mn = 77:13:10 molar ratio), was prepared as the starting material for
the coprecipitation process. During the reaction, the solution was
continuously pumped into a 4-L CSTR that had been filled with
distilled water and heated to 55 °C. The water was purged with
nitrogen while stirring at a rate of 1000 rpm. A solution of aqueous
ammonia was continuously dripped into the sealed reactor. The pH
was fixed at 11.5 by adding an aqueous solution of sodium hydroxide
using a pH controller/pump. The final precursor particles were
washed, filtered, and dried. For preparing NMC layered oxides, the
obtained precursor was mixed with 5% excessive LIOH by grinding
for 1 h. This mixture was then used in various in situ and ex situ
calcination experiments. For ex situ measurements, 10 samples were
prepared by calcining the mixture of (Niy,,Mng;3C0q0)(OH), and
LiOH at room temperature (RT), 150, 200, 250, 300, 400, 500, 700,
800, and 850 °C for 30 min, respectively.

2.2. In Situ High-Energy XRD Measurements. Time-resolved
high-energy XRD patterns were collected from the mixture of
(Nig77Mng13C0410)(OH), and LiOH during calcination, at Sector
28-ID-2 of the National Synchrotron Light Source II (NSLS-II) at
Brookhaven National Laboratory (BNL). The wavelength of the X-ray
beam was 0.18266 A. The mixture was loaded onto a piece of Al,O;
cloth, which had been emerged in a LiOH saturated solution and
dried in an oven at 80 °C before being used to compensate the Li loss
at high temperature. Then the sample was placed in a furnace
(Linkam TS 1500) vertically, with a window perpendicular to the X-
ray beam. The sample was then heated in air by following the
temperature profile shown in Figure S1 of the Supporting Information
(SI). During the calcination, a 2D X-ray detector was deployed to
collect the XRD patterns. The focused spot size is 0.5 mm
(horizontal) X 0.5 mm (vertical). Ex situ XRD patterns were acquired
for the hydroxide precursors without Li source calcined at 850 °C for
30 min and LiNiO, at the F2 station of Cornell High Energy
Synchrotron Source (CHESS) at Cornell University with the
wavelength of 0.295264 A.

2.3. Refinement of XRD Data. Rietveld refinements of XRD
patterns were carried out using the General Structure Analysis
Software (GSAS) package with the EXPGUI interface.*>** Ni(OH),
(SG: P-3ml) and LiCoO, (SG: R-3m) were employed as the
structural models for initial hydroxides and the final layered oxides
products, respectively. The global refining parameters included
background coeflicients, peak shape parameters, lattice parameters,
and the weights of different structures. For the layered oxides
structure, the positional parameter of O (6¢); the fractional factors of
all Li, Ni, Co, and Mn; and isotropic atomic displacement parameters
(U,,,) were refined. The chemical formula
(Lil—xNix)3b(Ni0A77—0.23x—0A77yMn0A13 O.13x—0.13yC00.10+0A10x—0A10y)3302 was
followed. That is, the total occupancy of Li and Ni at 3b sites and
the total occupancy of Ni, Co, Mn, and Li at 3a sites were constrained
to be unity; the atomic ratio of Ni: Mn: Co was constrained as
stoichiometric, that is, 0.77:0.13:0.10. The Uy, of all elements sharing
the same crystallography position was set to be equivalent.

