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Flash Synthesis of High-Performance Sub-Micron
Low-Disorder LiNi,Co,Al,O, Cathode Single Crystals

Thomas E. Ashton,* Shutao Wang, Michael . Johnson, Callum Chisnall,
Matthew G. Tucker, Helen Playford, Alexander J. E. Rettie, Jiacheng Wang, Yang Xu,

and Jawwad A. Darr*

A rapid solid-state flash heat and quench (FHQ) synthesis approach has been
used to facilitate the rapid formation of layered NCA Li-ion cathodes with low
structural defects. LiNi,Co,Al,O, (NCA) materials prepared by FHQ reveal
impressive gravimetric capacity at C/10 and 10C discharge rates (195 and

150 mAh g, respectively) after a few minutes of heating a co-precipitate mixture
with LiOH, providing >95% reduction in energy needed for heat-treatment
versus conventional solid state synthesis routes. Combined X-ray diffraction,
neutron scattering with pair-distribution-function analysis, and X-ray absorption
spectroscopy for a range of heat-treated samples are used to identify the point at
which Ni?"—Li" antisite defects are minimized in these materials, which is

critical to their electrochemical performance.

1. Introduction

To support and enable emerging electronic technologies, ever
more challenging energy density and performance demands are
required of electrical energy storage devices. Layered Li-ion catho-
des based on LiCoO, (LCO) have currently set the commercial
benchmark for high power. This has led to the development of
high-nickel cathodes (typically > 80at% Ni), due to the demand
for increased energy density, lower materials cost, and ethical
issues surrounding cobalt mining.!"! Incorporating Ni into the lay-
ered R3m structure leads to higher capacities (200 mAh g~*) and
relatively higher voltages (>4 V), especially in LiNiO,.”) However,

elevated Ni content can lead to structural
instability and rapid degradation through
cation mixing of Li and Ni, low thermal sta-
bility, surface reactivity, and oxygen evolu-
tion.*! To alleviate these issues, supporting
elements such as Mn in LiNi,Mn,Co,0,
(NMC) and LiNi,Co,AlL,O, (NCA) have been
incorporated. However, NCA and NMC are
prone to paired antisite (PAS) defects that
form during synthesis, which hamper elec-
trode kinetics and structural stability.

In the a-NaFeO, structure, mobile Li
layers are sandwiched between MOg slabs
(M=Ni, Co, Al), and segregation of these
two layers ensures good ionic mobility.
However, PAS defects can occur by concur-
rent swapping of Ni and Li atoms in their respective sites. This is
reportedly enabled by the similar ionic radii of Ni*™ (0.69 A) and Li™
(0.76 A) compared to other available elements (Co’* .5 = 0.61 A,
APP"=0.535A), facilitated by disproportionation of Ni*" in
Jahn-Teller distorted of LiNiO, species, leading to a relatively
low formation energy of Ni?" antisite defects.™ In contrast, recent
structural studies have suggested this cannot be the case as the for-
mation energy is composition-dependent.”! Regardless, the pres-
ence of large amounts of PAS defects has previously shown to
contribute to: i) lower Li diffusion rates, limiting performance espe-
cially at charge/discharge rates in a battery cell; ii) lower structural
stability by seeding the formation of the electrochemically inert
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rock-salt phase, especially at the material’s surface, hampering lith-
ium removal and insertion.® As a result, different approaches have
been explored to minimize PAS defects during synthesis:
i) optimization of stoichiometry,”! ii) inclusion of dopants,’® and
iii) thermal annealing.

Generally, reducing the availability of Ni in NMC cathodes
tends to reduce the concentration of PAS defects due to a shift
in the Ni**5, = Ni*"5, equilibrium; however, this also reduces
the energy density.”) However, computational studies on iso-
structural LiNi,Mn,Co,0O, found that replacing Ni with Mn*t
increases the concentration of PAS defects.”! Therefore, in
NCA (and other nickel-rich cathodes), the metal content is typi-
cally >80% Ni.

