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ARTICLE INFO ABSTRACT
Keywords: Precise control over particle composition and morphology is essential for the optimization of electroactive,
Coprecipitation multi-component transition metal oxides used as lithium-ion battery cathode materials. These transition metal
Nucleation oxide particles are often synthesized using precursors produced via coprecipitation reactions, in part due to the

Particle growth
FBRM

Lithium-ion batteries
Cathode materials

advantages provided by coprecipitation including scalability and homogeneous mixing of different transition
metal ions. Understanding the kinetics of the nucleation and particle growth for each individual transition metal
within a multicomponent blend solution is critical for rational and explicit control of particle composition, as
well as to dictate the particle morphology. In this study, in-situ particle size distribution was measured during
coprecipitation reactions using focused beam reflection. The transition metal concentrations were also in-situ
tracked during the process which, in combination with the particle size information, provided detailed in-
formation on the reaction rate, reaction order, and mechanisms of particle nucleation and growth. This work is
the first demonstration of application of such techniques to battery precursor particle synthesis, and provides
insights into important observations during the coprecipitation process such as the change in the rate of co-
precipitation of different transition metals when reacted in isolation or in a blend with other components. The
techniques and analysis demonstrated in this paper could find application across many multicomponent tran-
sition metal coprecipitation systems important to various applications, including energy storage materials.
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1. Introduction

Lithium-ion (Li-ion) batteries have become a successful energy
storage technology due to their high energy density and capability to
meet a variety of power and energy requirements for a wide diversity of
applications [1,2]. The flexibility of Li-ion battery functionality results
from the variety of battery active material options, and for the cathode,
particles comprised of multicomponent transition metal (TM) oxides
are currently the most commonly used [3,4]. To successfully design or
choose a particular multicomponent TM oxide cathode material, careful
control is needed over the chemical composition of the material be-
cause the material structure and electrochemical properties are highly
sensitive to the TM composition, and even slight deviations in stoi-
chiometry can significantly influence battery performance [5-9]. Co-
precipitation is a popular route to synthesize the precursors used for TM
oxide battery particles due to the homogeneous mixing of different TMs
at the atomic level that is achieved with this method [5,10-19]. The
obtained precursor materials are then converted to the final battery
active materials via high temperature calcination processes. However,
although achieving the appropriate TM composition and distribution
during the initial coprecipitation synthesis process is critical for rational
control over electrochemical properties of battery materials, little has
been reported on the details of the coprecipitation solution chemistry
using multiple TM cations. While often the TM composition of the
precursor particles is assumed to reflect the stoichiometry of the dis-
solved TM feed to the process, under some solution conditions this
assumption is not appropriate and can result in measurable deviations
of the expected properties of the battery active material after calcina-
tion [5].

Recently a technique was described in the literature to track the TM
composition as a function of time during the coprecipitation process,
and the method was applied for pure precipitates containing one TM
and multicomponent precipitates where each individual TM was
tracked independently [5]. This technique used inductively coupled
plasma optical emission spectroscopy (ICP-OES) to analyze the com-
positions of the solid and solution phase separately at multiple collec-
tion times during batch reactor coprecipitation. While this technique
gives important insights into precipitate composition as a function of
time, it cannot determine the normalized (by solid phase surface area)
rate of TM precipitation onto the solid phase and cannot differentiate
between particle nucleation and particle growth during the process
because there was not information simultaneously collected on the
particle size distribution (PSD). To obtain insights into these processes,
the PSD must be collected in-situ during the coprecipitation process and
combined with the compositional information. PSD measurements via
image analysis (including both optical and electron microscopies) have
been used previously in crystallization phenomena studies [20-23].
While these methods have been successfully applied to many systems, it
is challenging to image the particles directly in the batch reactor in-situ,
and ex-situ observation has a lag time in transferring and/or preparing
samples that will modify the solution chemistry relative to the si-
multaneously collected compositional information. Thus, a technique
was needed to provide in-situ information during the coprecipitation
process of the PSD with temporal resolution equal to or better than the
compositional information. For the study described herein, the tech-
nique that was employed to obtain the in-situ PSD information was
Focused Beam Reflectance Measurement (FBRM) [24-29]. FBRM op-
erates using a probe that is directly inserted into the reaction solution.
The probe has a laser which is focused in a focal plane beyond a sap-
phire window at the end of the cylindrical probe. The laser rotates at a
high fixed speed and as the beam crosses over particles within the focal
plane the laser beam intersects the edge of the particle and the laser
light is backscattered. The backscattered light is transmitted back up
the probe to the detector, and the backscattered signal continues until
the beam has gone beyond the other side of the particle surface. Thus,
the backscattered light is transmitted as it traverses the particle from
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edge to edge, and because the laser is scanned with a fixed speed, the
edge-to-edge time scale is converted to a length scale which is known as
the chord length. The laser passes over many particles as it sweeps, and
thus a chord length distribution (CLD) is obtained from the FBRM
analysis. The PSD rather than the CLD was desired for the analysis in
this study, and the CLD was converted to a PSD using methods pre-
viously reported which will be discussed in further detail in the Ex-
perimental section [30]. The FBRM technique is fast and can produce
large statistics on the particle populations as long as the number of
particles in the suspension is sufficient.