2.4. In Situ High-Energy X-ray Total Scattering Measure-
ments and Pair Distribution Function (PDF) Analysis. Temper-
ature-resolved high energy X-ray total scattering measurements were
also performed at Sector 28-ID-2 of NSLS-II at BNL. The wavelength
of the X-ray beam was 0.18545 A. The mixture of
Nig,,Mng13C04190(OH), and LiOH was pressed into pellets for the
measurements. To ensure the consistency of the experimental results,
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Figure 1. Structural transformation during solid-state synthesis of the layered LiNi,;,Mng3C0g,,0, (NMC771310) from the hydroxide precursor
Nig;7Mng ;3C04,10(OH),. (a) Schematic of the transformation from layered hydroxide precursors (P-3ml) to layered oxides (R-3m), and the
corresponding change in the BBUs, from initial TM(OH), to the TMOg octahedra. (b) Temperature-resolved in situ synchrotron XRD patterns,
showing three sequential stages during the entire synthesis process: I (below 250 °C), IT (250—500 °C), and III (above 500 °C). (c) Contour plot
of selected regions in XRD patterns (marked with red dashed rectangles). (d) Evolution of integrated intensities of (003) and (104) peaks
(denoted as Ijgp;) and I(jo4), being normalized to their corresponding values at 850 °C), which reflects the behaviors of cationic disordering/
ordering (by I(p3)) and Li insertion (by I(;o4)) as the temperature increases. (e) Schematic of atomic rearrangement, interlayer gliding, and Li/Ni
mixing (illustrated by arrows) in the intermediate (Ni0_77Mn0'13C00'10(OH1_xLiy)2) during Stage II.

the same temperature profile (Figure S1) was used. Ex situ total
scattering experiments were also performed for 10 samples prepared
at different temperatures, for comparing with the in situ total
scattering data. The ex situ data were recorded at the X-ray
wavelength of 0.18266 A. The PDFs, G(r), were extracted by direct
Fourier42ransf0rm of total scattering data using PDFgetX2 to Q. =
20 ALE

The PDF G(r) is the Fourier transformed form of total scattering
data (S(Q), including both Bragg scattering that originates from long-
range periodicity and diffuse scattering that originates from local
distortion, which can provide information both in the long-range and
in the short-range.**™* Therefore, PDF has unique advantages in
analyzing materials with limited structural coherence length.*
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wherein b; and b; are the scattering lengths for atom i and j,
respectively; (b) is the average scattering length over all atoms; r; is
the interatomic distance between atoms i and j; p(r) is the pair
density; and Q is the scattering vector.

2.5. In Situ X-ray Absorption Near-Edge (XANES) Measure-
ments. In situ XANES spectra were collected at beamline S-ID of

12486

NSLS-II at BNL. The sample preparation procedure is similar to the
in situ XRD measurements. To decrease the strong X-ray absorption
of TM elements by the thick samples, a diluted solution for the
mixture of Nig,,Mng;3C0,10(OH), and LiOH was used. The dilute
solution was prepared by dispersing 30 mg of the mixture into 30 mL
of ethanol. To ensure the consistency of the experiment results, the
same temperature profile (Figure S1) was used. Energy calibration of
each spectrum was performed by aligning the first derivative
maximum of reference K-edge XANES spectra of Mn, Co, and Ni
collected simultaneously from the metal foils in the reference channel.
LiNiO, was measured as the standard material for Ni**.

2.6. Fitting of XANES Spectra. The linear combination fitting for
Ni, Co, and Mn K-edge XANES spectra was performed using Athena
software.”’ The fitting range is from —20 to 30 eV (relative to the
energy of the edge; E,). When fitting the Ni K-edge spectra, the first
spectra at RT and LiNiO, were used as standards for Ni** and Ni**.
When fitting the Co and Mn K-edge spectra, the first spectra at RT
and the last spectra after cooling down were used as references for
Co*"/Mn*" and Co**/Mn*, respectively.

2.7. Scanning Electron Microscopy (SEM) and Thermogravi-
metric Analysis (TGA). A JEOL 7600F scanning electron micro-
scope was used to record SEM images for the hydroxide precursors
and the final layered oxides. TGA data and differential scanning
calorimetry (DSC) data of hydroxide precursors were collected on a
TGA/DSC1 system at a heating rate of 5 °C/min under air flow.
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2.8. Ab Initio Computation. All calculations were performed
with the plane-wave projector-augmented wave method,”>*® as
implemented in the Vienna ab initio simulation package.’*>® The
Perdew-Burke-Ernzerhof (PBE) form of generalized gradient
approximation (GGA) was chosen as the exchange-correlation
potential.’*>” The PBE+U approach with spin polarization was
employed to take account of the strong on-site Coulomb interaction
(U), presented in the localized 3d electrons of Ni, Mn, and Co with U
values being set as 6.7, 4.2, and 4.9 eV, 3860 respectively. The cutoff
energy for the plane wave was 520 eV. The integration in the Brillouin
zone was done on a set of K-points determined by the Monkhorst and
Pack theme, 6 X 3 X 3. Convergence was assumed when the total
energy difference was less than 10~* eV, and the residual force was less
than 0.01 eV/A between cycles of self-consistent iterations. Minimum
energy pathways were calculated with the climbing-image nudged
elastic method (cNEB).