Controlling the time and temperature (i.e., the thermodynam-
ics) of any solid-state lithiation synthesis is the simplest way of
minimizing PAS defects. Typically, synthesis of NCA and its ana-
logs is carried out at elevated temperatures (>800 °C) in the time
range 6-12h, with slow ramp rates (~5°Cmin~"), and some-
times requiring multiple steps.'” Conventional theory dictates
that PAS defects can be ‘ironed out’ after extended heat-
treatment durations, allowing elements to diffuse and locate sites
to form a low-defect structure. However, recent work carried out
on LiNiO, cathodes has shown heat-treatment times can be
shortened to a total time of ~3.6 h by using an intimately mixed
coprecipitate precursor to minimize diffusion distances, and
accelerate structural consolidation and PAS defect minimiza-
tion."" As heat-treatment is still the most energy-intensive step
of current NCA syntheses, these timescales need to be reduced to
lower manufacturing costs for industry and also to help acceler-
ate materials discovery research.

Recent studies have suggested that other approaches to heat-
treatment can indeed provide routes to phase pure materials at
extremely low timescales (in as little as 1.5 s), such as rapid resis-
tive joule heating methods, which also report improved electro-
chemical performance."*** However, as these routes rely on
resistive heating, thermal transfer is critically limited at larger
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sample volumes. Herein, we describe a rapid bottom-up solid-
state route to low PAS defect NCA single crystals using a scalable,
convection-based flash heat and Quench (FHQ) methodology.

2. Results and Discussion

The obtained powders were brown in color after co-precipitation,
changing to black free-flowing powders after mixing with LiOH,
FHQ, and subsequent gentle hand grinding.

2.1. High-Throughput Materials Optimization of FHQ-NCA

Powder X-ray diffraction (PXRD) patterns were collected for all
100 FHQ-NCA samples, with an R3m structure typical of NCA
identified in all cases (Figure 1a). The I(o03)/I104) (peak) ratio,
which has previously been used to qualitatively estimate the
extent of Li*;a/Ni“m antisite mixing, was calculated for each
sample (Figure 1b)."” Literature reports concerning the I3/
Ino4) ratio suggest that a value of close to 1.2 for similar high
Ni content structures (e.g., NMCs) is an indication of a well-
crystallized R3m structure with minimal defects. Therefore,
there is a strong correlation with reduced defects and excellent
electrochemical performance.™®

Under the FHQ conditions explored, the Iigo3)/I(104) ratio
from PXRD peak data was largest in the heat-treatment time
range 2-40 min and the temperature range 825-900 °C. The
maximum Iipo3)/I104) ratio of 1.07 (suggesting low structural
defects) was found to be for the sample heat-treated at 850 °C
for 10 min (sample NCA_850_10), which was a significantly
short time compared to the battery cathode synthesis literature.
Moving away from these optimized conditions resulted in lower
I003)/In04) ratio values, suggesting an increasingly defective
structure. At lower temperatures and shorter heat-treatment
times, a lower I(go3)/I(104) Tatio was likely due to the formation
of defects from insufficient energy to properly crystallize the
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Figure 1. a) PXRD pattern showing a single-phase structure typical of NCA compared to a reference sample (inorganic crystal structure database coll.
code: 257 247). b) Interpolated heat map of the /(003 //(104) peak intensity ratio estimated from PXRD with respect to heat-treatment time and temperature
for 100 FHQ-NCA samples. The linear interpolation is estimated from the observed values (black dots) and provided as a guide to the eye.

Adv. Energy Sustainability Res. 2025, 2500149 2500149 (2 of'l1)

© 2025 The Author(s). Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH

85UB017 SUOWLLOD BATER1D) 3|qedldde au Aq peusenob ae ssjoie YO ‘8sn Jo S9Nl 1o} AxeiqiT8uluO A1 UO (SUO|puoo-pue-Swsl LoD A8 | imAReIq1 U UO//SA1Y) SUORIPUOD PUe swis | 841 88S *[G202/60/62] Uo Ariqiauliuo A8|IM ‘90us|pox3 810 PUe UifeaH Jojainisul feuoleN ‘3OIN Aq 671005202 S38/200T 0T/I0p/W00" A8 | 1M Atelq 1 pul U0 peoureApe// Sy Woiy papeo|umoq ‘0 ‘ZT66692


http://www.advancedsciencenews.com
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

