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ction and molar ratio in molten
salt synthesis of single-crystalline LiNiO2†

Wessel van den Bergh,*a Rui Yao,a Ruizhuo Zhang, a Aleksandr Kondrakov,ab

Jürgen Janek ac and Torsten Brezesinski *a
Single crystal (SC) layered lithium metal oxides (LiNixCoyMnzO2,

referred to as NCMs or NMCs) represent a new material design with

unique benefits compared to their polycrystalline counterparts.

However, preparation of SC-NCMs remains challenging, withmethods

such as molten salt synthesis being largely dependent on recipe-by-

recipe reporting and no overarching conception of how to prepare

desirable materials. For a model NCM, LiNiO2 (LNO), we use experi-

mental design methodology to identify how the factors of salt selec-

tion, salt mixtures, and molar salt ratio affect the critical features of

grain size, crystal defect content (Ni�Li), and particle size distribution.

Herein, we identify that NaCl and KCl are salts which can be used to

control particle size at relatively low defect content, while sulfate-

containing salts are deleterious to quality LNO. The results of this

work set out to provide a more comprehensive understanding of how

others could prepare well-ordered SC-NCMs of specific particle size.
Li-ion energy storage developments proceed in the context of
increasing societal implementation,1–3 and as a hopeful aid to
mitigate our contributions to climate change.4,5 These devel-
opments seek to close the gaps of energy density and rate
capability (charge time) with much of this focus on the positive
electrode (cathode), as it is the most expensive component in
a battery.6,7 Commercial battery systems are transitioning away
from the original LiCoO2 (LCO)8,9 rst used in 1991 to greater
fractions of Mn and Ni (LiNixCoyMnzO2, NCM or NMC) for
higher capacity, reduced material cost, and minimization of
ethical compromise.10–14 One direction of development is
towards high Ni systems. LiNiO2 (LNO) represents an
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endmember of the NCM system with a high theoretical specic
capacity of 274 mA h g−1,15 however at the expense of electro-
chemical,16,17 mechanical,18,19 and thermal stability.20 Despite its
current inadequacy as a commercial cathode material, LNO
does represent a model platform for troubleshooting issues
common to NCMs. Parallel to this, commercial systems utilize
polycrystalline (PC) particles, which when paired with liquid
electrolyte show degradation21,22 and have safety issues23,24 that
would require new battery designs to avoid. Solid-state batteries
(SSBs), which use superionic solid electrolytes, present a means
to avoid those hazards, yet PC particles' porous character
prevents complete contact with solid electrolyte, resulting in
poor performance.25–27 In contrast, single crystal (SC) particle
morphologies are well suited to a solid-state design.25,28–30 As
a matter of denition for the materials herein,31 SC refers to
particles with minimal agglomeration (3–5 crystallites) as
opposed to PC particles, which are composed of hundreds of
crystallites (primary particles), and the intermediate condition
of quasi-single crystalline. Regardless, SC materials are rela-
tively new, as PC preparation is muchmore facile (as of writing).
With this in mind, developing the best synthetic techniques for
SC-LNO would give insights for how others can ultimately
implement SSBs en masse.

Both SC synthesis and different emphasis on critical mate-
rial parameters distinguish themselves from established PC
methods. Using LNO as an example, the “traditional” synthesis
consists of mixing Ni(OH)2 and a modest excess (1.0 : 1.01–1.0 :
1.05) LiOH$H2O (lithium carbonate is more common for NCMs
of medium Ni content), followed by a pre-annealing/lithiation
step at 400–550 °C for a few hours before ramping to 650–
750 °C for 6–20 h. Depending upon the excess LiOH$H2O used
and presence of surface residuals, this may be washed and re-
annealed to remove the introduced and intercalated protons
(Li+/H+ exchange).32