To simplify the calculations, a multilattice structure NMC7151$
model with a similar composition to NMC771310 was constructed to
perform the calculations. In the calculations, a nearby Li ion was also
removed to produce a nearby vacancy, and an O ion was removed to
produce 5-coordinated Ni**. This state was set as the initial state after
the decomposition of the Ni(OH), part in the framework. Then a
final state was constructed when the symmetry-breaking Ni** was
migrated into the nearby vacancy. The minimum energy migration
pathway and the relevant system energies were calculated. The
migration of Ni** left a vacancy in the TM layer. A pathway was also
calculated for the migration of neighboring Li* from the Li layer to
this vacancy in the TM layer after the migration of Ni**. The
migration pathway of Ni** without the symmetry breaking of NiOg
octahedra was also calculated for comparison.

3. RESULTS AND DISCUSSION

3.1. Topotactic Transformation. In this study, the
precursor Nig,,Mng13C0og,0(OH), (SG: P-3ml) has a very
similar layered structure as that of the final product
Li(Nig;7Mng 3C0019)O, (denoted as NMC771310), both
being composed of edge-sharing TM(OH)s and TMOq
octahedra respectively, as illustrated in Figure la. The
structural evolution during the synthesis process was followed
by temperature-resolved in situ synchrotron XRD patterns (see
the details in the Experimental Section 2.2). The main results
are given in Figure 1b—d. Overall, the hydroxide precursors
undergo three different stages as temperature increases
(Figures 1b and S2—S4): 1 (below 250 °C), I (250—500
°C), and III (above 500 °C). In Stage I, no new peaks appear,
which indicates that the layered structure of the hydroxides (P-
3ml) is preserved. The whole pattern, represented by the
(001)p and (10—1), peaks, shifts to higher angles to different
extents, hinting at an anisotropic lattice shrink. Stage II
involves abrupt phase transformation. In this stage, the peaks
of the hydroxides rapidly vanish, and a new (104), peak,
associated with layered oxides (with Li inserted in the
structure; as illustrated in Figure la), begins to appear at
about 250 °C, indicating the onset of the transition from the
initial hydroxide to an intermediate
Niy 7;Mng 13C00,10(OH,_,Li,),. As temperature continues to
increases, the (104), peak grows rapidly with more Li
insertion, and the (003); peak starts to appear at around
400 °C. In the layered structure, the structure factor of the
(003), peak is proportional to the difference between the
scattering factors of ions in the Li and TM layers, and will be
zero when the distribution of Li and TM cations is totally
random.®’ Therefore, the emergence of the small (003), peak
implies the formation of the layered structure (R-3m), but with
serious Li/TM mixing at octahedral sites.*' In Stage III (above
500 °C), both (003), and (104), peaks grow up quickly and

become narrower as temperature increases, suggesting an
increase of crystallinity and a fast Li/TM ordering process in
the newly formed layered structure. Correspondingly, TM ions
in Li layers migrate to TM layers while Li ions in TM layers
migrate to Li layers."’ The trend of changes can be better
viewed in the contour map (Figure Ic).

From the evolution of the intensity of (003), and (104)_
peaks (denoted as (403, I(104)), plotted in Figure 1d, we learn
about the detailes of Li insertion, and the related Li/TM
mixing/ordering processes. Swift Li insertion mainly happens
in Stage II, as indicated by a rapid increase in I(;o4), by 88%.
The Li-deficient layered oxide is already formed in this stage,
through Li*/H"* exchange in the hydroxide precursor, leading
to the formation of an intermediate
Nio,77Mn0,13C00.IO(OHl_xLiy)Z. At the same time, the Li and
TM cations are highly mixed, as indicated by the low value of
I(o03)- In Stage III (above 500 °C), Li insertion slows down (as
indicated by the gradual increase of I(o4)), but fast Li/Ni
ordering occurs, as indicated by the rapid increase of I(gg;).

