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Introduction

The push towards global electrification of vehicle fleets to
eliminate the damaging emissions from fossil-fuel powered
vehicles has underpinned the demand for advances in Li-ion
batteries and their component parts, particularly at the
cathode.'” Layered transition-metal oxide cathodes, of general
formula LiMO,, have carved out a prominent place in the
commercial Li-ion battery market and the shift to higher nickel
content chemistries such as NMCs (LiNi;_,_,Mn,Co,0,) and
NCAs (LiNi;_, ,Co,Al,0,) has delivered significant improve-
ments in energy densities.*® This has concurrently reduced the
cathode cobalt content, an element whose abundance is scarce
and supply chain tenuous.® Eliminating cobalt completely
represents a significant challenge, given its role in enabling
high rate-capabilities and suppressing Li/Ni mixing, but it is
possible,” with reports of high performing Co-free Ni-rich
compositions such as LiNi;_, ,Mn,AL,0, (NMAs) present in
the literature.® In the case of cobalt-free LiNiO, (LNO), initial
capacities in excess of 220 mA h ¢~ at a voltage of 4.3 Vvs. Li/Li*
are achievable.® In addition to eliminating cobalt, the removal
of Mn can also be advantageous as this simplifies the synthetic
route and increased specific capacity can be attained as the
electrochemically inactive Mn*" is no longer present.'
Furthermore, LNO can serve as a model system for Ni-rich
layered oxides, where an understanding of the fundamental
behaviour of Ni in such compositions can be gained by decon-
voluting the effects of multiple transition metals." However, the
high specific capacities of LNO are offset by poor capacity
retention owing to various interlinked degradation pathways
involving chemical, structural and thermal instabilities that can
manifest as particle cracking, parasitic electrode-electrolyte
reactions, transition metal (TM) dissolution, oxygen loss and
surface reconstruction.’*® The sensitive surface chemistry of
Ni-rich layered oxides further exacerbates these degradation
processes, necessitating careful handling to avoid air exposure
and ensure storage under inert environments to circumvent
atmospheric aging which causes the formation of residual
lithium species (e.g. Li,CO3) on the surface.***” The surface
sensitivity introduces further challenges at high states of charge
where oxygen evolving from the surface may react with the
electrolyte to further the formation of a cathode electrolyte
interphase (CEI), transition metal dissolution and surface
reconstruction to rock-salt type phases that increase charge
transfer resistance.'*>°

In addition to these complex surface degradation effects, bulk
structural instabilities also occur and are principally linked to
a lattice collapse that occurs at high states of charge for TM
layered oxides.** These can be tracked through in situ and oper-
ando diffraction methods, which demonstrate several first-order
phase transitions during cycling.>**® For LNO, during charging,
these transitions proceed via H1 (pristine LNO) <> M « H2 <
H3 where H denotes a hexagonal phase and M denotes a mono-
clinic phase. This is accompanied by a gradual decrease in the
a lattice parameter throughout charging, motivated by the Ni-O
environment which experiences oxidation during delithiation.
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Meanwhile, the c lattice parameter gradually expands with lithium
removal due to electrostatic repulsion between the [NiO,] layers
until =80% delithiation is reached. On reaching this point, which
occurs between 4.15 V and 4.2 V vs. Li/Li", the first order transition
from the H2 to H3 phase is accompanied by a rapid c-axis
contraction and lattice collapse, believed to be a result of the now
almost empty Li layer where steric effects prevail over electrostatic
repulsions.” The anisotropy between lattice parameter evolutions
causes significant strain in the material.*® Such induced strain in
Ni-rich materials can manifest on the macroscale through particle
cracking, which exposes fresh, highly reactive surfaces and can
also lead to areas that become electronically disconnected.*=*
Attempts to mitigate such degradation modes and extend the
cycling lifetime of LNO have previously included chemical sta-
bilisation, such as surface coatings® or elemental substitution of
Li or Ni with foreign cations. When small fractions of substitu-
ents are introduced (on the order of 0.5-5 mol%), we can consider
this a substitution-type approach.®?**** Substitution has proved to
be an effective method in stabilising electrochemical perfor-
mances in Ni-rich layered oxides with a wide variety of substit-
uent cations able to stabilise cycling behaviour such as AI**3*%7
MgZ+’38—40 Ti4+,41_43 Ga3+,“4’45 B3+’46,47 Zn4+’48,49 and Nb5+.50 The
location of the substituent can also influence the mode of sta-
bilisation. For example Mg”" is predicted to preferentially reside
on Li" sites owing to the fact that it has a similar size to Li* (r.y =
0.76 A, ryg- = 0.72 A) and a lower formation energy where it is
thought to stabilise the [LiO,] interlayer against collapse through
a pillaring effect.**> More recently, high valence substituents
which are more insoluble in the LiMO, structure, such as W°",
Nb**, Ta’", and Mo°®", have been investigated owing to their
propensity to segregate to grain boundaries between particles
where they may act to stabilise these surfaces during cycling.>***
Tungsten has also been shown to inhibit primary particle growth,
in addition to suppressing the magnitude of the H2 < H3
transition and improving the mechanical properties of LNO as
aresult of Li,W, O, surface phases which form.**"*® Given different
dopants can differently affect structure and stability, doping with
multiple cations is an appealing prospect to access a combination
of benefits for LNO cathodes.**** Here, we consider the synergy
between candidate substituent cations to deliver a coat-doped
arrangement for LNO cathodes, combining the pillar-stabilising
effects of magnesium within the particle bulk and the coating-
stabilising effect of a tungsten-enriched surface phase. The effi-
cacy of the dual-substitution strategy, utilising low substituent
concentrations <2 mol% in total, was established through higher
capacity retention, outperforming singly substituted LNO. While
Mg-inclusion preserved the well-layered nature of the LNO
structure, W incorporation was shown to promote a more rock-
salt like structure and lower specific capacities. Through XRD-
CT on charged samples, position-resolved -crystallographic
information revealed structural inhomogeneities across W-
containing materials, prompting an improved synthetic
strategy. Improved W-containing samples showed a more
preserved layered oxide structure, leading to higher specific
capacities. During cycling, the dual-substituted, coat-doped LNO
consistently outperformed singly-substituted compositions
across half- and full-cells, indicating promise in higher mass-
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loading environments, demonstrating the efficacy of this tar-
geted, scalable compositional tuning approach for high energy
density ultra-Ni-rich cathode materials.

Experimental
Synthesis of doped and coat-doped LiNiO,

A Ni(OH), precursor was prepared via a precipitation method
carried out in a stirred tank reactor (Eppendorf). Briefly, a 2 M
NiSO, (from NiSO,-6H,0, 99%, Thermo Fisher Scientific)
solution was pumped into an NH,OH solution (Merck) within
the reactor. A 2 M NaOH (98%, Merck) solution (NaOH : TM
ratio maintained at 2:1) and an NH,OH chelating agent solu-
tion (NH,OH : TM ratio = 5 : 1) were pumped separately into the
reactor. The reaction was stirred overnight (1000 rpm) and
a Ni(OH), precipitate was obtained after washing. The powder
was dried at 80 °C overnight.

The obtained Ni(OH), powder was thoroughly mixed by
grinding with LIOH-H,0 (99.995%, Thermo Fisher Scientific),
WO; (99.9%, Merck) and Mg(CH3;COO), (98%, Merck) in suit-
able quantities to obtain a total of six samples of target stoi-
chiometries as follows: parent, unmodified LiNiO, (LNO),
Lio.0oMg00:NiO, (1Mg-LNO), Lig.osMgo0,NiO, (2Mg-LNO),
LiNip 9oWy.010, (IW-LNO), LiNij9gWp 02,0, (2W-LNO) and
Lip.00Mg0.01Ni9.06W.0102 (1IMg1W-LNO). A molar excess of 1%
LiOH-H,O0 was used for synthesis initially, increasing to 5% for
W-containing LNOs in later experiments (as described in the
discussion). Ground samples were transferred to a tube furnace
and heated at 480 °C for 5 hours followed by a final calcination
at 770 °C (reduced to 710 °C for the parent LNO) for 15 hours
under a flow of oxygen. After the reaction, samples were cooled
to 200 °C and quickly removed to an Ar filled glovebox to avoid
moisture and CO, uptake.

Materials characterization

Powder X-ray diffraction (PXRD) characterisation was carried
out on a Rigaku Miniflex diffractometer using CuKa radiation
operated at 40 kv and 15 mA. Data were collected in the 26 range
of 10 to 90° with a step size of 0.02°. Rietveld refinements were
performed using the Generalized Structure Analysis System
(GSAS-II).** The refinement process was carried out in the order
(i) scale factor, (ii) 6 coefficient Chebyshev function back-
ground, (iii) sample displacement, (iii) cell parameters, (iv)
crystallite size/strain parameters, and (v) site occupancies of Ni
and Li in the Li layer, in which the total occupancy of Ni and Li
was constrained to 1 for pristine LNO and W-LNO, or 0.99 for
samples containing Mg. Although the Ni and Li occupancies
were refined simultaneously according to the constraint, we do
not infer the actual Li occupancy here due to the poor visibility
of Li to X-rays. The isotropic atomic thermal displacement
parameter (Uss,) was fixed.