SC synthesis has three different approaches to preparation,31

each with their benets and challenges to scalable application.
High-temperature methods33–36 utilize increased sintering
kinetics to produce SC materials, however at the cost of
J. Mater. Chem. A, 2024, 12, 8683–8688 | 8683
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Scheme 1 A visual representation of the D-optimal experimental
design produced with each point representing a mixture condition.
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agglomeration and high defect content that require additional
steps to rectify.33,35 Multistep approaches37–39 use differences in
growth kinetics of specic phases or other material discrep-
ancies to produce SC materials, however through sometimes
lengthy procedures with little unifying concept for what each
step in the process can truly contribute. Lastly, there is the
molten salt methodology40–45 discussed in this work. Molten
salts for NCMs use lithium-contributing reagents and/or inac-
tive spectator ions to grow crystallites via both sintering and
Ostwald ripening.46 Single crystals can be prepared in a single
step at relatively low temperatures foregoing some of the
aforementioned issues with other methods. The downside is
that molten salt methods do require a washing step to remove
the salts and, for Ni-rich samples, an additional annealing step.
Many SC NCM molten salt syntheses have been reported with
compelling electrochemical performance and some control over
size and crystal habit (shape), with some effort to systematize
the underlying contributions to what yields the “best” mate-
rial.31,40 However, this body of work is still dominated by recipe-
by-recipe reporting, with no through line as to how molten salts
can prepare specic features, such as size andmorphology. This
represents a serious barrier to accelerated innovations on SC-
NCM synthesis. In this work, we report the rst systematic
examination of molten salt synthesis of SC-LNO using design of
experiments (DoE) methodology.

Molten salt synthesis is an established method in traditional
inorganic disciplines, yet requires detailed consideration in the
context of NCMs given their synthetic restrictions. Inorganic
synthesis of oxides, for example, has a massive design space
with temperatures ranging from 300 to 1500 °C, using anything
from uoride to oxide uxes at a molar ratio of 10 : 1 as
a starting point, all while using a sealed vessel under synthetic
conditions that deem 1 °C min−1 to be a very fast ramp rate.47

This contrasts with NCM synthesis, which typically resides
between 600 and 900 °C under owing oxygen that should take
less than a day to complete. This constrains conditions with
which desirable SC materials can be made. Therefore, any salts
used in synthesis must meet the following conditions: rst, the
salts or their eutectic(s) must have a sufficiently low melting
point to function; second, the salt(s) must either act as a lithium
source or be chemically inert to the formation of NCM, i.e. no
insertion of spectator ions; third, the salt(s) must be very
soluble in water to make the unavoidable post-processing
practical; and fourth, the salt(s) should be cheap as innova-
tions with expensive reagents relegates it to academic curiosity
and niche applications. With these conditions in mind,
preliminary exploration of the FTsalt – FACT salt phase diagram
database yielded the chosen salts shown in Scheme 1 for
synthesis of our “model” NCM (LNO). Na+ has literature
precedent, indicating it is non-reactive to NCMs.44,45 Because of
the greater ionic radii of K+ and Cs+, the same was assumed for
all salts used. While CsCl is prohibitively expensive for large-
scale use, it served as an additional component (point) in the
mixture design to determine what effect cationic radius would
have on desired features. K2SO4 and Na2SO4 were included,
however they have melting points at an excess of 1069 and 884 °
C and therefore deemed unwieldy as pure salt melts.
8684 | J. Mater. Chem. A, 2024, 12, 8683–8688
Nevertheless, they substantially suppress the melting point as
eutectics with their respective chlorides. Experiments with
other candidates, such as CaCl2 and MgCl2, resulted in a failure
to form R–3m LNO. Additionally, we selected for a molar ratio
(salt to Ni) from 1.0 to 4.0 that felt could be scaled synthetically
and still yield single crystals. With all these preliminaries
considered, a D-optimal (16 run) design was prepared consist-
ing of a two-level factor for molar ratio of salt to Ni and mixture
design of the salts, with exclusions to binary mixtures that had
reported melting points, as presented in Scheme 1 (a complete
list of samples can be found in Table S1†). Three responses were
examined: particle size at the 50th percentile of the population
(d50, mm) and particle size dispersity, which were determined by
scanning electron microscopy (SEM) image analysis (details in
ESI and Fig. S1†), as well as point defects of Ni in the Li layer
(Wyckoff 3b) as determined by Rietveld renement (see Tables
S2 and S3†). All calcinations were done using the same furnace
with a 520 °C pre-annealing step and 880 °C calcination under
25 L h−1 of O2 (>25 atm h−1). While these calcination temper-
atures are well above what is standard for LNO synthesis, such
extreme conditions allow for greater statistical contrast in sizes
between samples. Further experimental details can be found in
the ESI.† All runs were used in the analyses except for that
whose conditions used a mixture of NaCl and Na2SO4 at 4.0 mol
equivalents to Ni(OH)2 for reasons that are discussed below.

