Single step synthesis of W-modified LiNiO, using an
ammonium tungstate fluxy
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LiNiO, has long been considered a promising cathode material owing to its high energy density. However,
structural and surface instabilities, coupled with its complex synthesis, have thus far prevented its
commercialisation. To address these issues, we demonstrate here the use of an ammonium tungstate
flux to modify both the crystal structure and primary particle morphology of LiNiO,. Successful synthesis
was confirmed using a combination of electron microscopy and synchrotron-based X-ray diffraction
(XRD). Refinement of structural models against the data suggests that tungsten dopant ions occupy the
Ni site and concurrently induce migration of Ni?" to Li sites. Variable temperature XRD was used to
demonstrate the improved stability of the W-doped materials during calcination at high temperatures.
Electrochemical characterisation shows that W-modified LiNiO, offers improved cycle life at the expense
of little specific capacity. The structural consequences of tungsten doping on the behaviour of the
material during electrochemical cycling were also investigated using operando XRD, showing reduced
mechanical stress upon cycling. In conclusion, the hereby-reported LiNiO, modified with W via a simple
route and no additional processing steps exhibits improved chemomechanics, longer cycling life and
structural stability at high temperatures, offering a path towards the reliable synthesis of LiNiO, with

Introduction

controlled morphology.

Lithium-ion batteries (LIBs) are used in a variety of different
electrochemical devices at different scales and capacities, from
wearable medical devices to portable electronics and power
tools, and more recently electric cars and stationary energy
storage applications."* In each of these, the composition,
structure, microstructure and morphology of the anode and
cathode materials have been carefully optimised to create the
best compromise between the energy density (specific or volu-
metric), rate capability, lifetime and cost for the desired
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application.® ® Recently, the demand for higher energy densi-
ties, coupled with a desire to reduce the demand for Co, has
promoted the investigation of Ni-rich materials such as nickel
cobalt manganese (NCM) and nickel cobalt aluminium (NCA)
oxides, with compositions approaching the lithium nickel oxide
(LiNiO,, LNO) end-member.””** LNO was identified as
a cathode active material (CAM) in the early 1990s,'® *® however
issues with the complexity of its synthesis, and observations of
structural and surface instabilities during cycling and handling
of the material prevented its widespread adoption." **

In tandem with the development of new compositions,
advanced processing techniques have also been used to opti-
mise the particle morphology and surface features of cathode
materials.>»** Controlling the morphology of cathode materials
is a common subject in industry but has not received as much
attention in academia.**** The morphology of Ni-rich layered
materials is largely inherited from hydroxide precursor mate-
rials.***” Thus, commercially produced Ni-rich cathode mate-
rials typically adopt a morphology consisting of spherical
secondary particles, which are themselves composed of smaller
primary particles with typical average diameters of 10 pm and
100 nm, respectively. This morphology presents a high surface
area-to-volume ratio, beneficial for electrochemical (de-)inter-
calation, but which can promote side reactions with carbonate-
based electrolytes. Moreover, mechanical stresses at grain
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boundaries between primary particles, due to anisometric
expansion and contraction during (de-)lithiation, can favour
inter-granular fracture, exposing new surfaces and increasing
cell resistance, which reduces the cell lifetime.>® 3°

Recent reports have shown that the cycle life of these mate-
rials can be improved significantly by preparing “single crys-
tals”, or rather “monolithic” particles, which -effectively
suppress the onset of intra-granular fracture during cycling by
eliminating the presence of grain boundaries between primary
particles.?* ** Achieving this morphology generally requires non-
spherical precursor materials, and/or high synthesis tempera-
tures to promote particle growth.** Some authors have also
achieved this morphology in Ni-rich compositions, beginning
from spherical precursor materials, by using a multi-step
annealing process.*® ** However, this has yet to be reported for
the LNO end-member composition, because its structure is
quite sensitive to synthesis conditions. The parameters which
favour particle growth, higher temperatures and longer
annealing times can result in the formation of LNO with higher
off-stoichiometry between the Li and Ni sites (Li;_,Ni;+,0,),
which leads to poor electrochemical performance.**** At the
lower synthesis temperatures conventionally used for materials
with high Ni contents (typically # < 800 °C for Ni > 90%), the
opportunity for primary particle growth is somewhat limited.
Hence, other methods should be pursued to promote the
growth of larger primary particles, as this would still reduce the
surface area-to-volume ratio and the quantity of grain bound-
aries, which may be ultimately favourable for obtaining slower
degradation and longer-lasting electrochemical performance.

One method for promoting particle growth, especially at
lower temperatures, is through the use of molten fluxes, which
have been applied in the synthesis of a variety of material
systems.*"** The choice of flux can strongly influence the shape
and morphology of the growing particles. Naturally, molten
fluxes have also been adopted to modify the particle
morphology of cathode materials during synthesis.*® %
However, while these methods have shown promise, their
viability for larger scale synthesis of cathode materials is
questionable as several additional processing steps are intro-
duced into the synthesis procedure to recover the pristine
cathode material from the reaction mixture (such as deag-
glomeration, washing, and post-annealing).*® Processes such as
washing to dissolve and separate the flux from the cathode
material can negatively affect the electrochemical properties of
the cathode material even if the desired morphology is ach-
ieved.**® To alleviate this issue, it may be possible to choose
fluxes of desirable composition, which can be added to the
reaction mixture in low amounts and act as a flux during
annealing and also react with the cathode material to introduce
favourable dopants into the structure. This would enable the
modification of both the material's structure and the microscale
particle morphology without introducing any additional pro-
cessing steps into the synthesis procedure.