Particle size and morphology were examined here using
scanning electron microscopy (SEM). Samples were prepared on
adhesive carbon tabs and coated with Au using a sputter coater
to avoid charging feedback. SEM images were taken using an
Inspect F50 electron microscope operating at 20 kV. Cross
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sectional electrode images (SEM and SEM-EDS) were acquired
using a Thermo Fisher Scientific Scios Dualbeam system
(operating at 2 kV and 0.1 nA), equipped with a CleanConnect
inert gas transfer system. The method for ion milling and image
acquisition is identical to that reported in previous work.®

Electrochemical measurements

Half-cells. For half-cell electrochemical tests, the LNO
powders were mixed with C65 carbon black (Imerys) and poly-
vinylidene fluoride (PVDF, Merck) in a weight ratio o 90: 5: 5 in
NMP (N-methyl-2-pyrrolidone) solvent (Merck). The obtained
slurry was cast onto carbon-coated Al foil using a doctor blade
set at a height of 150 um. The slurry was dried at 100 °C to
evaporate the NMP solvent before further drying at 80 °C over-
night in a vacuum oven. Electrodes of 10 mm diameter were
then punched from the dried film and transferred into an Ar-
filled glovebox. Active material loadings were 4-5 mg cm ™.

CR2032 coin-type half-cells were constructed in an Ar-filled
glovebox using the as-prepared LNO electrodes as the
cathode, a 15.8 mm diameter Li metal anode (Cambridge
Energy Solutions) and a Whatman glass microfibre separator.
100 pL of 1 M LiPF¢ in ethylene carbonate (EC): ethyl methyl
carbonate (EMC) (EC : EMC 3 : 7 by weight%) with 2% vinylene
carbonate (VC) additive (Solvionic) was used as the electrolyte.
Galvanostatic charge and discharge tests were carried out in
a temperature-controlled chamber at 25 °C using an Arbin
LBT21084 series cycler. In all cases 1C was defined as
220 mA g~ . Initial slow cycles at C/10 or C/20 (as detailed in the
text) were initially carried out using a constant-current constant-
voltage (CCCV) protocol (current limits of C/20 and C/40
respectively), followed by longer term cycling at C/2 and/or C/
3. Cells were cycled between 3.0 and 4.3 V versus Li/Li* and 5
minute rest steps were implemented after each discharge. For
ex situ XRD-CT tests, half-coin cells were cycled to defined upper
cut-off potentials of 3.8, 4.2, 4.4 and 4.7 Vvs. Li/Li" at a rate of C/
20. After reaching the desired cut-off voltage, cells were imme-
diately disassembled in an argon filled glovebox, washed with
dimethyl carbonate (DMC), dried under vacuum and stored
under argon.

3 electrode full-cells

Electrode preparation. The cathode electrode was prepared by
mixing either parent LNO or 1Mg1W-LNO, Super P, and PVDF
(Solef 5130, Solvay) in a mass ratio of 90:5:5 (Wt%) in NMP.
The slurries were applied onto aluminium foil substrates using
a precision drawdown coater (Erichsen Coatmaster 510). The
active material loading was 13-14 mg cm >, and the electrodes
were calendered to achieve a target density of 3.0 g cm™>. The
anode electrode consisted of 95.25 wt% graphite (BTR V-H),
1 wt% carbon black (Imerys C45), 1.50% CMC (Ashland
BVHS), and 2.25 wt% SBR (Zeon BM451) binder. The mass
loading was 9.3 mg cm 2, and the electrode was calendered to
a density of 1.23 g cm ™. The negative to positive electrode
capacity ratio (N/P) of electrodes was 1.17. The electrolyte used
was 1 M lithium hexafluorophosphate (LiPFq) in ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) (LP57) with
2% vinylene carbonate (VC) (Solvionic).
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EL cell experimentation. The 3 electrode cell experiments were
conducted using the PAT-EL-cell setup, with each cell contain-
ing 120 uL of electrolyte. Full cell charge-discharge testing was
performed within a voltage window of 2.5 to 4.2 V vs. graphite
on a BioLogic VMP3 potentiostat. Formation cycles were con-
ducted at a constant current (CC) rate of C/20, while subsequent
cycling was performed at a C/3 rate using a CC-constant voltage
(CCCV) mode with a current cutoff at C/40, followed by CC
discharge. Diagnostic cycles were carried out at C/20 after every
100 cycles. Electrochemical impedance spectroscopy (EIS)
measurements were conducted on a BioLogic VMP potentiostat
at 25 °C at 3.8 V (representing approximately 50% state of
charge). Impedance was collected over a frequency range from
100 kHz to 10 mHz with a perturbation amplitude of 10 mvV.
After cycling, cells were disassembled and the cathode elec-
trodes were harvested, washed with dimethyl carbonate solvent
and subsequently dried and stored before analysis. All steps
were conducted in an Ar filled glovebox.

X-ray diffraction computed tomography (XRD-CT)

XRD-CT measurements were performed on ex situ cathodes
removed from cells at the denoted state of charge as described
above. Washed and dried electrodes were cut into strips of ca. 10
x 3 mm. The narrow cross-section of the stacked samples hel-
ped avoid complications of parallax artefacts that can occur in
XRD-CT measurements of large samples.”* These strips were
then stacked with layers with filter paper in between and set in
resin. This stack of electrodes was affixed to a stub that was
mounted atop the goniometer for measurements. The stack
configuration was chosen to minimise the scan time needed for
multiple planar samples and enabled direct comparison
between electrodes within a single scan.

XRD-CT experiments were conducted at beamline P07 (EH2)
of PETRA III, DESY. A monochromatic X-ray beam of 73.799 keV
(0.168 A) was focussed to 1 pm x 10 um. Data was collected
using a Pilatus3 X CdTe 2M detector and calibrated with a CeO,
standard (99.9% <5 um). XRD-CT scans were measured at
250 Hz with a translation step size of 1 pm, and 4 interlaced®
rotational scans with steps of 0.72° within each scan, and steps
of 0.18° between scans. The interlaced approach served firstly to
assess for beam induced sample degradation, and secondly to
mitigate the risk of unexpected failure during a very long
duration scan.

XRD-CT processing and analysis

The raw 2D diffraction images were calibrated and azimuthally
integrated using PyFAL®® to prepare sinograms consisting of
translation x rotation x 1D powder diffraction patterns.
During the data integration step, the data was processed both
with and without a mean trimmed filter.*” This filter is used to
remove the artefacts that can occur from spotty single crystal
diffraction (which would result in streak artefacts in the
reconstructed images). It was noted that there was minimal
difference in data quality between the filtered and non-filtered
datasets, attributed to the beam size being much larger than
the individual crystallite sizes within the sample. Therefore, the
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non-filtered data was used for the subsequent processing and
analysis steps. Each separate scan had dimensions of 4000 x
501 pixels, and the final interlaced sinogram 4000 x 4001
pixels. A beam monitor diode was used in front of the beamstop
to monitor the transmitted intensity through the sample. This
value was used to correct the scattered intensity at each pixel to
avoid absorption artefacts that could reduce the intensity of
signals within the sample. The interlaced sinogram was
reconstructed by filtered back projection using in-house Python
scripts and then the data volume cropped tightly around the
cathodes to reduce the overall size in memory to speed up
analysis. The final voxel size in the reconstruction was 1 um x
10 pm X 10 pm.

Phase identification of the reconstructed XRD-CT datasets
was carried out using X'Pert HighScore Plus, whilst quantifica-
tion of the datasets was carried out using BeamStop® (in-house
high-volume data processing GUI) and Topas V7. For cathodes
charged to higher voltages, two peaks corresponding to the
LiNiO, (003) reflection with different c-axis lengths were
observed in some pixels, i.e. there were regions smaller than the
resolution of the measurement in the sample that had differing
degrees of (de)lithiation in close proximity. To account for this
in the refinement, two separate R3m LiNiO, models were used,
with restrictions on the c-axis lattice parameter being above or
below 14 A. The analysis here focusses on probing the relative
differences in the unit cell parameters per pixel, thus the LiNiO,
models used here did not account for off-stoichiometry (Li;_,-
Ni; 4O, with x Ni** residing on the Li sites). Once fitting was
completed, the scale factor for each LiNiO, phase was used to
mask the respective lattice parameters and crystallite sizes, and
then the results were combined to provide the average value per
pixel presented in the figures below.