On the basis of the discussion above, Figure le presents the
structure for the intermediate NiO'77Mn0'13C00.10(OH1_xLiy)Z
observed in Stage IL In this stage, a significant amount of Li
has been inserted into the structure, but highly mixed with Ni
at octahedral sites. Interlayer gliding between neighboring TM
layers occurs (driven by Li insertion); while the layered
framework of the hydroxide precursor does not break down
throughout the synthesis process, in contrast to the
decomposition process reported in other types of precursors,
such as acetate-based precursors.”" This resembles a topotactic
transformation process, as commonly observed during electro-
chemical intercalation in NMC layered cathodes, or traditional
epitaxial or topotactic growth at high temperatures.””®> The
observation on the topotactic transformation should be
common during the solid-sate synthesis of NMC oxides from
hydroxides (despite different compositions), which may
explain why hydroxide precursors have been commonly used
for preparing NMC oxides.

3.2. Dynamic Cationic Ordering within TMO,; Octahe-
dra. Results from in situ XRD analysis indicate that the overall
framework (built on the edge-sharing octahedra) was
preserved during the transformation from layered hydroxides
to oxides. Nevertheless, details about the local structure/
chemical evolution in the intermediates (as in Stage II)
involving proton/Li" exchange, and the related cationic
disordering (as shown in Figure le), could not be resolved
from XRD alone. Therefore the local synchrotron X-ray
probing technique, total scattering coupled with PDEF
analysis,**™* was also applied here to gain details about
local structural evolution (using the same heating procedure as
for in situ XRD, Figure S1).

Figure 2a shows the temperature-resolved X-ray PDF
patterns obtained from Fourier transform of the total scatterin
data (see details in Section 2.4 and Figures S5 and §6).500HC:
Consistent with the XRD results above, the overall evolution of
the in situ PDF patterns follows three stages (as labeled); but
additional details about the structural ordering can be obtained
from the PDF patterns. In the large-radius range (>20 A,
exceeding the range of S unit cells), the abrupt decrease of
peak intensity in Stage I indicates the loss of long-range
ordering of layered hydroxides (P-3ml). As temperature
continues to increase (in Stage 1), new long-range ordering
gradually builds up, corresponding to a phase transformation
to layered oxides (R-3m). From Stage II to Stage III, the
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Figure 2. Dynamic process of local structural ordering within TMOy
octahedra during synthesis of NMC771310. (a) Temperature-
resolved in situ PDF patterns in a wide r range, showing changes in
long-range and short-range ordering. (b) Enlarged low r range (r =
1.5—-3.5 A, marked by the dashed square in (a)), wherein the two
peaks at 1.6—2.4 A, and 2.5—3.5 A correspond to the scattering signals
of TM—0O and TM—TM atomic pairs, respectively. (c) Positions of
TM—-0 and TM—TM peaks as a function of temperature (curves with
squares and circles, respectively), showing the evolution of the
interatomic distances. (d) Integrated intensity of TM—O and TM—
TM peaks (curves with squares and circles, respectively; denoted
Itameo and Ityiry) as a function of temperature.

overall shape of the patterns is preserved. Intensity gradually
increases as temperature increases, especially in the long-range,
which hints at the enhancement of long-range ordering with
temperature.

The change in the small r range (<3.5 A) is barely
observable. Therefore, patterns in the selected r region (r =
1.5-3.5 A) are enlarged (Figure 2b), mainly including
scattering signals of the TM—O and TM—TM pairs within a
local domain consisting of 7 edge-sharing TMOg octahedra in
TM layers illustrated in the inset of Figure 2b. Li—O and Li—
TM atomic pairs also contribute to these two peaks, but their
contribution is negligibly small due to the small scattering
power of Li (~1/28 of Ni).®® Clearly, the positions of the two
peaks shift to low r direction, indicating that TM—O bond
length and TM—TM interatomic distance are both shortening
as the temperature increases. The broadening of two peaks

below 200 °C, the TM—O peak in particular (also shown by
the peak width in Figure S6), could be due to the decreasing
symmetry in the TMOy, associated with preferential oxidation
of Co and Mn (identified via XANES analysis as discussed
below).