Hence, the concept of a dual-purpose, sacrificial flux, which
could modify the particle morphology during annealing, and
also decompose and react with the host material in the latter
stages of synthesis, is proposed here. This was achieved by the

addition of ammonium tungstate to the precursor reaction
mixture. Tungsten (W) has been shown to be a dopant of great
promise for LNO and Ni-rich cathode materials in general.®* **
Besides influencing particle morphology, several studies have
also shown that the incorporation of various dopant elements
can also influence the surface and/or structural stability of these
materials.* ®* As the tungstate flux has a low melting point (6,
= 300 °C), it is expected to melt during synthesis and distribute
on the precursor material particles during the pre-annealing
stage. At higher temperatures, the tungstate can react and
introduce W into the LNO structure.® In this study, the struc-
tural implications of tungsten doping in LNO prepared by this
method and its influence on electrochemical performance are
described. The addition of ammonium tungstate to the
precursor mixture influences both the morphology and struc-
tural stability of the cathode material during synthesis, while
the substitution of small amounts of Ni with W in the LNO
structure brings benefits to electrochemical performance and
structural stability during (de-)lithiation.

Experimental
Synthesis

Samples were synthesised from suitable amounts of Ni(OH),
(BASF SE), LiOH-H,O (BASF SE) and (NH,);0H,(W,05)s
(ammonium tungstate, Sigma Aldrich), with a precursor stoi-
chiometry assuming W substitutes at the Ni site and n(Ni +
W) : n(Li) = 1:1.01. The powder precursors were blended to
ensure homogeneity and transferred to an alumina crucible.
The samples were then annealed under O, flow. The samples
were heated to 300 °C for 10 h with a ramp rate of 3 °C min™?,
before the temperature was raised to the desired annealing

temperature and held for 6 h.

Elemental analysis

The Li, Ni, W and O contents of the samples were determined
via inductively coupled plasma-optical emission spectroscopy
(ICP-OES) using a Thermo Fischer Scientific iCAP 7600 DUO.
The mass fraction was determined from three independent
measurements. About 10 mg of the samples was dissolved in
6 mL of hydrochloric acid and 2 mL of nitric acid at 353 Kfor 4 h
in a graphite oven. The digestions were diluted, and analysis of
the elements was accomplished with four different calibration
solutions and an internal standard (Sc). The range of the cali-
bration solutions did not exceed a decade. Two or three wave-
lengths of elements were used for calculation. The O content
was analysed with the method of carrier gas hot extraction
(CGHE) using a commercial oxygen/nitrogen analyser TC600
(LECO). The O concentration was calibrated with the certified
standard KED 1025, a steel powder from ALPHA. The standards
and samples were weighed with a mass in the range from 1 to
2 mg together with 5 mg of graphite in Sn crucibles (9-10 mm)
and wrapped. Together with a Sn pellet, the wrapped samples
were put into a Ni crucible and loaded in an outgassed (6300 W)
double-graphite crucible. The measurements took place at



5800 W. The evolving gases, CO, and CO, were swept out by He
as inert carrier gas and measured using infrared detectors.

Electron microscopy

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDX) were carried out at 10 kV using a LEO-
1530 electron microscope (Carl Zeiss AG) with a field emission
source. Particle size distributions were determined using the
software Image]J.*

Transmission electron microscopy (TEM) of the samples was
performed on a Themis Z (ThermoFisher Scientific) double-
corrected transmission electron microscope operated at an
acceleration voltage of 300 kv. Lift-out samples (TEM lamella)
were prepared on a STRATA (FEI) dual-beam system equipped
with a gallium ion source. The samples were milled at 30 kv,
followed by final polishing at 2 kV to reduce the surface damage
layer. Prior to the milling, the sample surface was protected by
deposition of a carbon layer. Scanning TEM (STEM) images
were collected using a high-angle annular dark-field (HAADF)
detector. Elemental distribution was studied from EDX maps
collected using the Super-X Detection System available at The-
mis Z.

X-ray diffraction (XRD)

Synchrotron XRD. Synchrotron XRD data were collected on
the MSPD beamline at the ALBA Synchrotron, Spain.®® This
beamline utilises a one-dimensional silicon-based position-
sensitive  MYTHEN detector in Debye-Scherrer geometry,
enabling fast data acquisition with excellent statistics and high
angular resolution. Data were collected at a wavelength of 1 =
0.62001(8), determined using a NIST Si 640c SRM, in the
angular range 0.4° < 26 < 57° (Q = 0.0708-9.671 A~'). The
instrumental contribution to the peak broadening was obtained
by measuring a crystalline Na,CazAl,F,,:CaF, (NAC) sample as
a line broadening reference. An overall acquisition time of 5
minutes was used to measure each sample, which was packed in
0.5 mm borosilicate glass capillaries. Sample absorption was
calculated based on a measured packing density of 1.66 g cm >
(=35% packing fraction).

Rietveld refinement was performed using GSAS-IL.*® The
scale factor, zero shift, and crystallite size/strain broadening
parameters were allowed to vary. A fixed background was fitted
to the data using a Chebyshev polynomial function with 11
terms. In the structural model, the unit cell parameters, the
oxygen z-coordinate and the atomic displacement parameters
(isotropic, Uis,) for each site were refined. Atoms occupying the
same site were constrained to have the same Ui, and site
occupancy factors (SOFs) were constrained such that each site
remained fully occupied. Previous studies have shown that
systematic errors in refinement of XRD data from layered
cathode materials can be corrected by the optimal choice of
form factors.®” Hence, neutral atomic form factors were chosen
for the Li and Ni sites in the structural models, while the ionic
0’ form factor was used for the O site.

In situ variable temperature XRD. Powder XRD was per-

formed using a laboratory diffractometer optimised for in situ

measurements.®® The diffractometer is equipped with a molyb-
denum microfocus rotating anode (Mo-Ka,, ,) and a Pilatus 300
K-W area detector. The sample was heated in a home-built gas
flow furnace for in situ XRD based on the design of Chupas
et al.® Powders were packed into sapphire capillaries with
diameter 1.016 mm, which were used instead of borosilicate
glass to minimize chemical reaction between the sample and
capillary. To ensure accurate measurement of the sample
temperature, a thermocouple is placed within the sapphire
capillary adjacent to the powder sample. The dwell and ramping
temperatures were calibrated vs. the unit cell volume of an Al,O3
standard measured under the same heating profile.”