X-ray fluorescence computed tomography (XRF-CT)

XRF-CT experiments were performed at the ESRF using the
Materials Science Beamline ID11. A monochromatic X-ray beam
with an energy of 44 keV was focused using compound refrac-
tive lenses to have a spot size of ca. 150 x 150 nm” (horizontal x
vertical), which also served as the translation step size, whilst
the rotational step size was 0.249° over the range of 0-360°. The
scans were measured using the continuous rotation scan
method. The XRF patterns were acquired using a Sensicam CCD
2D fluorescence detector mounted vertically above the samples,
with a dwell time of 10 ms per pixel. The XRF-CT data was also
denoised® and reconstructed using the filtered back projection
algorithm with in-house Python scripts.

Density functional theory

All Density Functional Theory (DFT) calculations were per-
formed using the VASP plane-wave code with projector
augmented wave (PAW) pseudopotentials.”””® Building upon
our prior work on intrinsic defects in LiNiO,,”* calculations were
expanded to include dopants Wy;, Wy, Wi, Mgy, Mgy, and
Mg;, and additional competing phases within the W-Li-Ni-O
and Mg-Li-Ni-O phase spaces. The computational setup fol-
lowed previous protocols: valence electrons considered

This journal is © The Royal Society of Chemistry 2025
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included Li 1s® and 2s", Ni 3d, O 2s® and 2p*, Mg 3s, and W 55>
5p°®5d° 6s', using the HSE06 hybrid-DFT functional.””® A plane-
wave cutoff energy of 600 eV ensured energy convergence of 1
meV per atom, with a 30% higher cutoff (780 eV) for calculations
that allowed volumes to relax to minimize Pulay stress.

Initial trial dopant-defect structures within Jahn-Teller di-
storted LiNiO, (space group P2,/c) were generated using
ShakeNBreak,”””® with low-energy configurations further opti-
mized and analyzed with doped.” Defect relaxations used a 2 x
4 x 2 supercell of the primitive P2,/c unit cell and were sampled
with a 2 x 2 x 2 I'-centered Monkhorst-Pack k-point mesh.
Convergence criteria were 1 x 10> eV for total energies and
0.01 eV A" for forces.

Defect formation energies were calculated as:

AE{(q) = Ey(q) — E0™ =D _miw + Auw) + q(Er + Eveu)

+ Ecorrq

where EX(q) is the defect-containing supercell energy, Eny™ is
the defect-free reference energy, Au; and u; represent changes
and reference chemical potentials, respectively, Er is the Fermi
energy, Eygy the host valence band maximum, and E.,.? the
finite-size correction following Freysoldt et al®® Relevant
chemical potentials were identified via CPLAP®** based on ther-
modynamic stability limits. Defect concentrations were
computed from the formation energies using py-sc-fermi
(v3.0.0-beta)®®* accounting for site-exclusion effects.

Results and discussion

To examine the behaviour of Mg and W doping on LiNiO,,
a total of six compositions were prepared with an undoped LNO
prepared as a baseline sample. Two samples containing 1 mol%
of each substituent (denoted as 1Mg-LNO and 1W-LNO) were
prepared to investigate the individual substituent effects on the
LNO structure and performance and to establish whether any
synergistic effect is observed upon dual coat-doping. As the
coat-doped sample contains a total of 2 mol% substitution
(denoted as 1Mg1W-LNO), additional samples containing
2 mol% of each individual substituent were also prepared
(denoted as 2Mg-LNO and 2W-LNO) to deconvolute the effects
of individual dopant species vs. dual coat-doping.

Materials characterization

Polycrystalline layered Ni-rich cathodes are typically comprised
of micron-sized spherical secondary assemblies composed of
tightly compacted, nanosized primary particles, so designed to
improve tap densities in material application while minimising
the surface area.®® The morphology of the Ni(OH), starting
material is shown in Fig. S1, where spherical assemblies of
typically 5 um diameter are obtained through a carefully
controlled precipitation reaction. Fig. 1(a) and (b) show the
morphologies obtained for LNO and 1MgIW-LNO (the
morphologies obtained for all compositions LNO, 1Mg-LNO,
2Mg-LNO, 1W-LNO, 2W-LNO and 1Mg1W-LNO are shown in
Fig. S2) where all materials at this stage were synthesised using
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a 1 mol% LiOH-H,O excess. The primary particles of W-
containing samples are visibly smaller than those for pristine
LNO and Mg-containing LNOs, highlighting the ability of the W
substituent to restrict primary particle growth during calcina-
tion even at these low (1 mol%) levels, and may suggest some
surface effect is at play where W-species accumulate at the
primary particle grain boundaries. These microstructural
changes caused by W-addition are likely attributed to two
factors: (i) the lowering of the (003) facet surface energy,
promoting rod-like particles and (ii) restriction of the primary
particle coarsening from the segregation of W atoms to inter-
particle boundaries, causing smaller primary particles.®*”
Similar particle growth restriction has been reported for low-
solubility substituents in Ni-rich layered oxides and could be
beneficial as the smaller particles can more readily relieve the
high strains associated with the H2 < H3 transition.>>** For the
Mg-containing LNOs here, there appears to be a slight increase
in primary particle size between the parent LNO and Mg-
containing LNO which is most likely associated with the
higher calcination temperatures for these samples required to
promote dopant incorporation into the structure, rather than
an effect of the dopant. When calcined at these higher
temperatures, the parent LNO indeed exhibits similar larger
primary particle sizes (Fig. S3). In general, the quasi spherical-
shape of the Ni(OH), secondary particles is preserved after the
calcination procedure (Fig. S4). SEM-EDS mapping of a 1Mg1W-
LNO electrode (Fig. S5) shows the elemental distribution of Mg
and W dopants throughout the secondary particles. A visually
uniform distribution of both Mg and W is observed across the
particles (Ni and O maps show clearly the location of the LNO
particles), showing incorporation of the substituents at the
secondary particle level. However, it is noted that an outlying
bright region is clear in the W map outside of the particles,
likely a piece of unreacted WO; precursor or a segregated
section of LigWO, material.

To investigate the effect of both Mg and W substituents on
the layered LiNiO, structure, samples were analysed by X-ray
diffraction (XRD) and Rietveld refinement. Fig. 1(c) shows the
powder XRD patterns obtained from LNO, 1Mg-LNO, 2Mg-LNO,
1W-LNO, 2W-LNO and 1Mg1W-LNO. The data have been nor-
malised to the peak height of the (003) reflection for each
sample. The observed diffraction peaks could be indexed to
hexagonal type o-NaFeO, with space group R3m typical of
transition metal layered oxide cathodes, with Li and Ni occu-
pying alternating layers amongst a cubic close packed oxygen
arrangement (Fig. S6). Fig. 1(d) magnifies the 20 region where
reflections from common impurity phases often appear
between 20 and 35°. In this region, 1IW-LNO and 2W-LNO show
evidence of an impurity phase (marked with *) identified as
LigWOe.*® These reflections in the 2W-LNO XRD pattern have
a higher intensity indicating that the amount of LisWOg
increases as the W substitution level increases. In contrast,
compositions containing only Mg exhibit no evidence of Mg-
containing impurities, suggesting Mg incorporation into the
layered structure. For 1Mg1W-LNO, no LigWO, impurities are
distinguishable from the background suggesting the ability of
this dual cation strategy to mitigate the formation of the LisWOs¢
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(102) and (108)/(110) peak splitting.

phase. The mitigation of LisWO, formation during synthesis
could be beneficial as such phases may leach lithium from
LiNiO,, leading to more rock-salt like, lithium deficient struc-
tures along the NiO-LiNiO, phase line, decreasing the practical
capacities. For all samples here, no further impurities (e.g.
Li,CO3, LiOH and Li,SO,) are detected in the XRD data.

Fig. 1(e) highlights the (006)/(102) and the (108)/(110) peak
doublets where the degree of splitting is an indication of the
degree of layering in the crystal structure of LiNiO,. These peaks
coincide in the rock-salt structure, but as the structure begins to
layer, they become increasingly separated.® Here, the degree of
splitting appears reduced by W-substitution across 1W-LNO,
2W-LNO and 1Mg1W-LNO compared to pristine LNO and Mg-
LNOs. This correlates well with the reported ability of W-
substitution to reduce the layered character of the structure in
favour of a more rock-salt like character®®® (although it is clear
from the XRD data here that this structure remains predomi-
nantly layered in character). Vacancies in the Li layer likely
promote a greater degree of off-stoichiometry in the samples
and encourage a shift towards more rock-salt (LiNi;_,O)
behaviour, reducing the layering in the structure. However,
upon coat-doping, improvements in peak splitting are seen here
for 1MgIW-LNO compared to 1W-LNO and 2W-LNO. As
observed previously, the appearance of the LisWO, impurity for
1W-LNO and 2W-LNO, and its absence in 1IMg1W-LNO, suggest
that the Mg-doping in W-LNOs can mitigate against the
formation of Li-W-0 species and help to preserve the Li content
in the active layered phase and preserve more of its layered
character.