To quantify the temperature dependence of the local
structural evolution, the positions of the TM—O and TM—
TM peaks were determined (Figure 2c and Table S2). The
position of the TM—O peak gradually decreases from 2.08 to
1.95 A as temperature increases, indicating that the TM—O
bond length is continuously decreasing as a result of the TM
oxidation. Unlike the TM—O case, the TM—TM peak shifts
slowly to low r direction below 200 °C, then abruptly from 200
to 300 °C (by ~0.1 A), which is followed by a gradual shift
above 300 °C. The change in TM—TM peak should also be
related to the oxidation of TMs. It is not solely related to the
change in the TM—O bond length (a decrease by only ~0.01
A between 200 to 300 °C), but also affected by the change in
the O—TM—O bond angle, as shown in the inset of Figure 2c.
So, in contrast to the subtle change in the TM—O bond length,
the TM—TM interatomic distance decreases abruptly, by a
factor of ~ 10, mainly due to the increase of O—TM—O bond
angle in TMOg octahedra (from 82° to 86°; see Table S1).
Such a large change in the TM—TM distance is related to the
phase transformation from the hydroxide to the layered phase.
Correspondingly, there is a quick increase of integrated
intensity of TM—TM peak (Iry_my) and a much smaller
increase in the intensity of the TM—O peak (Irp_c). A similar
trend was observed in the ex situ PDF (Figure SS). In general,
the intensity of a certain peak is determined by the atomic
densities.””*> Therefore, it is affected by the change of unit cell
volume. The atomic ratio of O/TM is 1 in the initial hydroxide
phase since six neighboring O atoms and six neighboring TM
atoms surround the center TM atom (inset of Figure 2a).
Therefore, it appears that the fast increase in Ipy_ry is related
to the abrupt decrease of the TM—TM distance (correspond-
ing to fast increase of the atomic density). But the change in
the local structure is very complex, involving proton/Li*
exchange, and the related cationic oxidation/reordering, and
so needs further analysis. In addition, thermal effect also needs
to be considered, as shown by the difference between in situ
and ex situ PDF results (Figure S6).

In brief, the local structural changes within TMOg
octahedra, including the variations of bond lengths and angles,
and the atomic density increase, should be closely related to
the site-dependent oxidation of cations in the TMOq
octahedra. Nevertheless, the scattering factors of the three
types of TMs (Ni, Mn, Co) to X-ray are similar, so the
oxidation of Ni, Mn, Co cannot be distinguished by PDF. In
addition to the preferential oxidation, cationic disordering,
oxygen vacancies (and so symmetry breaking of the octahedra)
should also be involved. To better understand of the local
cationic oxidation and ordering in TMOg octahedra (involving
Ni, Mn, Co), elemental-specific XANES analysis was carried
out (see below).

3.3. Preferential Oxidation within TMO, Octahedra.
As illustrated in Figure 3a, there are three types of TM(OH)4
in the precursors, namely (Ni**)(OH), (Co*")(OH)s and
(Mn**)(OH),, which will turn into (Ni**)Oy, (Co**)Oy, and
(Mn*)Og upon formation of layered oxides. PDF analysis can
only provide information about the averaged evolution in
TMOg octahedra, but is incapable of differentiating three TMs:
Ni, Mn, and Co. Therefore, in situ XANES experiments were

DOI: 10.1021/jacs.8b06150
J. Am. Chem. Soc. 2018, 140, 12484—12492


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b06150

Journal of the American Chemical Society

—W,

Niz* Ni2*
WA — %K
R

n2+ Mn#*

m
=1
=
pe)
(0]
N
©
e
| -
O
pd
8330 8340 8350 8360 8370
Energy (eV)

—_

)

TM? Content

T
200

T
400

T T
600 800

Temperature (°C)

’ || symmetry breaking in NiO,

H,0

,

Niz+S :\?