structure. At higher temperatures and longer FHQ times, the
lower I(o03)/I(104) Tatios were thought to arise from defects due
to crystals sintering or Li volatilization [the latter would result in
a Li deficiency and vacancies (vy;) in the final structure].
However, preceding studies have shown that increasing vy;
in analogous R3m LiMO, structures leads to an increase in
the I003)/I(104) ratio.l!”) Therefore, the decrease in the 003/
I104) Tatio with increasing temperature and/or time appears
unprecedented: prevailing literature on LiMO, has suggested
that defects can be minimized by increasing heat-treatment
duration or temperature.'® To explore this further, long-
duration control experiments were carried out on the same pre-
cursors for 12 h at 800 and 850 °C (sample LD-NCA_800 and
LD-NCA_850, respectively), giving Io3)/l(104) ratios of 1.02
and 0.92, respectively. Thus, the observed narrow “window
of opportunity” where there is a maximum I(go3)/I(104) ratio
has been facilitated by the FHQ method that allows rapid
quenching when the sample is removed from the hot furnace,
effectively “locking in” the structure or state of the material at
that point.
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2.2. Electrochemical Characterization

To establish structure property relationships of the FHQ-NCA
cathodes, all the samples heat-treated at 850, 875, and 900 °C
were prepared and tested as Li-ion half cells by galvanostatic
cycling with potential limitation (GCPL). GCPL was carried
out from 2.7 to 4.3V at increasing charge and discharge rates
of C/10, C/5, 1C, 5C, and 10C (1C=190mAg ). Figure 2
shows a heat-map with linear interpolation for the gravimetric
discharge capacity (Qpischarge) Observed during GCPL at C/10
(Figure 2a), 1C (Figure 2b), and 10C (Figure 2c). Qpischarge 10W-
ered with increasing charge/discharge rate for all samples due to
the kinetic limitations of charge transport. Increasing tempera-
ture or decreasing time of the synthesis typically led to a decrease
in Qpischarges With the trend becoming clearer with increasing
C-rate. FHQ-NCA samples prepared at 850°C for 8min
(NCA_850_8) and 10 min (NCA_850_10) gave the highest gravi-
metric capacities at all C-rates, e.g., for sample (NCA_850_8), the
capacity values were 196, 174, and 123 mAh g~ " at C/10, 1C, and
10C, respectively. Similarly, for sample (NCA_850_10) where the
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Figure 2. Interpolated heat map of gravimetric capacity for FHQ-NCA versus heat treatment time and temperature, carried out cycling rates of a) C10,
b) 1C, and c) 10C. The linear interpolation is estimated from the observed values (black dots) and provided as a guide to the eye. d) Average discharge
capacity observed for the NCA samples prepared at 850 °C for 8 and 10 min versus commercial Targray NCA (NCA-CP) and commercial cathode sheet

(NCA-CS).
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capacity values were 192, 174, and 128 mAh gf1 at C/10, 1C, and
10C, respectively.

A summary of these capacities is shown in Figure 2d and com-
pares favorably with identical tests carried out on NCA commer-
cial powders (NCA-CP), where the capacity values were 187, 167,
and 110mAhg™" at C/10, 1C, and 10C, respectively. Pre-
prepared commercial sheets (NCA-CS) revealed capacity values
of 173, 151, and 103 mAh g_1 at C/10, 1C, and 10C, respectively.
Cycling data for all commercial NCA samples are given in
Supporting Information Figure S1. Most notably, the high-rate
performance of FHQ-NCA at 10C has superior performance
to comparable commercial NCA.

To assess the stability of the best cathode materials, long-term
electrochemical cycling was carried out (850 °C for 8 and 10 min
samples). Figure 3a shows the gravimetric capacity over 100
cycles at 1C (0.19 A g1). While both samples showed similar ini-
tial capacities of 195 mAh g™* (8 min sample) and 197 mAh g™*
(10 min sample), the 8 min FHQ-NCA sample showed a better
capacity retention (84%) compared to the 10 min sample (79%).
Figure 3a also shows the gravimetric capacities for these samples
over 150 cycles at 10C (1.9 A g '). Again, both showed similar
initial capacities of 126 and 132mAh g~ (sample NCA_850_8
and NCA_850_10, respectively) and similar capacity retentions
(67% and 64%, respectively).

Cycling profiles (Figure 3b) were used to further investigate
FHQ-TNCA at 1C, showing a typical discharge profile for NCA
with an average operating voltage around 3.75 V. Although there
is an apparent capacity loss over 100 cycles, the general redox
behavior is preserved. However, a sequentially larger drop in
potential is observed with increased cycle number. Additionally,
a simultaneous loss of distinct plateaus for individual Ni and
Co redox is observed after 10 cycles.