To investigate the effect of Mg and W substitution on the
LiNiO, structure in more detail, Rietveld refinements were

39082 | J Mater. Chem. A, 2025, 13, 39077-39096

performed as shown in Fig. 2(a) for LNO and (b) for 1Mg1W-
LNO (Fig. S7(a) for 1Mg-LNO, (b) 2Mg-LNO, (c) 1W-LNO and
(d) 2W-LNO) with structural parameters for all summarised in
Table 1. Refinements undertaken assumed a hexagonal NaFeO,
layered structure with space group R3m where Li occupies the 3a
site, Ni occupies mainly the 3b site and oxygen occupies the 6¢
site. A LisWOg phase was added to the refinements for 2W-LNO
where the associated peaks are clearly distinguishable from the
background. A small amount of nickel was allowed to reside on
the 3a site (denoted herein as Nip;) to represent the off-
stoichiometry (Li; _,Ni;.,O,) where the total occupancy of the
3a site was equal to unity. Li occupancy in the Ni layer was not
considered as this is reported only to occur in LNO where the
off-stoichiometry is high (Niy; > 0.07).* For Mg and W con-
taining compositions, Mg was assumed to sit on the 3a site
and W was assumed to fit in the 3b site and their occupancies
were fixed at their theoretical value. Although W is predicted to
accumulate at particle surfaces, a study by Bianchini et al. found
that modelling the unit cell with W on 3b sites led to better
quality fits.>® Besides, at least some W incorporation into 3b
sites is not completely ruled out and as a bulk averaged probe,
XRD is unable to resolve the W distribution in the sample and
from the XRD patterns exhibited in Fig. 1, it is clear here that
the process of W-incorporation yields changes to the bulk LNO
structure.

Compared to the undoped LNO, all doped samples display
enlarged lattice parameters and thus enlarged unit cell
volumes. Lattice parameter changes upon Mg and W-addition
are compared in Fig. S8. Here, the laboratory X-ray measure-
ments are not able to resolve the Mg positions for such a low
doping level but its effect on the structural parameters can be

This journal is © The Royal Society of Chemistry 2025
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established. Upon addition of Mg®>" to LNO, the a-lattice
parameter is found to expand at 1 mol% Mg but shrink for 2
mol% Mg while the c-lattice parameter grows for both 1 mol%
and 2 mol% Mg, however not linearly. This behaviour is similar
to that reported by Bianchini et al®® The reasons for such
behaviour could lie in the distribution of Mg>* over the 3a site
(where it substitutes for Li) and the 3b site (where it substitutes
for Ni). Here, laboratory X-ray measurements are not able to
resolve the Mg positions and occupancies at low levels. For W-
containing samples, both a- and c-lattice parameters and thus
the unit cell volume increase in a linear fashion upon increa-
sing W addition, consistent with previous reports and expected
due to the larger ionic radius of W®" compared to Ni**. For coat-
doped 1Mg1W-LNO, only small changes compared to 1Mg-LNO
and 1W-LNO occur. A small increase in the a-lattice parameter
occurs from 1Mg-LNO to 1Mg1W-LNO accompanied by a minor
increase in the c-lattice parameter, attributed to the reduction of
Ni*" in the Ni layer and additional Ni*" in the interlayer as the
off-stoichiometry increases. Meanwhile, no change in the a-
lattice parameter is seen between 1W-LNO and 1Mg1W-LNO but
the c-parameter is increased, likely a result of the interlayer
spacing increasing on Mg-doping.

The c/a ratio, which is a commonly reported metric relating
to the degree of layering in transition metal layered oxides such
as LNO, is not greatly affected by Mg-substitution and slightly
lowered on W substitution. This is seemingly increased for
1Mg1W-LNO, suggesting that the presence of Mg in W-
containing compositions could aid in stabilising the layered
phase over the rock-salt phase, also consistent with the trends
observed in the (108)/(110) peak splitting behaviour observed in
the XRD patterns (Fig. 1(e)). These trends are also reflected in
the degrees of off-stoichiometry obtained, represented by the

amount of Ni** residing in the Li layer (Niy;) calculated from
refinements. In general, as more Ni occupies the 3a sites the
structure evolves from well-layered to one with more rock-salt
like character. Minimal change is found between LNO, 1Mg-
LNO and 2Mg-LNO where a small (<2%) fraction of Niy; is
calculated. A much larger degree of off-stoichiometry is found
for 1W-LNO (4.5%) and 2W-LNO (6.2%), consistent with
previous reports of W-doping into LNO.>”® For the coat-doped
sample, 1Mg1W-LNO, the off-stoichiometry is decreased
compared to IW-LNO to 3.7%, further establishing the ability of
dual-cation incorporation in reducing the extent of structural
change affected by W-addition and helping to preserve more of
the layered character of the LNO. While the total amount of
non-Li atoms in the Li layer (Mg;; + Niy;) is consistent across
1Mg1W-LNO (assuming here total incorporation of Mg into the
Li sites), IW-LNO and 2W-LNO, reducing the amount of Niy;
defects is beneficial for mitigating against the possible local
layer contractions reported from the reduction of Nij; during
charging (since the Mg oxidation state will stay constant).”* So
the benefits of dual substitution here are apparent in the
suppression of unwanted Ni;; defects. While singly-doped LNOs
have been shown here to behave in line with the literature, it
should be noted that the benefits of coat-doping with Mg and W
are shown to reverse, to some extent, the structural distortions
brought about by W-addition and help to preserve the well-
layered character of LiNiO,, which will likely impact the
electrochemical behaviour.

Dopant energetics

To support the structural characterisation of the cation
substituted samples, we calculated the formation energies of
relevant dopant-related defects under equilibrium conditions.

Table 1 Refined lattice parameters and degree of off-stoichiometry (Niy;) for LNO, 1IMg-LNO, 2Mg-LNO, 1W-LNO, 2W-LNO and 1MglW-LNO

calculated from Rietveld refinements

Sample a(A) c(A) v (&%) cla Nig; WR (%)
LNO 2.87741(4) 14.2039(3) 101.846(3) 4.936 0.016(1) 2.51
1Mg-LNO 2.87886(4) 14.2088(2) 101.983(3) 4.936 0.018(1) 2.53
2Mg-LNO 2.87837(4) 14.2094(3) 101.953(3) 4.937 0.014(1) 2.57
1W-LNO 2.87907(6) 14.2064(4) 101.981(5) 4.934 0.045(1) 2.16
2W-LNO 2.88076(7) 14.2096(5) 102.123(5) 4.933 0.062(1) 1.98
1Mg1W-LNO 2.87916(5) 14.2093(3) 102.009(4) 4.935 0.037(1) 1.96

This journal is © The Royal Society of Chemistry 2025
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Table 2 Chemical potential regimes at the vertices of the stability
regions for Mg-doped LNO and W-doped LNO. The labels correspond
to the labels given in Fig. 3

Mg-LNO Apuyi (eV) Apni (€V) Auo (eV) Apng (€V)
A —3.26 —2.93 0.00 —5.79

B —-3.04 —-3.15 0.00 —5.73

C —2.74 —2.85 —0.30 —5.43

D —2.66 —2.60 —0.47 —5.28

E —2.72 —2.39 —0.54 —5.25

F —2.66 —2.45 —0.54 —5.23
W-LNO Apy; (V) Apy; (eV) Apo (V) Apyy (eV)
A —3.26 —2.93 0.00 —9.79
B —3.04 —-3.15 0.00 —10.65
C —2.74 —2.85 —0.30 —10.35
D —2.66 —2.60 —0.47 —9.49
E —2.72 —2.39 —0.54 —9.52
F —2.66 —2.45 —0.54 —9.86

For Mg doping, the dopant species considered were Mgy, Mg,
and Mg;; for W doping, we included Wy;, Wy;, and W;. In both
cases, defect concentrations were calculated at the vertices of
the 4D chemical potential space that define the stability limits
of Mg- and W-doped LNO. This approach allows us to investi-
gate the bounds on the behaviour of the dopant species in LNO
and how they interact with the intrinsic defect chemistry. The
chemical potential stability limits for Mg and W doped LNO are
given in Table 2.