Rietveld refinement was carried out sequentially against the
in situ diffraction patterns. The zero offset and instrumental
contribution to peak broadening were determined by
measurement of a LaBs 660b standard reference material. A
Chebyshev polynomial function with 14 terms was used to fit
the background profile caused by the sapphire capillaries. The
background function as well as the sample displacement
parameters were refined for the first in situ dataset and then
fixed throughout, while other structural and atomic parameters
were allowed to vary as discussed above.

Electrochemical characterisation

Electrode fabrication. Electrodes were prepared by casting
an N-methyl-2-pyrrolidone (99.5%, Merck) slurry containing the
active material, polyvinylidene difluoride (PVDF, Solvay) and
Super C65 carbon black (TIMCAL) onto 0.03 mm-thick
aluminium foil. The electrode tape was dried under vacuum
overnight at 100 °C and then calendared at a pressure of 14 N
mm . Circular electrodes of 12 mm diameter were punched
out before and then transferred to a heated glovebox ante-
chamber for final vacuum drying at 100 °C. Resultant electrodes
had an areal loading of =6.0 mg cm > with a mass ratio of
94 : 3 : 3 (active material : PVDF : Super C65).

Cell assembly. CR2032 coin cells were assembled in an Ar-
filled glovebox using a GF/A-type glass microfiber separator
(Whatman), 0.6 mm-thick lithium foil anode (Albemarle, Ger-
many) and 95 pL of LP57 electrolyte (1 M LiPFg in 3 : 7 wt%
ethylene carbonate : ethyl methyl carbonate, BASF SE).

Electrochemical testing. Coin cells were cycled in
a controlled environment at 25 °C, using a Series 3600 Primary
Cell Test System (MACCOR Inc.). The cells were cycled galva-
nostatically, firstly charged to 4.3 Vvs. Li'/Li at C/10, followed by
15 min of constant voltage (CV) charging (or a shorter period if
the charging current dropped below C/20), and discharged to
3.0 Vvs. Li'/Li at a rate of C/10, with a 5 min rest step after each
charge or discharge. After the first 5 cycles, the charging and
discharging rates were set to C/4 and C/2, respectively, and the
duration of the CV step at 4.3 V was set to 10 min. The applied
current was calculated based on the active mass of each elec-
trode, assuming a practical capacity of 1C = 225 mA g~ . For
long-term cycling data, several identical cells were prepared,
and their average capacity is reported with error bars.”* Elec-
trochemical impedance spectroscopy (EIS) was measured using



a VMP3 multichannel potentiostat (BioLogic) over a frequency
range of 100 mHz to 1 MHz with a voltage amplitude of 7 mV.

Operando XRD. For operando XRD studies, coin cells were
constructed utilising drilled CR2032 casings with a glass
window 6 mm in diameter and 160 um in thickness. Cells were
cycled at a rate of C/10 using a Gamry Interface 1000 potentio-
stat, while XRD patterns were collected simultaneously using
a STOE Stadi-P diffractometer with the Mo anode. Diffraction
data were collected in the range 6° < 26 < 37° with a collection
time of 10 minutes per pattern.

Results and discussion
Physical properties

A series of W-doped LNO samples were prepared by addition of
ammonium tungstate to the precursor mixture during
synthesis. Several samples were synthesized with 1 mol% W
content but with varying annealing temperature, and samples
were also prepared with 0.5, 1.5 and 5 mol% W at an identical

Fig. 1 (a i) SEM images collected at 20 000x magnification ((a) (i)
use the same scale bar), comparing the primary particle morphology of

the W-doped LNO samples. (j) Elemental distribution colour map
determined from EDX of the 1 mol% W sample synthesised at 700 °C.
Individual EDX spectra are presented in Fig. S5.1

annealing temperature of 700 °C. Electron microscopy was
used to reveal the influence of synthesis temperature and W
content on the particle morphology of the materials, see
Fig. 1a-i. At identical annealing temperature, the introduction
of W results in smaller primary particles. This suggests that the
tungsten precursor passivates the surface, thereby hindering
particle growth. Moreover, the introduction of W into the
structure results in the formation of elongated primary parti-
cles, particularly evident in the samples prepared at 700 °C.
Similar behaviour has also been observed in tungsten modified
Ni-rich NCM materials.’>”>”® WO;-modified materials in
particular were found to exhibit radially aligned grains.”
While increasing the synthesis temperature to 750 °C, the
elongated grain-like morphology is retained. Further temper-
ature increase results in a morphology more closely resem-
bling the granular one of the reference sample, albeit with an
increase of the primary particle size, which is pronounced
significantly in the 900 °C sample. The distribution of particle
sizes for samples prepared at various temperatures is pre-
sented in Fig. 2. Elemental mapping using EDX, see Fig. 1j,
also suggests that W has been distributed homogeneously
amongst the secondary particles.

Cross-sectional STEM images taken from selected samples
are presented in Fig. 3. A clear variation in primary particle size
distribution from the interior to the surface of the secondary
particles was found in the W-containing samples. Comparing
the 1 mol% W samples, the particles at the surfaces of the
700 °C and 800 °C samples grow into a more elongated shape
compared to the interior, which may be related to a gradient of
tungsten concentration from the core to the surface of the
secondary particles.” When the synthesis temperature is
increased to 900 °C, a more uniform distribution of larger
primary grains is found. Meanwhile, increasing the W content
to 5% inhibits grain growth significantly, resulting in
a morphology in which it is difficult to distinguish individual
grains. This suggests that at elevated temperatures, thermally
induced particle growth dominates and counteracts the
morphological modifications introduced by the presence of
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Fig. 2 Primary particle size distribution determined from the SEM
images in Fig. 1.