2.3. Structural Study of FHQ-NCA

To investigate the structural evolution of defects with increasing
heat-treatment duration, neutron powder diffraction (NPD) was
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carried out on samples prepared at 800°C for 4, 6, 8, 10, and
12min. Figure 4a shows the Rietveld refinement fits to the
time-of-flight data; a reasonable fit was obtained for all samples
using three phases: i) an R3m structured layered NCA phase
(R3m'), ii) a second R3m phase (R3m"), and iii) an Li,CO; impurity
phase. For both R3m phases, a (Li;_sNis)3p(Li,Niy_,C0,AL)3,0,
model was employed to account for Lit-Ni** cationic disorder
(6) similar to the author’s previous work on analogous struc-
tures.'”) A summary of the values obtained from the Rietveld
refinement is given in Table S1, Supporting Information.

The R3m’ phase was found to be significantly more abundant
(>75%, Figure 4b) and less disordered (Figure 4c) than R3m" in
all samples. As heat-treatment time was increased, the amount of
R3m/’ also increased with the concurrent consumption of R3m”
and the LiOH source (manifested as a diminishing Li,CO; frac-
tion). This suggested a direct relationship between defect concen-
tration and Li incorporation. Interestingly, although a continual
reduction in the average defect concentration was observed, a
sharp minimum at 8 min (§ = 2.7%) was revealed in the material
along with the best capacity retention (NCA_850_8), in good
agreement with the initial PXRD screening data.

To further elucidate structural relationships, neutron pair-
distribution-function (N-PDF) analysis was carried out on the five
NCA samples heat-treated at 850°C in the time range 4 to
12 min. The N-PDF transforms (Figure 5a) showed a good fit
to the (Li;_sNis)sp(Li,Nix_,CoyAl,)3,0, model applied. Figure 5b
shows the extracted occupancy values for each element contrib-
uting to the PAS defects (Ni3, and Lis,). Although the magnitude
of the occupancies is lower, and Ni**-Li™ mixing is nonstoichio-
metric with Lis, values consistently lower than Nisy,, the Nijy, and
Liz, occupancies from N-DPF follow a broadly similar trend to
the weighted average defects from NPD, with minimization at
8min for Nis, (x2.55%) and 10 min for Li;, (~0.65%). This
may suggest that the minimization of Nij}, defects in NCA is
more critical to electrochemical performance than Lis,, but fur-
ther work would be needed to clarify this.
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Figure 3. a) Long-duration GCPL for the lead FHQ-NCA carried out at charge/discharge rates of 1C (0.19 Ag™") and 10C (1.9Ag™"). b) Cycling profiles at

1C for NCA prepared at 850 °C for 8 min.
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cation disorder (8) estimated from Rietveld refinement. The average & values are weighted against the phase %.

(a) e Observed — Calculated — Residual

E T T T T T T T T T T r |

Y 12 mi

W 10 mi

8 min

L 6 min
i L L 1 1 | 1 1
150 £ T T T T T T T T T T
0.0 L 4 min
150, 5 10 15 20 25 30

r(A)

Figure 5. a) N-PDF data for NCA heat-treated at 850 °C for 4 to 12 min. b

2.4. Electronic Properties of FHQ-NCA Cathode Materials

To better understand the location of the two discrete R3m phases
identified by NPD, bulk and surface electronic properties were
investigated using X-ray absorption spectroscopy (XAS) and X-
ray Photoelectron Spectroscopy (XPS), respectively. XAS was per-
formed on five FHQ-NCA samples to assess any changes in: (i)
oxidation state changes from the X-ray absorption near-edge
structure (XANES), and (ii) local structure changes from the
Extended X-ray absorption fine structure (EXAFS). The Co-K
edge (Figure 6a) and Ni-K edge (Figure 6b) XANES spectra
for each of the samples heat-treated for 4 to 12 min. A weak pre-
edge feature is observed in all cases (centered on ~7711eV for
Co and ~8320 eV for Ni) arising from the dipole allowed transi-
tion of a core 1s electron to an asymmetric 3 d electronic state,

Adv. Energy Sustainability Res. 2025, 2500149 2500149 (5 of 1)
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suggesting the departure of the metal atoms’ environment from
a perfect octahedral state (tetrahedralization). For Ni, this is
reportedly caused by hybridization of Ni 4p electrons with the
nearest O 2p electrons, and attributed to Ni*™ occupying a Li site
in good agreement with the structural observations.!"” The rising
edge (1s to np transitions) in the range ~8341 to 8352 eV was
indicative of the oxidation state. For all samples, there was no
significant change in the oxidation state, confirming the low con-
centration of Ni*™ within each sample. Previous combined exper-
imental and computational XANES studies have also shown that
the stepped profile in the Ni-K XANES rising edge arose from a
>50% Li occupancy.™”!