For Mg-LNO, the predicted defect concentrations at these
vertices and the interpolated paths between them are shown in
Fig. 3(a). Two features of the plot stand out: firstly, the
concentrations of the dopant defects are high relative to the
intrinsic defect concentrations, suggesting that Mg incorpo-
rates into the bulk of LNO easily under most synthesis regimes,
and secondly, that the preference for Mg substituting for Li and
Ni is dependent on the chemical potentials of the cations which
cannot be excluded as a potential contributor to the challenge of
assigning the site preference of Mg dopants alongside instru-
ment sensitivity. Repeating the same analysis for W-doped LNO
(Fig. 3(b)) shows a stark difference from Mg-LNO. Here, there is
a significant preference for Wy; relative to Wy; in contrast to Mg-
LNO where the preferred dopant site is dependent on the
chemical potential limit the concentrations are calculated at,
but also the concentrations of the Wy; dopant species are
significantly lower than most intrinsic defects. The concentra-
tions are on the order of the nickel vacancy, which has been
shown to be highly unstable in first principles studies.” From
a thermodynamic perspective, bulk incorporation of W into
layered LNO is unlikely. Any residual W content in the bulk of
the material is likely to be due to out-of-equilibrium or kinetic
effects; the system is likely to favour the segregation of W-rich
phases. Thus, while the SEM-EDS mapping (Fig. S5) shows Mg
and W distribution across the secondary particles, it is likely
that while the Mg is doped into the bulk, W is segregated to the
primary particle surfaces and grain boundaries (this scale is not
resolvable in the EDS image).
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Electrochemical behaviour

Electrochemical tests were performed to evaluate the influence
of Mg and W substitution on the cycling behaviour of LNO,
most importantly to determine whether dual Mg/W-addition
yields improved performance compared to singly doped
compositions. Fig. S9 shows the first cycle charge and discharge
profiles obtained for parent and cation substituted LNO
compositions cycled in coin half-cells between 3.0 and 4.3 V vs.
Li/Li* at a C/10 rate (where 1C = 220 mA g ') and at a constant
temperature of 25 °C. Key parameters for the first cycle for all
compositions are recorded in Table S1. Specific discharge
capacities are lower for doped samples compared to undoped
LNO as expected from the removal of active Li and/or Ni
resulting from cation substitution. The capacity loss associated
with W-containing samples is more severe than for those con-
taining only Mg. For example, from LNO to 1Mg-LNO and 2Mg-
LNO the discharge capacities fall from 216 to 208 and
206 mA h g™, respectively, indicating that there is only a small
loss of capacity stemming from Mg-doping and negligible
capacity loss upon increasing the Mg fraction from 1 mol% to
2 mol%. For W-containing samples, the discharge capacities fall
to 194, 184 and 193 mA h g™, respectively, for 1W-LNO, 2W-
LNO and 1Mg1W-LNO, demonstrating that an increasing
molar fraction of 1 mol% to 2 mol% induces a further drop in
capacity likely attributed to the increased off-stoichiometry and
the higher detected amount of electrochemically inactive
LigWO¢ phase. While the dual substituted 1Mg1W-LNO sample
does not exhibit a further capacity decrease compared to 1W-
LNO, there is no recovery in capacity as might be expected
from the smaller off-stoichiometry compared to 1W-LNO. While
the off-stoichiometry is relieved from 1W-LNO to 1Mg1W-LNO,
the overall number of non-Li cations in the Li layer is overall
unchanged when accounting for the Mg in the Li layer, which is
likely to affect the discharge capacities in the same way.

On discharge, larger irreversible capacity losses are exhibited
by all doped samples compared to the undoped LNO. Kinetic
hindrances associated with greater off-stoichiometry are
thought to govern first cycle losses in LNO.*> So it is no surprise
that all doped samples have higher irreversible capacities and
poorer coulombic efficiencies compared to the undoped LNO
material. However, if these capacity losses purely stem from
local layer contractions around oxidised Ni;; at high states of
charge,” this does not account for the larger irreversible
capacities (compared to undoped LNO) observed in the Mg-
doped LNOs. Instead, the revised mechanism for kinetic
hindrances in off-stoichiometric LNO reported by Sicolo et al.
explains the observed behaviour.* Here, positively charged Niy;
defects do not oxidise during charging but rather act as a sink
for Li vacancies, preventing Li reintercalation to these vacancies
under standard cycling conditions. For Mg-doped samples, the
positively charged Mgy; should act in the same manner and
induce Li vacancy (Vy;) trapping around it. Indeed, calculating
Mg;;-Vy; binding energies as compared to Nip;-Vi; binding
energies, Ep, according tow

_ gt ot £
Ey = EMLUVLI EVL; + EML;

This journal is © The Royal Society of Chemistry 2025
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defining stability boundaries explored in detail.

here M = Ni or Mg, the binding energy for the Mgy ;-V;; complex
is found to be —0.92 eV as compared to —0.36 eV for Nip;—Vy;,
suggesting that Mg®" is a stronger trap for lithium vacancies
than the Niy; defect. The binding energies were found to be
greatest when the lithium vacancy was in the next-nearest Li
position as opposed to the vacancy being adjacent to the
substitutional defect. The ability of any positively charged

This journal is © The Royal Society of Chemistry 2025

species in the Li layer to promote vacancy trapping and hinder
relithiation explains well the irreversible capacity loss seen here
across all doped compositions. Furthermore, from a geometric
perspective, the immobile nature of these non-Li cations
impedes Li diffusion by blocking potential migration pathways
and lowering the kinetics of the system.”
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Fig. 4 shows the voltage-capacity profiles and the corre-
sponding differential capacity (dQ/dV) plots for all LNO
compositions during the third cycle. Fig. 4(a) and (b) show the
effects on these for all Mg-containing samples while Fig. 4(c)
and (d) highlight the changes observed for W-containing
samples. Again, all substituted compositions exhibit lower
discharge capacities compared to the undoped LNO. It should
be noted that some compositions appear to have increased
capacity compared to the first cycle, however this is commonly
observed due to cathode conditioning processes that may occur.

39086 | J Mater. Chem. A, 2025, 13, 39077-39096

The more sloping nature of the doped compositions (Fig. 4(a)
and (c)) is clear. This is also reflected in the dQ/dV profiles in
Fig. 4(b) and (d). Upon Mg and W incorporation, the peaks
broaden, marking a shift from two-phase towards more solid-
solution like behaviour. Suppressing the two-phase behaviour
in favour of solid-solution behaviour is beneficial to the
electrochemical performance and cycling stability as it can
mitigate against pronounced volume changes at high states of
charge which are known to induce particle cracking.®® In
particular, the feature at 3.9 Vvs. Li/Li" in the monoclinic region

This journal is © The Royal Society of Chemistry 2025
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of the dQ/dV plots (magnified in each inset) corresponds to the
stable ordering of Li vacancies in Li,NiO, for x = 2/5 and is
sensitive to structural modifications such as doping.”” The Li
vacancy orderings are disrupted by foreign cations (Niy; and
Mgy,) in the Li layer and thus this feature is suppressed in the
substituted samples here. Similarly, the 3.5 V plateau on
discharge, which is observed if the discharge (relithiation)
kinetics are good, is also suppressed on substitution as a result
of the foreign cations. The fact that this feature is suppressed
even in Mg only containing samples (despite the similar Niy;
amounts between LNO, 1Mg-LNO and 2Mg-LNO) is a strong
indicator that Mg is present in the Li layer.

Further changes are clear in the H2 < H3 transition that
occurs between 4.1 and 4.2 V vs. Li/Li" where the peaks broaden
upon doping while also experiencing a shift to higher voltages.
Broadening the H2 < H3 peak can alleviate the severe and
abrupt nature of the phase transition and help to mitigate the
deleterious processes that originate from it, e.g. the anisotropic
lattice distortion leading to abrupt lattice collapse and particle
cracking. It is clear from the magnification of the H2 < H3
region in Fig. 4(b) and (d) that W-addition suppresses this phase
transition to a greater extent than Mg-addition, although all
doped samples show significant suppression of the H2 < H3
peak compared to the undoped LNO. Fig. 4(b) highlights greater
suppression for 1Mg1W-LNO than for 1Mg- and 2Mg-LNO,
while 4(d) demonstrates increasing suppression on subse-
quent W-addition (LNO to 1W-LNO to 2W-LNO) while 1Mg1W-
LNO is similar to 1W-LNO - suggesting that W-addition alters
the H2 < H3 transition characteristics more than Mg-addition
(although both alter the behaviour compared to undoped LNO).
The shift of the H2 < H3 peaks to higher voltages on doping
indicates a change in the thermodynamic potential of the
transition during charge and discharge and is consistent with
other reports of W and Mg containing LNQOs.>”3%%°

To assess the longer-term cycling behaviour of Mg and W
containing LNOs, after 5 conditioning cycles at C/10, the current
rate was increased to C/2. The specific capacities achieved
across all compositions across 100 cycles are demonstrated in
Fig. 4(e). Upon higher applied currents each composition
experiences a capacity drop of approximately 10 to 15 mAhg™"
in line with kinetic expectations when moving to higher current
values. After 100 cycles, undoped LNO, 2Mg-LNO and 1Mg1W-
LNO all deliver specific capacities close to 160 mA h g%
while 1W-LNO and 2W-LNO exhibit lower capacities close to
150 mA h g~'. However, by examining the normalised capacity
retention (normalised to the specific discharge capacity ach-
ieved during the first cycle at C/2, Fig. 4(f)) the benefits of dual-
substitution are clear. While pristine LNO retains approxi-
mately 77% of its initial capacity after 100 cycles, 1IMg1W-LNO
displays superior retention of 85% after 100 cycles. Although
the 2W-LNO sample achieved a similar normalised capacity
retention to 1IMg1W-LNO here after 100 cycles, the disparity in
specific capacity between these materials is evident. Overall,
when considering both specific capacity and normalised
capacity retention, the superior cycling behaviour of the
1Mg1W-LNO compared to the other compositions studied here
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becomes evident and the implications of the Mg/W coat-doping
strategy of LNO are promising.