Fig. 3 FIB cross-sectional TEM images showing the interior primary particle morphology of W-doped LNO samples (a d): (a) 1 mol% W, 700 °C;

(b) 1 mol% W, 800 °C; (c) 1 mol% W, 900 °C; (d) 5 mol% W, 700 °C; and

tungsten. TEM-EDX was also used to provide information on
the elemental distribution within secondary particles for
selected samples, see Table S1 and Fig. S1.t The measured W
content is much lower than the expected nominal concentra-
tions, suggesting that the concentration of W is larger in
primary particles close to the outer edge of the secondary
particles. The TEM-EDX images also suggest an enrichment of
tungsten at the grain boundaries between primary particles,
which is however only evident for samples prepared at
temperatures higher than 700 °C.

*Patterns offset by 1°

(e) reference LNO.

Synchrotron XRD data were collected from the W-doped
samples to study the bulk composition and structure of the
materials, see Fig. 4. The introduction of tungsten into the
structure results in significant broadening of the LNO Bragg
reflections compared to the reference sample, as highlighted in
the left insets, a consequence of the smaller primary crystallites
as observed in the electron microscopy. Meanwhile, synthesis-
ing the material at higher temperature results in the formation
of minor impurity phases, highlighted most obviously in the 8°
<20 < 14° region. Some of these reflections could be indexed to
Li,CO3, a common surface impurity produced by reaction of
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Fig. 4 Synchrotron XRD data collected from the W-doped LNO materials, prepared with varying (a) synthesis temperature and (b) tungsten
content. Insets of figures (a) and (b) compare the profile of the 003 reflection, as well as the region between the 003 and 101 reflections where

impurities are expected to be observed.



residual surface lithium during handling after high tempera-
ture synthesis, while reported structures of Li,WO, compounds
did not match the peaks observed.*>”* ICP-OES was also used to
investigate the elemental composition of the samples, see Table
S2.1 The measured tungsten content appears consistent with
the expected nominal concentrations, and with increasing
temperature a decrease in the Li content is observed, which
could be attributed to lithium loss at high temperatures.

The stoichiometry of the precursors used in the synthesis of
W-doped LNO was calculated assuming that W occupies the 3a
(Ni) site in the LNO lattice. In principle, the distribution of W
amongst the primary particles may not be homogeneous, and
cannot be resolved by XRD, which is an averaging bulk analysis
technique. The SEM/EDX results show that the W distribution
appears homogeneous at the surface of the secondary particles,
while the cross-sectional TEM images pointed towards
a stronger effect of W on the primary particles located towards
the surface based on their observed size and shape, and also
showed a W enrichment at the surface of primary particles and
in grain boundaries. XRD offers reasonable elemental contrast
between Ni (Z = 31) and W (Z = 74), which have corresponding
X-ray scattering cross sections of ¢,(Ni) = 9.7457 barns per atom
and ¢,(W) = 305.29 barns per atom, respectively.”” Hence,
synchrotron XRD is suitable to verify whether, on average, W
does nonetheless modify the bulk crystal structure of LNO.
Tungsten in an octahedral site exhibits an ionic radius of r(W®")
= 0.6 A, significantly lower than that of monovalent lithium,
with r(Li*) = 0.76 A, but also slightly larger than trivalent nickel,
with r(Ni**) = 0.56 A.”” Considering ionic radii alone, occupa-
tion of either the 3a (Ni) or 3b (Li) is plausible, however the
substitution of monovalent lithium with high-valence cations
such as hexavalent tungsten (W°*) would create highly charged
point defects in the layered structure that are energetically
unlikely. Previous simulation studies of doping into Ni-rich
cathode materials predict a positive heat of formation during
substitution of the 3b site, while a negative heat of formation
results from doping the 3a site,”® which implies that substitu-
tion of Ni is indeed thermodynamically more favourable. As
XRD is not well suited to probing Li, three models were tested by
applying structural models with Ni or W placed on the 3a and 3b
sites, or both, in the structure. In this initial refinement, the
occupancy of each element in the 3a and 3b sites was allowed to
vary, or fixed to zero accordingly, each site was constrained to be
fully occupied, and the total tungsten content was constrained
as per the molar ratio determined from ICP. A hexagonal a-
NaFeO,-type structure with space group R3m was refined
against the data collected from the 1 mol% W LiNiO, sample
synthesised at 700 °C, see Table S3.7 Models II and III converge
towards unsatisfactory ADP values of the 3a and 3b sites, while
model III also produced a negative SOF for W in the 3b site.
Previous studies utilising concurrent refinement of structural
models against both neutron and synchrotron data suggest
reasonable ADP values of Ujso(Li) = 0.0119 and Usso(Ni) =
0.00374 (reported as B;; = 0.943 A% and By; = 0.295 A%).” Hence,
the physically meaningful model is suggested to be model I,
with W only on the 3a site, which also led to the best quality of
fit. This model was then used as a starting point for refinements

against diffraction data collected from the remaining samples.
The occupancy of W on the 3a site, and the total occupancy of Ni
on the 3a and 3b sites were constrained in accordance with the
elemental composition determined by ICP-OES measurements.
Using this model, a satisfactory agreement between the
observed and calculated structural data was achieved, including
the high-angle range. An example of the typical quality of fit is
depicted in Fig. 5.

The refined structural parameters determined by fitting this
model to the diffraction data collected from each sample are
presented in Table 1. Fig. 6a shows the evolution of the
parameters with increasing W content. The unit cell volume
increases with higher tungsten content compared to the refer-
ence sample, and so does the a unit cell parameter, which is
expected given the larger ionic radius of W®* compared to Ni**,
The c/a ratio remains relatively constant at low doping levels but
is decreased considerably in the 5 mol% W sample, which was
also found to have a higher Ni off-stoichiometry. This suggests
that low levels of W-doping do not significantly affect the
rhombohedral distortion of the LNO structure, consistent with
previous reports of W-doping in this system.?” The Ni : Li off-
stoichiometry also varies with increasing W content, which
can be attributed to the formation of Ni** in the structure to
compensate for the hexavalent W°* to maintain charge balance.
This is clearly evidenced in the off-stoichiometry observed for
the samples prepared at 700 °C, which all show an increase
compared to the reference sample. With 0.5 mol% W intro-
duced, the Ni off-stoichiometry increases by a factor of roughly
1.5 (or 3 times the W mol%) compared to the reference sample,
0.028(1) compared to 0.017(1), and this trend is further
observed as the W content is increased to 1 mol% and then
1.5 mol%. This relation between the fraction of Ni on the Li site
and the W mol% allows us to suggest a formula unit Li;_3,-
Niz,(Ni; _3,W,)O,, where some amount of vacancy is present on
the Ni site to respect charge balance. The grey trend line drawn
in Fig. 6a shows good agreement between the refined Ni on the
Li site and what is predicted by the above formula. This is
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Fig. 5 Rietveld refinement profile of synchrotron XRD data collected
from a 1 mol% W LNO sample synthesised at 700 °C.