Particle size of a cathode material is a critical feature that
ultimately dictates the electrochemical performance and can be
controlled by proper proportion of salts. On a theoretical level,
basic models note a square dependence upon the path length
a species must travel and the time it takes to do so.48–50 Crys-
tallite size (roughly equivalent to particle/grain size in SC
systems) has been observed to be a critical feature
experimentally.51–53 Furthermore, the relative ratio of material
that is subject to surface-based reactions and material in the
“bulk” depends upon particle size as well, leading to an oen
overlooked relationship between particle size and material
stability.54 Fig. 1 shows two representative samples, CsCl(−),
which refers to a synthetic condition of 1.0 mol equivalent or
“(−)” of CsCl to Ni(OH)2 and KCl–NaCl(+), which refers to a 50 :
50 mixture of KCl and NaCl at a total molar equivalent of 4.0
“(+)” to 1.0 mol of Ni(OH)2. A notable difference can be observed
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 SEM images of representative samples, (a) CsCl(−) and (b) KCl–NaCl(+). SEM images of other representative samples can be found in
Fig. S2–S19.†
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in particle size and distinguishing features in morphology,
where CsCl(−) loosely consists of at intersecting facets tomake
up the particle, while KCl–NaCl(+) demonstrates at facets,
which meet curved surfaces that have terracing. Terracing was
observed in NaCl and CsCl–NaCl as well. One possible expla-
nation for this unique feature is that terracing minimizes
surface energy by reducing the number of surface step atoms.55

With regards to other differences in crystal habit, the proper
analysis and assignment of observed morphologies to theoret-
ical ones are subject of future work. Regardless, analysis of
variance (ANOVA) of the d50 particle size data (see Fig. 2)
reduced a broad range of factors and interactions down to ve
statistically signicant terms, three main effects and two
second-order interactions, which are represented as terms in
the linear model shown in the equation below (see also Table 1).
To articulate the model, the ndings can be broken down into
simple concepts. The molar salt ratio is a signicant factor that
indicates greater additions of salt yield larger particles. Greater
fractions of NaCl in a mixture yield greater particle sizes, so in
theory, a binary mixture of NaCl and CsCl (insignicant factor,
however whose estimate in the model is similar to KCl, as evi-
denced by Fig. 2) can be a means to achieve select particle sizes
between around 4 and 11 mm by salt choice alone. KCl, in
context of the model, yields much smaller particles and does
not promote substantial growth like NaCl. Rather, there is
a signicant interaction between KCl and NaCl, where presence
of the two suppresses particle growth, which contrasts with the
interaction between KCl and K2SO4, having a positive effect on
Fig. 2 Bar plot of d50 particle sizes for all samples prepared.

This journal is © The Royal Society of Chemistry 2024
particle size. However, for reasons noted later on, sulfate-based
salts seem to be a poor choice for overall material quality. These
signicant factors can be represented as the following equation:

d50 ¼ bNaClðfNaClÞ þ bKClðfKClÞ þ bfNaCl�KClgðfNaClfKClÞ

þ bfKCl�K2SO4g
�
fKClfK2SO4

�þ bNsalt
ðNsaltÞ; 1 ¼

Xk

i¼1

fi;

where b is estimates, f is fraction of salt in mixture, and N is
mole equivalents of salt used. Note that this equation excludes
the standard error shown in Table 1 for simplicity. Further-
more, this linear model nor the other below should be regarded
as perfect descriptions of the phenomena, rather as best esti-
mations with the provided data. Based on experimental obser-
vations, smaller particle sizes are best suited to high specic
capacity and high rate capability. Based on the model above,
using 1 mol equivalent of salt, a mixture of 93.8% KCl and 6.2%
NaCl (mpz 747 °C) would yield a minimum d50 particle size of
3.08 mm; this was supported experimentally with a sample
yielding a d50 particle size of 3.02 mm (see Fig. S19†). As a nal
note regarding particle size, the calcination temperature (880 °
C) selected for these experiments is well above what is recom-
mended for LNO synthesis,56 therefore more practical temper-
atures will yield smaller particle sizes than those shown here.
This does not discount the trends observed, as there should be
no interaction between salt and temperature.