The EXAFS spectra collected for the five FHQ-NCA samples
(Figure 6¢,d) showed similar relationships: two primary features
at ~1.5 and 2.5 A corresponded to the first shell metal-oxygen
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Figure 6. XANES spectra for a) Co K-edge and b) Ni K-edge for FHQ-NCA prepared at 850 °C for 4 to 12 min. EXAFS spectra for c) Co K-edge and d) Ni K-

edge for FHQ-NCA prepared at 850 °C for 4 to 12 min.

and second shell metal-metal distances in the layered structure,
respectively. In agreement with the XANES, there was no signif-
icant contribution from a first shell metal-metal interaction in the
Ni K-edge EXAFS (Figure 6d), supporting the conclusion of a low
bulk Ni** concentration (<5%).

In contrast, Figure 7a shows the Ni 2p XPS data for the FHQ-
NCA samples and the untreated NCA precursor. Fitting the Ni 2p
edge data, the main features located at 861 eV (Ni 2p; ;) and
854eV (Ni 2p;),) showed contributions for both Ni** and
Ni**. Ni** percentages were estimated by fitting these contribu-
tions and are shown in Figure 7b. Prior to heat-treatment, the Ni
atoms exist largely in the 2+ state (ca. 79%) at the material’s sur-
face. Upon heat-treatment, the amount of Ni*™ begins to
decrease with a minimum amount at 8 min (44%), subsequently
rising again and becoming greater than the initial precursor at
12 min (88%). The Ni** concentrations in samples contrast with
the observations of the XAS results. Due to the short inelastic

Adv. Energy Sustainability Res. 2025, 2500149 2500149 (6 of'l1)

mean free path of photoelectrons for the core levels (in the range
5-25 A), XAS has limited penetration, i.e., surface sensitivity, and
suggests that the majority of Ni*™ present in each sample was
primarily located at the materials’ surface.”*”!

2.5. Microstructure of FHQ-NCA Particles

Scanning Electron Microscopy (SEM) was performed to investi-
gate the microstructure of sample NCA_850_10 (Figure 8).
Although some larger agglomerates were identified, the sample
typically showed well-defined primary octahedral-shaped crystals
with a mean diameter of ¥ =248 + 5nm (6 =43 &+ 5nm). The
impact of crystallinity (with single crystal particles at the extreme
end) has previously been discussed in the literature, suggesting
that increased crystallinity directly leads to improved perfor-
mance due to enhanced structural stability in NCA cathodes.*"!
This may be a contributing factor to the impressive performance

© 2025 The Author(s). Advanced Energy and Sustainability Research
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Figure 7. a) XPS of the Ni 2p edge for FHQ-NCA samples prepared at
850°C in the range 0 to 12min. b) Fraction of Ni*" detected by XPS
(vs. overall Ni>*+Ni** content).

of the FHQ sample NCA_850_10, supported by the sharp reflec-
tions observed in the XRD patterns. Furthermore, it is highly
likely that the average size of the particles also contributes to
the excellent rate performance of our NCA compared to the com-
mercial standard (with multimicron particles!??), allowing faster
diffusion kinetics at the particle interface.’**!

2.6. Proposed Mechanism for FHQ Synthesis of
Submicron NCA

Figure 9a shows the heating profiles for the reactions monitored
using thermocouples during the heat treatment process. As
expected, there is a rapid increase in temperature, with the

www.advenergysustres.com

precursors reaching the maximum temperature (850°C) in
230s (3.8 min) after the initial 1min for the introduction of
the crucible to avoid thermal shock. Upon removal of the sam-
ples, rapid cooling occurs, reaching <200 °C in 160 s. Integrating
the area under each curve (Figure 9b) shows a linear increase in
thermal energy applied to each sample with increasing time,
arbitrarily defined here as Kelvin seconds (K-s). Thus, the pure
application of thermal energy cannot alone account for the non-
linear relationship between synthesis conditions and the defect
concentrations observed.