Table 1 Refined structural parameters of W-doped LNO samples. W content is constrained as obtained by ICP and Ni content on both sites as
Niicp). Finally the Li site is constrained to be fully occupied

well (Ni3a + Nigb

w/ Temp./ Ni on Li Uiso 3b (Li) X  Uiso 3a (Ni) X Ujso 6€ (0O) %
mol% °C alA c/A VIA® c/a ratio  site zof O 10 ? 10 ? 10 2 Rp/% Ry/%
0 700 2.87681(2) 14.1982(10) 101.762(1) 4.93539(1) 0.017(1)  0.25831(8) 0.009(1) 0.003(1) 0.0100(3) 1.45 891
0.5 700 2.87762(2) 14.1962(1) 101.806(1) 4.93332(1) 0.028(1)  0.2579(6) 0.0110(7) 0.00220(6) 0.0102(2) 1.44 6.75
1 700 2.87881(5) 14.2027(2) 101.936(3) 4.93354(2) 0.037(1)  0.25775(6) 0.0090(6) 0.00278(6) 0.0113(2) 1.49 6.36
1.5 700 2.87879(8) 14.1967(4) 101.891(5) 4.93149(4) 0.047(1)  0.2587(1) 0.0027(8) 0.00839(1) 0.0173(4) 2.52  7.16
5 700 2.8861(2) 14.2095(1) 102.500(1) 4.9235(1) 0.138(1)  0.2575(2) 0.0054(8) 0.0042(2) 0.0182(6) 411 11.57
1 750 2.87810(2) 14.2037(1) 101.893(1) 4.93509(1) 0.031(1)  0.25794(6) 0.0107(7) 0.00326(7) 0.0122(2) 1.51 6.65
1 800 2.87984(2) 14.2098(1) 102.060(1) 4.93422(1) 0.047(1)  0.25783(7) 0.0101(7) 0.00228(7) 0.0110(3) 1.55 7.85
1 850 2.88014(3) 14.2113(1) 102.092(2) 4.93422(1) 0.047(1)  0.25783(7) 0.0089(7) 0.00379(7) 0.0126(3) 21 7.69
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Fig. 6 Refined structural parameters of the W-doped LNO samples for (a) varying tungsten content and (b) synthesis temperature.

further supported by a decrease in the ADP of the Li site, which
suggests the presence of increased electron density on this site,
as a result of the increasing Ni : Li off-stoichiometry at higher
W-doping. Similar results were recently found by Sun et al. for
the introduction of other high-valent cations in Li[Niy.9;C0g,oo]
0,, including Mo®" and Ta>*.*® However, it should be noted that
the above formula unit is not the only possibility; for example,
one could also have Lij_q5;Nij 5¢(Nij_5.5:W,)O,. While the
previous formula unit provides a better fit to the refinement
results, the fact that higher concentrations of W were detected
at the grain boundaries, and the subsequent uncertainty on the
value of x (W) that actually migrates into the bulk of the primary
particles, does not allow us to settle firmly on a unique formula
unit. Further characterization beyond what is reported in this
paper (EXAFS, Li NMR, etc.) will be used to further confirm these
formula units. It should finally be noted that, while we cannot

settle on a unique formula unit based on XRD, we find a clear
correlation between the amount of W on the 3a site and amount
of Ni migrating to the 3b site; this is indeed in agreement with
reports suggesting that W®" induces a less layered and more
rock salt-type structure.®*

Meanwhile, the unit cell parameters are observed to increase
for samples annealed at higher temperatures, see Fig. 6b. The
conventional synthesis temperature of pristine LNO is 700 °C,
as higher temperatures accelerate the decomposition of the
material, leading to higher off-stoichiometry.*> At constant W
content (1 mol%), the Ni : Li off-stoichiometry increases from
0.037(1) at 700 °C to 0.057(1) at 900 °C. The c/a ratio also does
not deviate significantly from the value of the reference sample,
=4.935, except for the sample synthesised at 900 °C, where the
ratio drops to =4.930. This behaviour suggests that doping with
a small amount of W can help to stabilise the LNO structure



during synthesis at temperatures as high as 800 or 850 °C. On
the other hand, increasing the W content substantially, such as
in the 5 mol% W sample, reduces layering in the structure as
expected.®*

High temperature stability. While LNO is conventionally
synthesised at 700 °C, it has been demonstrated that the material
already begins to slowly decompose at this temperature.®® To
investigate whether W influences the high temperature stability of
this material, in situ XRD was employed to study the decomposi-
tion of as-synthesised materials in air: reference LNO and 1% W-
doped LNO synthesised at 800 °C. The materials were heated
sequentially to 600 °C, 700 °C and 800 °C for two hours at each
temperature while collecting XRD data, see Fig. 7. The most
obvious shift in the position of the reflections is attributed to
thermal expansion with varying temperature. However, there is
also significant structural evolution observed during each
temperature dwell, which is attributed to chemical decomposition.