Another important factor when considering the capabilities
of NCMs is the concentration of point defects, specically Ni in
Table 1 Estimates of d50 particle size for statistically significant factors
accompanied by their standard error and t-values

Factor
Estimate,
b (mm)

Std. error
(mm) t-ratio Prob > jtj

NaCla 10.099 0.7793 12.96 <0.0001
KCla 2.1141 0.8197 2.58 0.0275
NaCl × KCl −9.1181 3.5780 −2.55 0.0289
KCl × K2SO4 11.432 4.8821 2.34 0.0412
Salt mol. ratio 1.0027 0.15291 6.56 <0.0001

a Due to the nature of a mixture design, the contribution of these factors
is convolved with other main effect mixture factors.

J. Mater. Chem. A, 2024, 12, 8683–8688 | 8685
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the Li layer (Ni�Li). When LNO is not synthesized under extremely
oxidative conditions and the presence of stoichiometric Li, it
results in Ni2+ residing in the Li layer (Wyckoff 3b) of the
structure, since Li+ and Ni2+ have similar ionic radii of 0.76 Å
and 0.69 Å, respectively.56–58 Under most circumstances, Ni�Li can
be regarded as a negative trait that diminishes specic
capacity53,59 and lithium diffusion (kinetics).60,61 As a result,
one's objective should be to minimize the defect concentration.
As alluded to earlier, this can be achieved by synthesizing under
owing O2, at lower temperatures, and with use of excess
lithium reagents. Evaluation of the Ni�Li defect fraction was done
via Rietveld renement using GSAS II with a described tting
methodology outlined in Scheme S1† and whose results can be
found in Table S3.† Fig. 3 shows representative renements and
X-ray diffraction (XRD) patterns as companion data to that
shown in Fig. 1. From these renements come the data repre-
sented in Fig. 4. As seen in Fig. 4, NaCl–Na2SO4(+) stands out as
an anomaly among the others. This can also be observed in the
general size trend between (−) and (+) counterparts in Fig. 2.
The respective data point was excluded from all analysis models
as an outlier, which seems to be caused by the synthetic
inclusion of Na2SO4. Interestingly, this observation is in
contradiction with past work on molten salt synthesis of LiNi1/
3Co1/3Mn1/3O2 (NCM111).44 One proposed underlying mecha-
nism is related to the increased Ni content (100 vs. 33%) and its
ability to diffuse through the molten salt and form LNO. First,
the Ni2+SO4

2− ionic association requires a simple 1 : 1 pairing
Fig. 3 Rietveld refined XRD patterns of representative samples, (a)
CsCl(−) and (b) KCl–NaCl(+). Patterns of other representative samples
can be found in Fig. S20–S36.†

Fig. 4 Bar plot of Ni�Li defect fraction for all samples prepared.

8686 | J. Mater. Chem. A, 2024, 12, 8683–8688
relative to Co3+ and Mn4+, which would need a second anion
(Cl− or SO4

2−, respectively) and a more entropically demanding
arrangement to balance charge and stabilize association. To
minimize this entropic demand, Co3+ and Mn4+ would likely
separate from the melt to integrate with nearby NCM particles.
Second, LNO formation could be hindered due to the greater
ionic radius of Ni2+ (0.69 Å) relative to Co3+ (0.545 Å) and Mn4+

(0.53 Å), which could lead tomore limited Brownian diffusion in
the melt, thus crystal growth during synthesis. Regardless,
other work62 notes that materials with Ni�Li fractions greater
than 10%, as seen in Fig. 4 for NaCl–Na2SO4(+), have suppressed
particle growth, which deviates from more stoichiometric
samples, as seen in Fig. 2, and from comparison of NaCl–
Na2SO4(−) and NaCl–Na2SO4(+) particles in Fig. S16 and S17.†