The facile synthesis reported herein was possible due to the
mixed precursor being in the form of an intimate submicron
mixture of the multimetallic metal oxide/hydroxides and Li
hydroxide. Compared to conventional solid state synthesis,
i) minimizing the size of the reactants and ii) ensuring enhanced
elemental homogeneity are critical to accelerating the rate of
reaction. This was facilitated by using rapid hydrothermal precip-
itation of the metallic elements and adding a lithium source by
incipient wetness shown in Figure 10a. When the intimate pre-
cursor mixture was introduced into a preheated furnace, the radi-
ated heat was sufficient to drive the solid-state reaction on the
surface to form the layered oxide, and Ni*"3, defects formed
to stabilize the structure. Concurrently, the large amount of
Li* at the surface reduced Ni atoms to the 2+ state (from charge
balance), leading to bifurcation of the R3m structure to R3m’ and
a surface layer of R3m” in the first few minutes. As the heating
continued (Figure 10b), more LiOH was consumed, converting
R3m” to R3m'. Samples that were then removed from the hot
furnace (quenching) at the precise point when all LiOH had just
about been consumed were found to contain the lowest defects
overall and enhanced electrochemical properties. Before this
time, any LiOH that had not been consumed was visible as it
formed Li,COs.

2.7. Scale-up of FHQ-NCA

Enabling rapid heat treatments through the use of these tailored
precursors potentially provides a new avenue for industrial cath-
ode production, with significantly lower energy costs. Whereas

(@ (b)

Figure 8. Scanning electron micrograph of a) NCA prepared by FHQ at 850 °C for 8 min and b) magnified image showing highly faceted octahedral single

crystals of NCA.
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Figure 9. a) Heating profiles for NCA samples heated at a nominal 850 °C fo
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Figure 10. a) Schematic showing the advantages of the nanoprecursor FHQ approach versus conventional multistep solid-state. The lithium source is
shown in yellow, and the constituent metal-containing precursors in blue and red. b) Schematic of the proposed phase formation showing the transfor-
mation from the lithiated precursor to the two-phase R3m system with a defect-rich surface.

commonly employed stirred tank reactions require long dura-
tions exceeding 20 h, this process enables continuous production
of the precursors at the 500 g/h scale by the green hydrothermal
route described here, and demonstrated in previous publica-
tions.*l Furthermore, typical scaling of solid-state heat treat-
ments can suffer from poor thermal transfer of the bulk
precursor, limiting the rate of reaction. However, the authors
have explored the feasibility of scaling up to 80g shown in
Figure 11, suggesting that heat transfer issues are limited in
comparison to joule heating methods.

Adv. Energy Sustainability Res. 2025, 2500149 2500149 (8 of'l1)

As shown in Figure 11a, four concurrent batches of 20 g of
NCA (80g total) showed identical structure, with a calculated
1(003)/1(104) ratio of 1.05, in excellent agreement with the opti-
mal 8 and 10 min NCA. The resulting electrochemical perfor-
mance (Figure 11b) showed similar behavior to the smaller
batches, with a capacity of 123 mAh g™ " at 10C and outstanding
capacity retention of 98% at C/10 after 120 cycles. Thus, the short
duration of the FHQ process demonstrated herein may feasibly
be translated to continuous heat treatment methodologies (such
as belt-driven furnaces).

© 2025 The Author(s). Advanced Energy and Sustainability Research
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Figure 11. a) PXRD patterns collected for four concurrent batches of NCA totaling 80 g. b) The performance during constant current constant voltage
galvanostatic cycling of the resulting scaled-up NCA after homogenization of the four batches at various charge/discharge rates.

3. Conclusions

The use of intimately mixed (submicron level) precursors with
lithium hydroxide was shown to provide a rapid pathway to
the direct and seamless synthesis of low-defect NCA cathodes
with no grinding whatsoever. This precursor mixture ensured
that diffusion distances were relatively short, enabling an effi-
cient and complete solid-state reaction via the FHQ process in
only a few minutes. This is in comparison to more conventional
solid-state reactions, where larger precursor particles (with a
lower degree of intimacy of the respective elements) would
require multiple grinding and heating steps to create new inter-
faces where diffusion/reactions can occur.