The results of Rietveld analysis are shown in Fig. 8 below,
and an example of the quality of fit achieved during the exper-
iment is shown in Fig. S2.7 The change in unit cell volume is
clearly accelerated at higher temperatures. To compare the
behaviour in different regions, the rate of change of cell volume
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Fig. 7 (a) Temperature profile recorded during the in situ heating

experiment. (b, c) Contour plots showing evolution of XRD data
collected during heating of (b) reference LNO and (c) 1 mol% W-doped
LNO.

per unit time (dv/d¢ [A*> min']) was determined using linear
fitting to the temperature dwell regions, as labelled in Fig. 8a. At
600 °C, the cell volume of both samples does not increase
significantly. When the temperature is increased to 700 °C, the
rate of volume change for both samples increases significantly
t0 0.00134 A®> min~* and 0.00248 A* min " for the W-doped and
reference sample, respectively. At 700 °C, a clear improvement
in the structural stability of the W-doped material is already
demonstrated. At 800 °C, this is further exacerbated, with the
rate of change of cell volume of the W-doped material
increasing to just 0.00146 A> min ', compared to a much faster
increase to 0.00338 A®> min~* for the reference LNO sample. The
observed change in cell volume is largely attributed to the
change in a parameter, which increases substantially with
temperature, and more rapidly during the higher temperature
dwells. The ¢ parameter meanwhile does not vary significantly
at 600 °C or 700 °C, but decreases rapidly at 800 °C. Previous
studies investigating the decomposition of LNO have attributed
this to the fact that the change in a is largely dependent on the
reduction of Ni*" to Ni*" in the Ni layer, while the ¢ parameter
remains relatively constant as the loss of lithium from the Li
layer is compensated by migration of Ni** into the layer.*
Comparing the c/a ratio of the two samples during heating,
Fig. 8b, also reflects this behaviour, with a much larger change
observed for the reference LNO sample. After cooling, both the
a and c¢ parameters remain considerably larger than in the
original material, indicating that the decomposition causes an
irreversible structural change. The c/a ratio of layered oxide
materials can provide an indication of the degree of layering in
a material, with a value of 4.899 being observed for materials
exhibiting ideal cubic stacking, while higher values, >4.95,
suggest a more layered (rhombohedral) trait.** The c/a ratios of
the LNO phases in this experiment show a clear downward
trend during each temperature dwell. The W-doped sample
exhibited an initial c¢/a ratio of =4.934 and =~4.924 after cool-
ing, compared to an initial value of =4.939 and =4.920 after
cooling for the reference sample, further highlighting the
increased irreversible decomposition of the pristine material
compared to the W-doped material. This large structural change
could be attributed to the loss of lithium from the structure at
high temperatures, which is reinforced by the rapidly increasing
occupancy of Ni on the Li site, see Fig. 8e. In conclusion, we
shall note that the enhanced structural stability at high
temperature is in good agreement with the formula units we
reported above, which implies an average oxidation state of Ni
lower than 3+, hence the possibility to increase the synthesis
temperature without incurring into decomposition effects.

Electrochemical measurements

The electrochemical performance of the W-doped LNO mate-
rials was evaluated. The observed voltage profiles of the
different materials during the 2™¢ cycle, as a function of
synthesis temperature and W content, are presented in Fig. 9a
and c. Firstly, considering the 1 mol% W samples prepared at
various temperatures, see Fig. 9a, it is evident that the specific
charge and discharge capacity decrease as a function of
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synthesis temperature. When cycled at C/10, the discharge
capacity decreases from 214.4 to 179.9 mA h g~ " as the sample's
synthesis temperature is increased from 700 to 900 °C,
compared to 218.4 mA h g~' for the pristine sample. This is
consistent with the Rietveld refinement results discussed
earlier, which suggests a higher Ni occupancy on the Li site with
increasing temperature, thereby reducing the amount of Li
available for electrochemical (de-)intercalation, which may be
compounded with slower Li diffusion kinetics due to the larger
particle sizes of the 800, 850 and 900 °C samples. A similar trend
is observed with varying W content, where the 0.5, 1 and
1.5 mol% W samples deliver a specific discharge capacity of
215.1, 205.3 and 203.6 mA h g~ respectively, in line with the
refined lithium content observed in the XRD data. The voltage
profiles also exhibit less pronounced plateaus, which can be
seen more clearly by analysing the differential capacity plots
shown in Fig. 9b and d. Several peaks corresponding to transi-
tions between the hexagonal and monoclinic phases of LNO are
observed, with peaks at =3.6, 4.0 and 4.2 V corresponding to
the H1 — M, M — H2 and H2 — H3 transitions, respectively.*®
The most pronounced peaks are observed in the pristine LNO
sample, while the peak intensities diminish with increasing W

content for both charge and discharge, suggesting the doping of
the Li site encourages solid solution-like behaviour in this
system, which has been previously reported.>»***” In particular,
the minimum in the dg/dV plot corresponding to the stable
composition x = 2/5 (at =3.98 V in charge) is readily destabi-
lised by variations of W content or synthesis temperature,
confirming that this feature is only visible in highly stoichio-
metric LNO samples.*?®® The reduction in intensity is also
accompanied by a shift in the average voltage of each of the
features, highlighted in the zoomed plots of the 4.1 to 4.3 V
region. Fig. 9b shows that there is an increase in the average
potential of the H2 — H3 feature on both the charge and
discharge cycles, which suggests it is caused by an increase in
the equilibrium (de-)intercalation voltage of Li rather than cell
polarization, which has been previously observed in doped LNO
materials,* as well as in LNO with increasing off-stoichiom-
etry.®® The features corresponding to the H2 — H3 transitions
in particular exhibit a much smoother gradient for the samples
synthesised at 800 °C and above, which is characteristic of LNO
with higher off-stoichiometry. Meanwhile, for the samples with
increasing W content, see Fig. 9d, the same feature in the dg/dV
plot shifts to higher voltage on charge and to lower voltage on
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Fig.9 (a, c) Voltage profiles observed during the first cycle and (b, d) differential capacity plots recorded during the 2" cycle of coin cells utilising
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discharge, which implies that the higher W content induces an  Closer inspection of the dg/dV plot in Fig. 9d also reveals that
increased degree of polarization, either due to slower kinetics or  the typical kinetic feature observed at 3.5 V is not heavily
an enriched rock salt-type layer at the surface of the particles. affected by the increasing W content (at least at 0.5 mol% and
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1 mol%), suggesting that diffusion kinetics is actually compa-
rable at a low state of charge. On the other hand, the increased
polarization is evident at high voltage and at the H2/H3 phase
transition peak (4.15 V) in particular, pointing towards an
inhibited phase transformation, as we will discuss in the
following.