Disregarding the outlier, a model has been constructed
identifying statistically signicant factors for crystalline quality.
Interestingly, molar salt ratio is not a critical factor. This
contrasts with comments in past work that expressed concern
about high molten salt ratios physically blocking oxidative
species (O2) from reacting with forming LNO.40 This does not
mean that salt ratio has no effect, but rather that no signicant
effect is found for the molar ratios selected for this design. As
for signicant factors, the set can be broken down into “pure
chlorides”, which have varying differences in defect concen-
tration contributions, with KCl being most favorable to well-
ordered LNO, while the second set contains sulfate salts,
which have a deleterious effect on crystalline quality for reasons
noted earlier. A full model is shown in the following equation
(see also Table 2):

%NiLi ¼ bNaCl fNaCl þ bKCl fKCl þ bCsCl fCsCl

þ bfNaCl�Na2SO4g fNaCl fNa2SO4
þ bfKCl�K2SO4g fKClfK2SO4

;

1 ¼
Xk

i¼1

fi:

The last factors examined were experimental effects on particle
size distribution (PSD), as well as the effect of molten salt volume
on each investigated feature. To illustrate the importance of
minimal PSD, consider two sets of particles with the same d50 size,
yet one is perfectly uniform, while the other has a broad PSD. The
broad PSD set is subject to non-uniform charging kinetics (charge
heterogeneity), leading to possible degradation and decreased
Table 2 Estimates of Ni�Li defect fraction for statistically significant
factors accompanied by their standard error and t-values

Factor
Estimate,
b (%) Std. error (%) t-ratio Prob > jtj

NaCla 6.0155 0.47361 12.70 <0.0001
KCla 5.3155 0.47361 11.22 <0.0001
CsCla 7.0015 0.47361 14.78 <0.0001
NaCl × Na2SO4 15.586 3.3833 4.61 0.0010
KCl × K2SO4 17.431 3.5642 4.89 0.0006

a Due to the nature of a mixture design, the contribution of these factors
is convolved with other main effect mixture factors.

This journal is © The Royal Society of Chemistry 2024
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capacity25,63,64 (deviations in relative ratio of surface-region mate-
rial and bulk material results in uneven degradation),65 and this
distribution of particle sizes further determines how much
coating or doping content a material needs for optimal perfor-
mance. In contrast, a perfectly uniform particle size provides
predictable performance and behavior. With this inmind, particle
span was analyzed using SEM image analysis methods described
in the ESI.† While the three chlorides (Na, K, Cs) were statistically
signicant, the estimates for span did not vary much between one
another (Fig. S37 and Table S4†). NaCl–Na2SO4 was found to be
very negative to narrow PSD, however is already discounted for the
aforementioned reasons. Therefore, no greater insights can be
extracted from salt selection with the given data. Molten salt
volume was an uncontrolled factor that may have had an effect on
particle size, Ni�Li, and PSD based on the hypothesis that simple
volume of molten salt with respect to the reagents, rather than any
specic salt, is signicant. Linear regressions of each observed
feature with respect to estimated molten salt volume (Fig. S38–
S40†)66 found no signicant correlations (R2 # 0.115).

To summarize, we explored an experimental design of select
molten salt mixtures at different molar ratios to Ni(OH)2 to
identify what effect these common factors have on critical features
for SC-LNO synthesis. Regarding particle size, molar salt ratio had
a signicant, albeit modest positive effect on particle size, while
NaCl was found to have a large and signicant effect on particle
size. This stands in contrast with KCl whose presence yields small
particles and has a negative second-order interaction with NaCl.
On the other hand, the effect of Ni�Li defect fraction in LNO is
simpler, where the chloride salts tested had varying contributions,
with KCl-derived samples having a more ordered crystal structure
than their counterparts (use of sulfate salts leads to deleterious
effects on structure quality). Lastly, particle size dispersity was
considered, however no substantial claims can be made even with
signicant factors. This also holds true for correlations between
molten salt volume and any aforementioned particle feature.
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