Furthermore, the FHQ process was also able to produce sub-
micron cathode crystals that may have contributed to improved
performance, rather than typical micron-sized particles. Other
potential benefits of the rapid heating (compared to slow ramp-
ing) might have been the direct reaction of ‘more reactive’ LiOH
with the precursors, rather than a less reactive Li,COs interme-
diate, lowering the energy barrier to forming the ordered R3m
phase.

In closing, quenching of the sample by removal from the hot
furnace (at the optimum conditions) made it possible to “lock in”
and capture the low defect state that also coincided with the point
at which the last of the Li source had been used up. Thereafter, if
the NCA was left in the furnace for longer times, the number of
PAS defects was seen to increase, that most likely would include
the effects of particles sintering and coarsening. This has also
been confirmed by the differences in bulk and surface chemistry
by complementary XRD, XPS, XAS, EXAFS, NPD, and N-PDF
analyzes, with the majority of Ni*™ located at the particles’ sur-
face and the minimization of the surface phase and defect con-
centration at the critical time. The FHQ methodology has also
demonstrated potential feasibility for scale-up with the successful
production of 80 g in a single heat treatment.

Adv. Energy Sustainability Res. 2025, 2500149 2500149 (9 of 11)

4. Experimental Section

Preparation of NCA Precursor Mixture: The NCA precursor mixture was
formed from two components that were freeze-dried together and gently
ground by hand to ensure an intimate mixture. These components were a
nanoprecipitate of the transition metal oxides/hydroxides and a battery-
grade lithium hydroxide. The nanoprecipitate of the transition metal
oxides/hydroxides was synthesized using a continuous hydrothermal flow
synthesis (CHFS) reactor featuring a patented confined jet mixer (CJM,
patent no WO2011148121A1).2*! The CHFS process has been described
at lab and pilot plant scales elsewhere in the literature by some of the
authors.”®! Briefly, the process can be described as follows; two identical
high-pressure pumps (Primeroyal K, Milton Roy, France) were used to
deliver: (i) an aqueous solution containing a mixture of metals, typically
nitrates <0.5 M (pump P2) and (ii) the aqueous KOH base feed (pump
P3), respectively. Both solutions were delivered at ambient temperature at
200 mL min~" and premixed in flow in a dead volume tee piece mixer,
prior to entering the CJM. A third pump (pump P1) was used to pump
room temperature DI water under pressure at 400 mLmin~" into a heat
exchanger at 450 °C. The combined P2 + P3 flow at ambient temperature
was then mixed with superheated (supercritical) water in the CJM, where-
upon precipitation and crystallization occurred (mixing temperature of
~333 °C) 7% Thereafter, the slurry was cooled in process after passing
through a heat exchanger, and the coprecipitate aqueous slurry was col-
lected at the exit of the CHFS process at ~50 °C. The collected slurry was
then cleaned up using the following process: each slurry was centrifuged
(model Sigma 6-16S, Sigma Aldrich, Dorset, UK) for 2 min at 4000 rpm,
and the obtained wet solids were cleaned by dialysis over 1 week until the
water conductivity was <100 puS. The cleaned slurry was then centrifuged
for 3 h at 4000 rpm into a thick paste that was frozen and then freeze-dried
at 3 x 1077 MPa for 20h (Virtis Genesis 35XL, Biopharma process sys-
tems, Winchester, UK) to obtain a free-flowing powder. The freeze-dried
CHFS powder was then mixed with the appropriate amount of battery-
grade lithium hydroxide monohydrate (LiOH-H,0) using the incipient wet-
ness method and using a high-shear mixer (IKA, T18 digital package S2,
Ultra-turrax) for 10 min. at 12 000 rpm followed by 16 000 rpm for 10 min.
This resulting material was transferred to a stainless-steel tray, frozen, and
then freeze-dried to obtain the final NCA precursor mixture. If the com-
ponents are not well mixed by the above route, the subsequent efficient
solid-state reactions are not achieved.

© 2025 The Author(s). Advanced Energy and Sustainability Research
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FHQ Treatment of the NCA Precursor Mixture: A preweighed amount of
NCA precursor mixture was placed into an alumina boat and introduced
into the center of a preheated 7.5 cm diameter and 105 cm long tube
furnace (Elite TSHH split tube furnace, Market Harborough, UK), at a
desired temperature, over the course of ~1 min to avoid thermal shock.
After a set amount of time, the sample was then removed over the space
of another minute and then allowed to cool to room temperature.?% The
FHQ process was then repeated for a different time or temperature until
all the samples had been obtained. A similar process was adopted for the
larger-scale heat treatment (80 g total) using 10 by 6 cm alumina cruci-
bles (Almath Crucibles), introducing them into a preheated muffle
furnace.