The long-term cycling behaviour of these samples was also
investigated. Fig. 10 shows the average cell capacity as a func-
tion of cycle number recorded for cells utilising the W-doped
LNO samples. The first five cycles were carried out at C/10,
before the current was increased to C/2 for 50 cycles. After 50

cycles at C/2, a single cycle at C/10 was performed to investigate
capacity retention compared to the initial cycles, before another
50 cycles at C/2 and a final 107™ cycle at C/10. Despite the lower
initial specific capacity discussed earlier, the W-doped samples
exhibit excellent capacity retention. After 50 cycles at C/2, the
1 mol% W samples synthesised at 700-850 °C are all able to
match or exceed the capacity of the reference sample, and
continue to exceed its delivered capacity thereafter, see Fig. 10a.
The sample prepared at 900 °C delivers instead a relatively lower
capacity overall. After 100 cycles at C/2, the samples synthesised
at 700-850 °C all deliver specific capacities ranging from 134.9-

Table 2 Specific discharge capacities (mA h g ) recorded during cycles performed at C/10 and relative capacities (%) observed on selected

cycles
Sample 15 560 107 106™/6™ 6M/5M 55%/56™ 106™/107™
0% W 700 °C 216.5 + 1.9 184.9 + 1.9 168.5 + 1.8 67.3 90.2 84.9 78.5
1% W 700 °C 210.2 + 0.2 192.0 & 0.7 169.2 + 1.4 73.8 91.1 84.9 81.0
1% W 750 °C 208.6 + 1.4 184.5 + 2.4 164.5 + 2.4 69.7 89.1 85.7 80.6
1% W 800 °C 202.4 + 4.0 181.3 + 2.1 164.5 + 1.7 72.5 90.1 86.9 82.0
1% W 850 °C 193.0 + 3.0 178.6 + 1.6 164.1 + 1.4 76.7 90.0 87.9 83.3
1% W 900 °C 183.6 & 2.2 171.2 + 1.7 160.7 + 1.8 79.3 92.1 86.4 81.3
0.5% W 700 °C 214.8 + 1.7 192.4 + 2.6 172.5 + 5.4 71.2 89.6 84.8 80.5
1.5% W 700 °C 195.4 4 2.2 202.4 + 2.7 186.6 & 5.8 77.3 80.2 73.7 70.7
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Fig.11 Contour plots of XRD data collected during electrochemical cycling of (a) reference LNO, (b) 1 mol% W LNO synthesised at 700 °C and (c)
1 mol% W LNO synthesised at 800 °C. Corresponding voltage vs. time profiles are shown on the right.



1359 mA h g ', while lower specific capacities of
130.8 mA h g~ " and 129.2 mA h g~ are delivered by the 900 °C
sample and reference sample, respectively. A final cycle at C/10
was carried out after cycling at C/2 to investigate the recoverable
capacity of the materials. The reference sample exhibited a final
capacity of (168.6 + 1.8) mA h g ', while the capacities
decreased from (169.2 4 1.4) to (160.7 & 1.8) mA h g~ for the
series of 1 mol% W samples synthesised at 700-900 °C, see
Fig. 10. This capacity difference observed between the 106 and
107™ cycles shows that all samples, besides the 1.5 mol% W
sample, retain a higher relative capacity after 100 cycles at C/2
compared to the reference sample, implying that the refer-
ence sample exhibits a higher impedance build-up during
cycling. Annealing at lower temperatures in particular, 700 or
750 °C, results in a small compromise to initial capacity,
~5mA h g ', while exhibiting higher capacity after the 10
cycle and all cycles thereafter.

Comparing the samples with different W contents, Fig. 10b
shows that while the 1.5 mol% W sample performs poorly, the
0.5 and 1 mol% W samples both exhibit good capacity retention
when cycled at C/2, clearly exceeding that of the reference
sample. These findings are highlighted more clearly in Fig. 10c
and d, which show the recorded capacities expressed as
a percentage of the initial capacity. An indication of the rate
capability of the different materials can also be inferred by
comparing the capacities delivered on the 5/6", 55™/56™ and
106™/107™ cycles, see Table 2, where the current was changed
from C/2 to C/10. With the exception of the 1.5 mol% W
material, all samples deliver a similar capacity retention of
about 90% when the current is increased to C/2 at the 6™ cycle.
However, at the 55%/56™ cycle and 106™/107"" cycle, most of the
W-doped samples recover a few percentage points more
capacity when the current is reduced from C/2 to C/10, indi-
cating they have suffered less impedance build-up than the
undoped sample. This is supported by impedance spectroscopy
measurements carried out before and after cycling, see Fig. 54,
which suggest that the coin cells containing W-doped cathode
materials exhibit reduced resistance as indicated by the smaller
diameter of the semicircle observed in the measured high-to-
medium frequency range.