ONI
Step 3 :‘?};E/O Step 4

iz

lLrig

o

0,

z

% Step 1

’VO

‘||| symmetry reconstruction in Ni05|

o Ni®*

Step 5 x Step 6 ‘\

O

o

Figure 3. Oxidation dynamics of constituent cations (Ni, Mn, Co) during synthesis of NMC771310. (a) Schematic of the transformation of the
octahedra associated with the hydroxides, namely, (Ni**)(OH),, (Co®*)(OH)g, and (Mn*")(OH)g into octahedra associated with the layered
oxides, (Ni**)Og, (Co**)Og, and (Mn**)Og, which involves oxidation of the three constituent cations (Ni, Co, Mn). (b) In situ Ni K-edge XANES
spectra, compared to the reference spectrum (black dashed curve) from LiNi(IIT)O, (with high purity; see Figure S7). The spectra of Mn and Co
K-edges were given in Figure S10. (c) Normalized Ni**, Co?*, and Mn?* contents as a function of temperature (by spectral fittings of temperature-
resolved in situ XANES data; see the details in Section S2.4 of SI). (d) Schematic of the site-dependent cationic oxidation/reordering in octahedra,
at the three sequential stages: I (below 250 °C); II (250 °C—500 °C); III (above 500 °C). The protons (H*), Li* ions, and vacancies (V,), are
represented by magenta, green spheres, and purple ellipses, respectively.

performed on a single layer of particles dispersed on Al,O;
cloth (Figure S8 and S9), under the same calcination condition
as in situ XRD and PDF. The main results are presented in
Figures 3b and S10. As shown in Figure 3b, Ni K-edge shifts to
higher energies, indicating oxidation of Ni (from initial Ni** in
hydroxides) as the temperature increases. The shift to higher
energy was also observed in Mn and Co K-edges (Figure S10),
hinting at Co and Mn oxidation. However, their oxidation
exhibits different behaviors than that of Ni, as shown by
quantitative analysis given in Figure 3c (obtained via
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bicomponent linear fitting (Figure S11 and Tables S3-SS);
see the details in Section S4 of SI).”" The Ni** is not oxidized
until the temperature increases to 250 °C (Stage I); it then
slowly oxidizes in Stages II and IIL In contrast, Co and Mn
quickly oxidize almost fully to Co** and Mn** respectively, by
the end of Stage I

Combining results from XRD, PDF, and XANES analysis,
we can now obtain details about the local change in each type
of octahedra, as schematically illustrated in Figure 3d. In Stage
I (<250 °C), preferential oxidation occurs to Co** and Mn*',

DOI: 10.1021/jacs.8b06150
J. Am. Chem. Soc. 2018, 140, 12484—12492


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b06150/suppl_file/ja8b06150_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b06150

Journal of the American Chemical Society

and so (Co**)(OH)4 and (Mn**)(OH)4 octahedra turn into
(Co*)O¢ and (Mn*)Og During this process, the local
structure evolves sequentially, first involving the extraction of
protons (H+) in the presence of O,, and then vacancies (Vo)
between the neighboring TM layers are generated (in Step 1).
As the reaction proceeds (Step 2), each (Co®")Oy4 octahedron
carries one electron due to the loss of two protons. Once
formed, this would lead to the instability of the structural
framework of the initial hydroxide. As a result, a Li* ion will fill
the vacancies surrounding the (Co*") Oy octahedron to balance
the charge. This leads to an intermediate phase (Ni*")-
(OH),_,(Co**/Mn*")(OLi),. In contrast to the (Co>")Oq
octahedra, the (Mn*")Og octahedra are electroneutral, and
thereby do not lead to the Li* insertion. This intermediate
phase keeps the same structural framework as the initial
hydroxide, as indicated by the similar XRD patterns and PDF
patterns below 250 °C (Figures 1b and 2a). The results
indicate that the shortening of the average TM—O bond length
in this stage (see Figure 2c) comes from the oxidation of
(Co**)(OH)¢ and (Mn*")(OH)4 octahedra to (Co*")Og4 and
(Mn*)Og octahedra, while such preferential oxidation causes
the TM—O peak to broaden in the PDF (Figures 2b and S6),
since there is no change in the Ni—O bond length, but large
change in Mn/Co—O bond lengths.