However, despite the advantages of the dual-doped 1Mg1W-
LNO shown here, the W-containing materials take a larger hit
on capacity compared to the Mg only doped LNOs. The signif-
icant structural changes examined by PXRD (Fig. 1) and
refinement of the XRD data (Fig. 2, S7 and Table 1), including
the large calculated off-stoichiometries and the less layered
character, likely lead to the reduction in capacity observed. The
capacity drop observed on W-incorporation warrants improve-
ments to the W-containing compositions. While the PXRD data
presented here (above) yield information on the uncharged
state of the LNOs, probing the structural evolution of the W-
containing materials as a function of state of charge becomes
important in determining suitable improvement strategies
towards higher performance materials.

Ex situ XRD-CT analysis

Here we have employed the XRD-CT technique on the charged
electrodes of LNO, 1W-LNO and 1MgIW-LNO to spatially
resolve these structural changes and examine how divergent the
behaviour of W-containing LNOs becomes compared to the
parent material under delithiation. XRD-CT is a combination of
micro-focused XRD with computed tomography, with the final
images being a cross section of the sample, where the contrast
in the images arises from changes in the crystalline structure
(rather than density contrast as in conventional X-ray absorp-
tion computed tomography). Each pixel in the reconstructed
XRD-CT dataset has a unique XRD pattern containing crystal-
lographic information, which can be refined in a similar
manner to bulk powder XRD. Consequently, spatially resolved
structural parameters (lattice parameters, crystallite size etc.)
are obtained as a vertical cross-section through the cathode
layer. This technique has been previously demonstrated in
exploring the spatially resolved structural fatigue of Ni-rich
LiNij ¢C092Mn, ,0, cathode materials where areas of high
microstrain (identified as small particles and the surface of
larger particles) were shown to undergo the well-known layered
to spinel reconstruction.®®

The XRD-CT measurements were performed on electrodes
recovered from coin cells (see the Experimental), with each pixel
in the image representing an area of roughly 10 x 10 um? which
is on the order of the secondary particle diameter. Thus, reso-
lution on the secondary, but not primary particle level is ex-
pected. Only values extracted from the refinement of the R3m
structure are shown, thus the Al current collector is not visible
here. Each composition was charged up to an upper cut-off
voltage between 3.8 V and 4.7 V vs. Li/Li" at a slow C/20 rate to
promote uniformity of Li removal through more kinetically
favourable cycling conditions. The voltages chosen for analysis
aim to provide a view of the cathode in the H1 phase (open
circuit voltage, OCV) and the M phase (3.8 V), during the H2 —
H3 transition (4.2 V), above the transition (4.4 V) and at extreme
delithiation (4.7 V). Examining the evolution of the c lattice
parameter in LNO at increasing states of charge allows for
indirect monitoring of the homogeneity of the extent of
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Fig. 5 Heat map of the c-lattice parameters obtained for LNO, 1W-
LNO and IMg1W-LNO at OCV and chargedup to 3.8V, 4.2V, 4.4V and
47 V vs. Li/Li* from Rietveld refinements of each pixel acquired
through XRD-CT.

delithiation in the LNO compositions across the electrodes.
This is shown in Fig. 5 for undoped LNO, 1W-LNO and 1Mg1W-
LNO at the voltages stated above. All samples show a uniform
expansion of the ¢ lattice parameter across the area of exami-
nation up to 4.2 V, characterised by the deeper red colour
observed at 4.2 V as compared to OCV and 3.8 V. This initial
expansion in the ¢ direction is well known owing to the stronger
repulsion between adjacent oxygen slabs as lithium is initially
removed from the layer.” Above 4.2 V the data show that all
samples experience a c-axis contraction, visually represented
through a shift to green/cyan. This occurs to a greater extent in
undoped LNO compared to 1W-LNO and 1MglW-LNO,
demonstrating the substituents' ability to suppress the phase
transitions that induce structural instabilities (abrupt contrac-
tion of the c-axis during the H2 — H3 transition) that lead to
interparticle cracking. Importantly however, the c-lattice
parameter distribution is more spatially homogeneous in
undoped LNO compared to the doped samples (seen also in the
a-lattice parameter and the c/a ratio shown in Fig. S10(a) and
(b)) which display a spread of colours across the electrode cross-
section, representing a wider range of c-axis values within the
sample. This is indicative of non-uniform delithiation charac-
teristics across the doped cathodes. As the extent of delithiation
ultimately determines the capacity, this non-uniformity could
be the cause of the lower specific capacities observed across W-
containing LNOs (1W-LNO, 2W-LNO, 1Mg1W-LNO). That some
areas of the W-containing cathode powder respond differently
under charging (deviating from the behaviour of the undoped
LNO despite identical electrode and coin-cell fabrication
protocols) suggests that inhomogeneity exists across the
powder likely arising as a result of the synthetic protocol,
advocating for a revised synthetic route. Inhomogeneity of W
distribution is also observed in the particles, as examined on an
OCV 1MgIW-LNO electrode through X-ray fluorescence
computed tomography (XRF-CT) shown in Fig. S11. It is also
noted for undoped LNO charged up to 4.4 V (and persisting at
4.7 V), there exists a thin, distinct layer on the electrode surface
of higher c-axis value (not observed in the g-axis values, Fig.
S10(a)), indicative of a less oxidised, less delithiated surface®
with a smaller degree of c-axis collapse.
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W-containing LNOs synthesised with excess LiOH-H,0

The inhomogeneity of the structural evolution during delithia-
tion of W-containing LNOs compared to undoped LNO shown
in the ex situ XRD-CT investigation suggests the need to tweak
the synthesis of W-doped LNOs to improve their structural
properties, ideally translating to improved electrochemical
performances. To tackle the suggested lithium deficiency in the
W-containing compositions, a higher LiOH-H,O excess of
5 mol% was employed during synthesis (1 mol% was used
previously). Previous work by Geng et al. has demonstrated that
excess Li precursor added during synthesis for high W content
(4 mol%) LNO could help in providing the lithium necessary to
feed both Li,W, O, phases that accumulate at the grain bound-
aries and a well-layered bulk LNO phase.** Powder X-ray
diffraction was carried out on this newly obtained sample set
to determine if any changes in structure occurred upon this
subtle change to the synthetic procedure. Owing to the success
of the dual-substituted 1Mg1W-LNO shown prior, a 2Mg1W-
LNO sample was also prepared here to probe whether further
Mg-addition yielded further improvements. Fig. 6(a) shows the
PXRD patterns collected for LNO, 1W-LNO, 2W-LNO, 1Mg1W-
LNO and 2Mg1W-LNO where a 5 mol% LiOH-H,O excess was
used for each W-containing composition (the LNO displayed
here is the same LNO as discussed previously, synthesised with
1 mol% LiOH-H,0O excess and is shown here to represent
a baseline).

As before, the dominant peaks observed could be indexed to
the R3m LNO structure. For all W-containing compositions the
presence of LigWOg peaks is evident in the magnified impurity
region (19° = 26 = 35°) where these peaks are higher in
intensity for the 2W-LNO sample. In the previous 1Mg1W-LNO
sample, no impurity peaks were observed, indicating that add-
ing an excess of Li during the calcination can promote the
formation of Li,WO, phases. It is likely that the formation of
such lithium tungstates is favoured over W-incorporation into
the layered structure. While all W-containing samples exhibit
less peak splitting of the (108)/(110) compared to the baseline,
the undoped LNO here (magnified in Fig. $12), no discernible
differences in the (108)/(110) peak splitting are observed across
the W-containing series, indicating that the layered structure
formed is not vastly changed here as the dopant levels are
changed and as dual cation substitution is exploited - in
contrast to the changes that were observed in the previous
samples.