Electrochemical Cell Preparation and Characterization: Electrodes were
prepared by mixing the active material (NCA) with binder (poly-vinylidene
fluoride, PVDF, PI-KEM, Staffordshire, UK) and conductive carbon black
(Super P, Alfa Aesar, Heysham, UK) in a ratio of 80:10:10 wt%. A 10 wt%
solution of PVDF in N-Methyl-2-pyrrolidone, NMP (Sigma Aldrich, Dorset,
UK) was prepared using a magnetic stirrer and then mixed by hand with
the conductive carbon and the active material. Further NMP (2.5 mL) was
added to give a viscous slurry. The slurry was ball-milled at 800 rpm for T h
before being cast on 15 pm thick aluminum foil (PI-KEM, Staffordshire,
UK). The electrode sheets were dried on a hotplate at ~150°C for
20min. The commercial NCA powder and preprinted sheets were
obtained from Targray (Kirkland, QC, Canada).

All half-cell testing of the NCA materials was performed in CR2032 coin
cells at room temperature on a Gamry Instruments Interface 1000
Galvanostat/Potentiostat (SciMed, Cheshire, UK). All cells were assem-
bled in an Ar-filled glovebox with O, and H,O <0.5 ppm. GF/B glass
microfiber filters (Whatman, Buckinghamshire, UK) were used as separa-
tors and drenched in an electrolyte of 1M LiPFg in 1:1wt% ethylene
carbonate/diethyl methyl carbonate (BASF, Ludwigshafen, Germany).
Lithium metal foil 15.6mm diameter, 0.45mm thick (PI-KEM,
Staffordshire, UK) was used as a counter electrode.

Structural Characterization (PXRD, NPD, and PDF): PXRD patterns were
collected using a STOE Stadi P diffractometer in transmission geometry
(Mo-Ka; radiation, A =0.70932 A), equipped with a germanium (111)
monochromator and a DECTRIS Mythen 1k silicon strip detector
(DECTRIS, Baden, Switzerland). A Yttria (Y,O3) standard was used to esti-
mate instrumental peak broadening. Datasets were collected over the 20
range of 2-40° with a step size of 0.5° and a count time of 5s per step.

NPD was carried out on the NOMAD diffractometer at Oak Ridge
National Laboratory. Each as-synthesized powder sample (~2.5g) was
placed into a vanadium cell. In this study, a wide d-spacing (0.11 < d
< 5.29A) and a high resolution (Ad/d=0.16%) were used for the
NPD measurements. The sample environment was evacuated to prevent
incoherent scattering of water vapor (H atoms). All experiments were mea-
sured for 4 h at room temperature. The neutron diffraction data were ana-
lyzed by Rietveld refinement using the GSAS-II software package, and PDF
data were extracted using PDFgetN3 and analyzed using PDFgui soft-
ware.2132 A value of 0.1 to 50 A" was used for Qmin and Qmax respec-
tiver,]in the Fourier transform, and fitting was performed between 0.5 to
30A° .

SEM: SEM was performed using a JEOL JSM-6700 F microscope. To
minimize charging, samples were deposited on copper foil tape, mounted
on aluminum stubs, after dispersion in methanol (99.9%, Sigma Aldrich,
Dorset, UK) and ultrasonication in a XUBA3 Ultrasonic Bath (Grant
Instruments, Cambridge, UK) for 5 min. Image analysis was carried out
using Image) software.

XAS (XANES and EXAFS): Ni K-edge and Co-K edge absorption meas-
urements were performed at the B18 beamline of the Diamond synchro-
tron, Harwell, UK. The synchrotron radiation emitted by the bending
magnet source was monochromated using a double crystal Si(111) mono-
chromator. The data were collected in the transmission mode using three
ionization chambers mounted in a series for simultaneous measurements
on the sample and a metal foil reference. XANES data were extracted and
normalized using the Athena software package, and Fourier transforms
were performed with the Artemis software package to extract the
EXAFS data.
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