In Stage II, there is further slight oxidation of Ni** (Figure
3c), but a large weight loss occurs (by around 15%) according
to TGA studies (Section SS in the SI), and correspondingly, a
strong endothermic peak is observed at around 275 °C in the
DSC curve, which indicates partial decomposition of the
hydroxide precursor (Figure S12). Because Co®>' and Mn**
oxidize nearly completely in Stage I, through a Li*/H*
exchange without weight loss, the Ni(OH)4 octahedra should
have decomposed, leading to (Ni**)O,_, octahedra and H,0,
as illustrated in Step 3 in Figure 3d. To produce H,0O, both
proton and OH™ should have dissociated from the Ni(OH);
octahedra, leading to asymmetric NiO4_, octahedra and
vacancies in the neighborhood. In the presence of Li source,
quick Li insertion helps to stabilize the layered framework.
However, the state may be highly metastable, due to the high
concentration of vacancies (arising from the high Ni content).
At this stage, the Ni** in the NiOg., octahedra may become
mobile (discussed below through ab initio calculations), and so
tends to migrate to the Li layer. Some of the Li may also go to
the Ni site (as illustrated in Step 4 of Figure 3d). Significant
amount of Li insertion is expected in Stage II, shown by the
quick increase of I(;o4), (by 88% at 500 °C; Figure 1d). By the
end of Stage II, the layered structure has already formed but
with high Li/Ni mixing, namely (Ni**/Ni**/Li*) (OLi*/Ni**/
Vo),_.(Co*/Mn*)(OLi"),, wherein each of the Co®" and
Mn*" ions is strongly bonded with six O atoms. This indicates
that the abrupt decrease in the symmetry of TMOg octahedra
(as indicated by the TM-O peak broadening in Figures 2b, S6)
may be explained by the formation of (Ni**)Os4_, (resulting
from the dissociation of OH™).

In Stage III (>500 °C), as temperature further increases, Ni
is quickly oxidized, turning the asymmetric (Ni**)O4_,
octahedra to symmetric (Ni**)O4 (Step S in Figure 3d).
Those Ni**, due to their much smaller radius (0.56 A) than Li*
(0.76 A), tend to segregate from the Li layer (Step 6). This
eventually leads to the ordered layered structure of (Ni**/
Ni**)(OLi*),_,(Co**/Mn*)(OLi*),, which accounts for the
fast increase of I3y shown in Figure 1d.

The above discussion presents the change in each type of the
TMOg octahedra during the entire synthesis process. In reality,
the change in individual TMOg octahedra is not separated, but
greatly intertwined with each other, as further discussed in
Figure S13. Simply put, the preferential oxidation of (Co®")-
(OH)¢ and (Mn?*)(OH);4 octahedra in Stage I induces partial
Li insertion, which is essential to maintaining the layered
framework in the intermediate phase (Figure le). However,
the slow oxidation of Ni triggers O loss and symmetry breaking
of NiOg4 octahedra, which further leads to Li/Ni mixing. In
Stage III (above S00 °C), further oxidation of Ni induces
cationic ordering and, concomitantly, the symmetry recon-
struction of the octahedra from NiO,_, to NiO4 The two
processes couple with each other, eventually leading to a highly
ordered structure.