Operando XRD

To investigate how the introduction of tungsten into the LNO
structure influences the structural evolution that takes place
during electrochemical cycling, operando XRD was used to
characterise the cathode materials. Fig. 11 shows contour plots
of the diffraction data collected during the first charge-
discharge cycle at C/10 for a pristine LNO sample, and 1 mol%
LNO synthesised at 700 °C and 800 °C. The structural evolution
of LNO upon delithiation has been reported previously, and
transitions through several hexagonal and monoclinic struc-
tures are expected, conventionally denoted as H1 > M > H2 >
H3.%>%%° Visual comparison of the operando XRD data suggests
that the introduction of W into the structure does not change
the observed phase evolution. During the operando experiment,
the undoped material delivered an initial specific charge

th

capacity of 228.0 mA h ¢!, compared to 212.6 mA h g and
204.3 mA h g~* for the 1 mol% W samples prepared at 700 °C
and 800 °C, respectively. All of the samples still exhibit the ex-
pected transitions, mentioned above, which is consistent with
the differential capacity plots presented earlier. In particular,
the graphs on the left of Fig. 11 highlight the 7.6° <26 < 8.9° and
16° < 26 < 16.95° regions, which is where the 003y and 102y/
006 reflections are observed, respectively. The splitting of the
102y reflection is observed as the material undergoes a transi-
tion from the hexagonal to the monoclinic phase during (de-)
lithiation. This transition has been well characterised in
previous in situ XRD studies of LNO**** and also observed in
other layered cathode materials.”*> To compare the observed
structural evolution quantitatively, Rietveld refinement was
used to fit structural models to the diffraction data collected
during cycling, see Fig. 12 and Table 3. An example of the
quality of fit is presented in Fig. S3.f It is evident that the
undoped reference sample exhibits a larger overall magnitude
of structural expansion and contraction during cycling. This
material exhibits a cell volume of 100.641(6) A® at the dis-
charged state, which reduces to 92.545(35) A® as the cell reaches
the charged state at 4.3 V. This corresponds to a 9.6%
contraction in cell volume, compared to 7.7% and 7.3% for the
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Fig. 12 Unit cell volumes of W-doped LNO observed during cycling,
determined from Rietveld refinement of structures against XRD data
gathered during the first cycle at C/10 rate, as shown in Fig. 11. (a)
Reference LNO, (b) 1 mol% W LNO synthesised at 700 °C and (c)
1 mol% W LNO synthesised at 800 °C.



Table 3 Refined cell volumes of phases observed during a single
charge cycle from 3 4.3V vs. Li*/Li

Min Max

Phase Potential/V = Cell vol./A>  Potential/V  Cell vol./A®
Ref. H1 3.7 100.199(15) 3 100.641(6)
M (-3/2) 4.1 98.832(14) 3.7 99.998(10)
H2 4.2 97.361(43) 4.1 98.903(15)
H3 4.3 91.008(11) 4.2 91.915(15)

Min Max

Potential/ Potential/

Phase V Cell vol./A® V Cell vol./A?
1% W, 700 °C H1 3.7 100.102(31) 3 100.597(14)
M (-3/2) 4 99.070(24) 3.75 99.996(30)
H2 4.2 97.467(34) 4 99.123(44)
H3 4.3 92.868(29) 4.2 99.379(25)

Min Max
Phase Potential/V Cell vol./A® Potential/V Cell vol./A*
1% W, 700 °C H1 3.7 99.640(21) 3 100.117(18)
M (-3/2) 4 98.401(19) 3.75 99.461(23)
H2 4.2 97.094(31) 4 97.933(38)
H3 4.3 92.845(24) 4.2 93.668(46)

W-doped samples prepared at 700 °C and 800 °C, respectively,
over the same voltage range. Comparing the difference in cell
volume between the H2 and H3 phases is also significant as this
two-phase transition is largely responsible for the poor cycle life
observed in Ni-rich layered cathode materials.™ In the reference
sample, the minimum volume observed for the H2 phase is
97.361(43) A® at 4.2 V, while the initial value of the H3 phase is
91.915(15) A®, corresponding to a relative difference in volume
of 5.4%, compared to 4.1% and 3.4% for the 1 mol% W samples
prepared at 700 °C and 800 °C, respectively. This significant
reduction in volumetric deformation during cycling is likely to
contribute to the improved cycle life observed in the electro-
chemical data presented earlier. Similar findings have also been
demonstrated in long-term studies of various cathode
materials.”

Conclusions

The synthesis of W-doped LiNiO, from commercial hydroxide
precursor materials via the introduction of ammonium tung-
state flux has been investigated. The implications of the flux for
the surface morphology and composition were revealed using
electron microscopy. At lower temperatures, the tungsten was
found to inhibit primary particle growth, and an elongated,
grain-like morphology was observed. However, at higher
temperatures a more uniform morphology of monolithic grains
was observed. Synchrotron XRD and Rietveld analysis suggest
the substitution of Ni** by W® into the 3a site of the LiNiO,
structure, compensated for charge balance by extra Ni*" in the

Li site. The distribution of W doping among primary particles
also appears to have a concentration gradient, evidenced by the
different primary particle shapes between the interior and the
surface of secondary particles. W surface enrichment at grain
boundaries has also been observed in samples calcined at
higher temperatures. Variable temperature XRD confirms that
the inclusion of W can improve the stability of the material at
high temperatures during synthesis, with the rate of decom-
position found to be reduced compared to the reference sample.
Hence, W enables the use of high synthesis temperatures and
the preparation of materials with larger primary particles size
while avoiding significant structural decomposition. Larger
primary grains were observed both at the surface and at the
interior of the particles using cross-sectional TEM imaging for
samples prepared at higher temperatures. The combined effects
of modified morphology and the introduction of W into the
structure were found to influence the electrochemical behav-
iour of the materials, with doped samples exhibiting improved
long-term capacity retention, and also improved absolute
specific capacity compared to the reference sample after just 10
cycles, for samples prepared between 700 °C and 800 °C. Oper-
ando XRD collected during cycling of the W-doped materials
shows that the introduction of W into the structure does not
adversely affect the structural evolution compared to the pris-
tine sample, and the W-doped samples exhibit a smaller
difference in unit cell volume between the H2 and H3 phases,
which contributes to the improved cycle life. The inclusion of
ammonium tungstate in the precursor mixture via a simple
route, without added processing steps, influences both the
surface morphology and structure of the cathode material and
delivers benefits to structural stability and electrochemical
behaviour. It is therefore an extremely promising and scalable
avenue to improve LiNiO, and high-Ni cathode materials.
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