To examine the structures in more detail, Rietveld refine-
ments from the PXRD data were carried out in the same manner
as discussed for the first sample set. The refinement plots for
1W-LNO and 1Mg1W-LNO are shown in Fig. 6(b) and (c),
respectively, with the plots obtained from refinements of 2W-
LNO and 2Mg1W-LNO being shown in Fig. S13 with structural
parameters calculated from the refinements displayed in
Table 3. The values for undoped LNO here are the same as those
shown in Table 1 for the baseline LNO. As before, all doped
samples possess larger unit cell parameters and volumes
compared to the undoped LNO as expected for doped variants;
however, this occurs to a lesser extent than for previously

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a) Powder X-ray diffraction patterns obtained for LNO, 1W-LNO, 2W-LNO, IMglW-LNO and 2MglW-LNO with W-containing

compositions synthesised with 5 mol% excess LIOH-H,O. The inset highlights the 18 to 36° 26 impurity region. (b and c) Rietveld refinement plots
of IW-LNO and 1IMg1W-LNO showing the data (circles), fit (blue/orange coloured line), difference (turquoise line) and the Bragg position ticks for
R3m LiNiO; (red) and LigWOg (green). The insets show the primary particle morphologies obtained from SEM imaging.

Table 3 Refined lattice parameters and degree of off-stoichiometry (Ni;) for LNO, 1IW-LNO, 2W-LNO, IMglW-LNO and 2Mgl1W-LNO (with W-
containing compositions synthesised with 5 mol% excess LiOH-H,O) calculated from Rietveld refinements

Sample a(d) c(d) V(A% cla Nip; WR (%)
LNO 2.87741(4) 14.2039(3) 101.846(3) 4.936 0.016(1) 2.51
1W-LNO 2.87835(5) 14.2052(3) 101.922(4) 4.935 0.028(1) 2.14
2W-LNO 2.87947(4) 14.2098(1) 102.033(3) 4.935 0.028(1) 2.15
1Mg1W-LNO 2.87814(5) 14.2046(3) 101.902(4) 4.935 0.020(1) 2.15
2Mg1W-LNO 2.87847(5) 14.2095(3) 101.960(4) 4.936 0.014 (1) 2.17

observed doped samples (Table 1), indicating less deviation
away from the structural properties of undoped LNO when
using a greater Li precursor excess during synthesis. This
behaviour could indicate a more well-layered structure attained
through relieving the Li deficiency that can occur on formation
of Li,W,0, phases. The structural changes brought about by
this extra Li during synthesis are perhaps most clear through
the Ni;; values obtained from the refinements. While an
increase in Niy; is observed for the 1W-LNO here at 2.8% this is
much lower than the previous value of 4.5% obtained for 1W-
LNO in the previous sample set and it is likely that the addi-
tional Li helps to mitigate against Ni migration into the Li layer.
This is similarly observed for the 2W-LNO sample here
compared to the previous 2W-LNO sample (1 mol% excess
LiOH-H,O during synthesis); however, here, there is no
increase in the Ni;; value on doubling the W-content from 1W-
LNO to 2W-LNO despite increasing lattice parameters. The
slightly enlarged c-parameter in the absence of additional Ni;
defects could be caused by a slight Li deficiency in the Li layer

This journal is © The Royal Society of Chemistry 2025

that does not promote further off-stoichiometry. The structural
changes could originate from the removal of Li from the layered
structure to accommodate the LisWO, phase - so, a more Li
deficient layered phase for 2W-LNO compared to 1W-LNO
which does not cause a detectable change in the off-
stoichiometry. Consistent with the results demonstrated for
the previous Mg/W-doped sample set, the coat-doping is shown
to reduce the off-stoichiometry from 2.8% to 2.0%, further
confirming the ability of the Mg-dopant to mitigate against Ni
migration in high-valence doped LNO compositions. Doubling
the Mg-content in the coat-doped samples further demonstrates
this, where for 2Mg1W-LNO the Ni;; quantity was calculated to
be 1.4% from the refinement, which brings this value in line
with that calculated for undoped LNO (although the total
amount of non-Li atoms in the Li layer will be larger after
accounting for Mgy;).

Electrochemical tests were conducted to examine two
outcomes: (i) whether the improved structural properties of W-
containing LNOs translated to improved electrochemical
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(a) First and (b) second cycle charge—discharge profiles, (c) second cycle differential capacity (dQ/dV) plots, (d) expanded view of the 4.1 to

4.3V vs. Li/Li* dQ/dV region encompassing the H2 to H3 transition and comparison of (e) specific discharge capacity stability and (f) normalised
discharge capacity retention for LNO, IW-LNO, 2W-LNO, 1IMg1W-LNO and 2Mg1W-LNO from galvanostatic cycling of half-coin cells between

3.0 and 4.3 V vs. Li/Li* at 25 °C.

properties and (ii) to examine whether the enhanced stability
imparted through Mg/W coat-doping was consistent across
both sample sets. A clear increase in initial capacity for 1IW-LNO
is afforded when a greater LiOH - H,O excess is employed during
the synthesis shown in Fig. S14, demonstrating the advantage of
this in W-containing LNOs. Fig. 7(a) shows the first cycle
voltage-capacity profiles for LNO, 1W-LNO, 2W-LNO, 1Mg1W-
LNO and 2Mg1W-LNO cycled between 3.0 and 4.3 V at
a current rate of C/20 (where 1C = 220 mA g~ ') at 25 °C, with
Table S2 summarising the first cycle characteristics. Upon
charging, LNO and doped compositions containing 1 mol% W

39090 | J Mater. Chem. A, 2025, 13, 39077-39096

reach similar capacities in the region of ~260 mA h g%
however, that of 2W-LNO is reduced to ~240 mA h g .
Although the quantity of Niy; defects in 1W-LNO and 2W-LNO
was calculated to be the same, we cannot infer the Li content in
the samples from the Ni;; concentration due to the poor visi-
bility of Li to X-rays which renders refinements of Li contents
non-sensical. While they share a common off-stoichiometry,
there is a clear enlargement of the unit cell parameters and
cell volume for 2W-LNO compared to 1W-LNO (Table 3),
suggestive of a Li deficiency in 2W-LNO. A combination of
excess Li,W, 0, phases and a Li deficiency in 2W-LNO is likely to

This journal is © The Royal Society of Chemistry 2025
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account for the reduced capacity for 2W-LNO. Interestingly,
however, Hua et al. explored how surface Li" vacancies could
improve the electrochemical properties in Li-rich layered oxide
cathode materials, where creating a shell with Li" vacancies was
shown to drastically improve the first cycle coulombic efficien-
cies and the resulting cycle life through improving the bulk
phase activity and redox kinetics.'® Here, while suggested Li"
deficiencies can lower the specific capacities of LNO, the effect
on capacity stabilisation is clear. On discharge, poorer first cycle
coulombic efficiencies/larger irreversible capacity losses are
exhibited by all doped samples compared to the undoped LNO
as observed in the first sample set. However, for all samples
here, the discharge plateau at 3.5 V, indicative of good lithiation
kinetics, is not suppressed in any W-containing samples, likely
due to the improved off-stoichiometries afforded by the altered
synthesis route.

Fig. 7(b) shows the voltage profiles during the 2™ cycle in
coin half-cells where all materials now exhibit discharge
capacities >200 mA h g~ with the trend LNO > 1W-LNO >
2Mg1W-LNO > 2W-LNO = 1Mg1W-LNO. The capacity penalty
associated with the first cycle irreversible capacity loss deter-
mines this trend with the doped materials all displaying lower
capacities compared to the undoped LNO as observed before.
Higher initial specific capacities are obtained when doubling
the Mg content from 1 mol% to 2 mol% here between 1Mg1W-
LNO and 2Mg1W-LNO and higher overall specific capacities are
achieved when increasing the LiOH-H,O excess during
synthesis from 1 mol% to 5 mol% for W-containing LNOs
attributed to the decrease in off-stoichiometry in the samples.