3.4. Li/Ni Mixing Triggered by the Symmetry Break-
ing of NiOg Octahedra. On the basis of the above discussion,
the symmetry breaking and reconstruction of NiO4 octahedra
play a dominant role in the reaction pathway during the
synthesis of NMC771310. To better understand the process,
ab initio calculations were made to determine the energy
barriers for Ni migration in the presence of broken and
reconstructed symmetry in NiO4 octahedra (Figures 4 and
S14). In the reconstructed symmetry case (black curve in
Figure 4), Ni migration follows a pathway from octahedra to
tetrahedra, then to octahedra (the o-t-o pathway), which is
very similar to the Li migration pathway during the charge/
discharge reported previously.” In the broken symmetry case
(red curve in Figure 4), Ni migration follows a p-T-p pathway
(from pentahedra to trigona to pentahedra) due to the missing
O in NiOg octahedra. In this case, the energy difference before
and after Ni migration is very small (0.31 eV), indicating that
Ni migration is thermodynamically feasible. Notably, the
activation energy barrier value is 0.57 eV, which is comparable
to the theoretical values of Li migration (0.357—0.523 eVv). b’
It indicates that Ni cations in NiOg_, octahedra with broken
symmetry migrate easily, similar to Li" ions. Results from the
calculation suggest that Ni migration is facile in consideration
of the kinetics even at lower temperature below 500 °C. In the
reconstructed symmetry case (black curve in Figure 4), the
activation energy barrier is 2.57 eV, about five times that of the
symmetry breaking case, hinting a much lower migration
capability.

In brief, the symmetry breaking due to the decomposition of
Ni(OH)g into NiO,_, and then reconstruction from NiOg_, to
NiOg octahedra determine the reaction pathway featuring Li/
Ni mixing/ordering, from low to high temperatures. Accord-
ingly, if one could avoid the symmetry breaking of NiOg
octahedra by inhibiting the decomposition of Ni(OH)
octahedra, or making Ni(OH)s oxidize like Co(OH)4 and
Mn(OH), Li/Ni mixing could be alleviated and even
completely prevented in the initial phase transformation at
around 250 °C. The idea could probably be implemented by
providing a strong oxidizing environment or doping to lower
the energy barrier for oxidation of Ni(OH)g octahedra. As a
result, high-Ni layered oxides without Li/Ni mixing could be
obtained even at low temperatures.

4. CONCLUSIONS

In summary, in situ multimodal synchrotron X-ray techniques
were employed to study the long- and short-range chemical
and structural evolution, down to individual BBUs during
synthesis of high-Ni layered oxides. The real-time observation
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Figure 4. Energy barriers for Ni migration in the cases of the local
symmetry breaking and reconstruction of NiOy4 octahedra via ab initio
calculations. The simplified structural models for Ni migration from
TM layer to Li layer with (a) broken symmetry and (b) reconstructed
symmetry of NiOg octahedra. (c) Minimum energy pathways for Ni
migration with the broken symmetry (bottom) and reconstructed
symmetry (top) of NiO4 octahedra. The black curve represents the
case with the reconstructed symmetry, which shows a complete o-t-o
migration pathway (from octahedra in TM layer to tetrahedra in Li
layer, then to octahedra in Li layer). The red curve presents the case
with broken symmetry, which shows a breaking o-t-o migration
pathway (from pentahedra in TM layer to trigona in Li layer, then to
pentahedra in Li layer, denoted as p-T-p).

revealed the local ordering and symmetry change within BBUs
(ie., octahedra) as synthesis progresses, namely, from the
preferential oxidation of Co and Mn within (Co/Mn)(OH);
octahedra to the dissociation of OH™ from Ni(OH), octahedra
leading to asymmetric NiOg_, octahedra, and finally to the
oxidation and symmetry reconstruction of NiOg4_, octahedra
resulting in NiOg octahedra. The preferential oxidation Co and
Mn was identified to be a prerequisite for the topotactic
transformation from hydroxides to oxides without destroying
the layered framework. The symmetry breaking and
reconstruction in NiOg octahedra played a crucial role in
governing the reaction pathway, and the associated Li/Ni
mixing/ordering processes. Through first-principles calcula-
tions, very low activation energy for N migration, with a
value comparable to that of Li* migration was predicted and
attributed to the symmetry breaking of NiOg octahedra.
Findings from this study highlight the vital importance of
tuning the symmetry of NiOg octahedra during synthesis of
high-Ni layered oxides of high structural ordering. The
approach developed in this study may also be applied to in
situ probing and synthetic control of structural ordering and
properties in various other functional materials beyond energy
storage materials.
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