The differential capacity (dQ/dV) profiles for the 2™ cycle are
shown in Fig. 7(c) where the LNO phase transitions during de/
lithiation are observed for all samples. As before, on dopant
incorporation, the peaks become less intense and broader as
the phase transition behaviour becomes more solid-solution
like. The minimum at ~3.9 V vs. Li/Li" associated with the
stable lithium/vacancy ordering at x = 2/5 (in Li,NiO,) also
disappears here for all doped materials, mirroring the behav-
iour displayed for the doped LNO samples discussed above. The
H2 < H3 transition (Fig. 7(d)) also mirrors the previous
samples’ behaviour where the peak associated with the transi-
tion becomes broader, in agreement with expectations. Within
this sample set, the suppression in both coat-doped samples
(IMg1W-LNO and 2Mg1W-LNO) lies between that of 1W-LNO
and 2W-LNO, indicating that in these compositions W addi-
tion has more of a suppressive effect on the transition than Mg.
While suppression generally leads to more stable cycling in
these materials and is seen as a favourable outcome, it is often
at the expense of capacity and a middle-ground must be sought.
To assess the longer-term cycling behaviour of these doped
LNOs, after two formation cycles at C/20, the current rate was
increased to C/3 and the performance was assessed over 100
cycles. The specific capacities of LNO, 1W-LNO, 2W-LNO,
1Mg1W-LNO and 2Mg1W-LNO are shown in Fig. 7(e) with the
normalised capacity retention in 7(f). Upon increase of current
density, the capacity for each composition drops between 10
and 15 mA h g~ ". After 100 cycles, the capacity delivered by the
dual-doped 1Mg1W-LNO (170 mA h g ") is higher than that of
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undoped LNO (152 mA h g™ ) and the other doped composi-
tions (165 and 161 mA h g ' for 1W-LNO and 2W-LNO,
respectively). When normalised, the enhancement provided to
the capacity retention by the coat-doping is even more clear.
After 100 cycles, 1IMg1W-LNO retained 91% of its starting
capacity (at C/3) compared to 74% for undoped LNO and 84 and
88% for 1W-LNO and 2W-LNO, respectively. As before (under
initial synthesis conditions employing 1 mol% of LiOH-H,O
precursor), the coat-doped sample 1Mg1W-LNO exhibits
improved cycling stability.

Three-electrode cell performance

The cell performance of LNO and 1Mg1W-LNO was further
assessed in 3-electrode (3E) cells with LNO, graphite and
lithium metal as the active, counter and reference electrodes,
respectively. The 3E format (Fig. S15) allows tracking of the
individual cathode and anode electrochemical behaviour
during cycling. Use of a graphite anode in this set-up also allows
the system to operate as a full cell compared to the half-cell
behaviour shown earlier. Full cells further allow the cycling
performance to be evaluated under more realistic conditions,
e.g. without the large excess of lithium provided by thick
metallic anodes and at higher cathode mass loading levels
closer to those used in larger cell formats. Here, we employ
a mass loading roughly 3 times greater than for half-cells (see
the Experimental). The voltage-capacity data for LNO and
1Mg1W-LNO during the first and second cycles at C/20 is shown
in Fig. 8(a) and (b). Similar to the half-cell data, undoped LNO
delivers higher initial specific capacity (~225 mA h g7') as
compared to IMg1W-LNO (~200 mA h g~*). While there is no
improvement in the first cycle coulombic efficiency for LNO
between half- (Table S2) and full-cell configurations where
~88% CE is observed, there is an improvement seen for
1Mg1W-LNO from approximately 78% to 85%. One key differ-
ence in electrode production here is also the use of calendering
in the higher mass loading electrodes. Calendering likely
improves the electrode kinetics of the doped system at C/20 as
compared to the uncalendered electrode, where Kkinetic
hindrances have been demonstrated to induce larger first cycle
capacity loss as previously described.”” Already sufficient
kinetics in the undoped LNO likely preclude an observable
difference for this composition. The long-term cycling perfor-
mance was also evaluated in this cell format, with the specific
and normalised capacity retentions over 200 cycles shown in
Fig. 8(c) and (d). For the cycling tests here, two conditions were
tested at the top of charge: constant current (CC) charging with
and without a constant voltage (CV) step. When implementing
a CC-only charging protocol, both LNO and 1Mgl1W-LNO
display lowered discharge capacities at C/3. While 1Mg1W-
LNO (CC only) here displays capacities  of
~145mAh g™, it is extremely stable across 200 cycles with close
to 100% capacity retention, while LNO retains only 60% of its
initial C/3 capacity. Application of a CV step at the top of charge
was shown to promote higher capacities and aggravated
capacity fade across both samples as compared to cells with no
CV step. This interplay between capacity and stability invokes

lower
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the critical issue with layered oxide materials, where greater
extents of delithiation (enabled through the CV step here)
aggravate physicochemical phenomena leading to material
degradation and performance fade.”* However, after 200 cycles,
it can be clearly seen that 1Mg1W-LNO outperforms undoped
LNO in terms of both specific and normalised capacity reten-
tion, under both charging protocols implemented here.
Furthermore, while LNO (CC only) and 1Mg1W-LNO (CCCV)

39092 | J Mater. Chem. A, 2025, 13, 39077-39096

initially deliver similar C/3 capacities between ~173 and
178 mA h g%, the coat-doped sample displays significantly
more stable performance after 200 cycles, indicative of the
stabilising role that the dopants play in these systems with
similar starting capacities. The diagnostic cycles, performed
every 100 cycles, also demonstrate the ability to recover
a significantly higher proportion of the C/20 capacity in the

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta05316a

Open Access Article. Published on 16 October 2025. Downloaded on 4/5/2026 5:17:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1Mg1W-LNO samples and may reflect lower Li inventory loss for
the doped systems.

For the 3E cells cycled with a CCCV charging protocol above,
electrochemical impedance spectroscopy (EIS) was performed
to evaluate the evolution of the cell impedances over long term
cycling across parent LNO and coat-doped 1Mgl1W-LNO,
yielding insights into surface degradation. The Nyquist plots
generated using 200 cycles of EIS data obtained from the
cathode component of the 3E cell for LNO and 1Mg1W-LNO are
shown in Fig. 8(e). The Nyquist plots generated using the full
EIS data (cathode, anode and full cell) after formation, after 100
cycles and after 200 cycles are shown in Fig. S16, where the
majority of the cell impedance contribution comes from the
cathode during aging. After formation (Fig. S16(a) and (d)),
a lower frequency semicircle attributed to the charge transfer
resistance dominates, followed by a Warburg type impedance
tail. Here, the 1Mg1W-LNO cathode exhibits an initial higher
charge-transfer resistance compared to the parent LNO, likely
from the hindered kinetics caused through cation substitution.
However, after 100 (Fig. S16(b), (c), (e) and (f)) and 200 cycles,
the charge transfer resistance for the parent LNO increases
significantly while that of the 1Mg1W-LNO sample undergoes
a much smaller growth. The improved surface impedance
characteristics on coat-doping signified decreased surface
degradation leading to the increased capacity retention
observed consistently across long-term cycling. The cross-
sectional SEM images of LNO and 1MgIW-LNO electrodes
harvested from 3E cells after 200 cycles (CC only charging) are
shown in Fig. 8(f) and (g), respectively. Significant particle
pulverisation is seen across many secondary particles across the
LNO electrode, arising from repeated microcracks originating
during cycling. In contrast, no significant particle pulverisation
is observed across the 1MglW-LNO electrode. Microcrack
suppression here is likely caused by the smoother phase tran-
sition behaviour associated with the doped LNO materials. The
altered primary particle morphology also plays a role, where the
smaller, more rod-like particles are able to more effectively
dissipate internal strains arising from the anisotropic lattice
distortions.*® Relieving particle microcracking and pulverisa-
tion through this doping method thus minimises the prolifer-
ation of fresh surfaces vulnerable to electrolyte attack and
reduces the extent of surface degradation, reflected across the
improved cycling stability and impedance results reported here.

Conclusions

In this work a dual cation substituted Mg/W-LiNiO, cathode
was synthesised to evaluate the effectiveness of employing
a dual coating-doping strategy in stabilising the electrochemical
stability of polycrystalline LiNiO,-based cathode active mate-
rials. The success of this was observed with the 1Mg1W-LNO
composition delivering improved cycling stabilities compared
to unmodified and single-substituted samples, retaining 85% of
its specific capacity after 100 cycles in half-cells. However, W-
containing LNO cathodes here generally displayed lower
specific capacities, attributed to higher off-stoichiometries
occurring on W incorporation - up to 4.5 and 6.2% for 1W-

This journal is © The Royal Society of Chemistry 2025
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LNO and 2W-LNO, respectively. XRD-CT measurements on ex
situ cathodes at different states of charge revealed inhomoge-
neity in the structural transformations for W-containing
samples (both single and coat-doped LNO) during delithia-
tion, prompting a review of the synthetic procedure. By
increasing the molar excess of the LiOH-H,O precursor used
during calcination from 1 to 5%, W-containing LNOs exhibiting
greater layered character and reduced off-stoichiometries were
produced, leading to higher initial specific capacities, with all
displaying enhanced stability compared to undoped LNO. In
particular, 1IMg1W-LNO prepared through this adapted route
retained 91% of its initial capacity after 100 cycles, showing the
highest stability enhancement across the compositional series
presented here. Further studies in full-cells confirm the stabil-
ising nature of the coat-doping strategy across higher mass
loading electrode specifications and cell formats. The improved
stability of this coat-doped LiNiO, highlights the advantages of
targeted compositional tuning of ultra-Ni-rich cathode
materials.
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