In this study, we tracked the in-situ PSD of TM oxalate precipitates
using FBRM, and combined this information with the precipitation rate
of the TMs obtained from compositional analysis of the reaction solu-
tion as a function of time. With these combined techniques, the rate of
precipitation normalized to the surface area of the precipitate was ob-
tained. Such information is necessary to rationally control the synthesis
of multicomponent TM precipitates, and this is the first report of ap-
plying such analysis to battery precursor particles. In addition, the in-
situ tracking of the PSD during precipitation provided insights into the
nucleation and growth processes of these precipitate materials. The
model system chosen was oxalate precipitation with pure and mixed
solutions of manganese and nickel, an important system towards pre-
cursor synthesis for multiple battery active materials, such as
LiMn; 5Nig 504, LiMng sNig 505, and LiNi; ,sMn; ,3Co; 30, [5,31,32]. In
particular, a 3:1 Mn:Ni feed ratio was chosen because this precipitate
stoichiometry is necessary for precursors used to form high purity
LiMn; sNig 504, which is a promising high voltage cathode material
[33,34]. Oxalate precipitation was chosen because both nickel and
manganese (and other TM of interest to battery precursors including
cobalt) form stable oxalate dihydrate particles, whereas other popular
battery precursor particle precipitate systems such as hydroxides or
carbonates have the additional complexity of the simultaneous forma-
tion of multiple types of precipitates or the oxidation of the precipitate
while still in solution [35,36].

2. Experimental
2.1. Coprecipitation synthesis

The coprecipitation synthesis was adapted from previous work [5].
In brief, the TM solution and oxalate solution were prepared separately
by dissolving laboratory grade MnSO,H»0 and NiSO46H>O for the TM
solution and Na,C,0, for the oxalate solution in deionized water (DI)
heated to 60°C (all reagents from Fisher). The two solutions were
mixed by pouring the TM solution all at once into the oxalate solution.
The concentrations of total TM ions, and oxalate, in the mixed solution
were predetermined and were set at 20 mM at the initiation of all
precipitation experiments. In the manganese and nickel blend copre-
cipitation, the TM solution contained manganese and nickel with 3:1
ratio, while the total TM concentration was still the same as oxalate.
The fast pouring, as well as a magnetic stir bar spinning at 300 rpm,
provided mixing to ensure a homogeneous solution. In addition to pre-
heating to 60 °C before mixing, during the reaction the temperature was
kept at 60 °C and the stir bar was maintained at 300 rpm. Syringes were
used with syringe filters to collect the solute during periodic time in-
tervals over the course of the reaction for compositional analysis. For
solution compositional analysis, a sample (~2mL) was withdrawn
from the 1L beaker reaction vessel using a 3mL syringe. For the
withdrawn sample, the aqueous phase was quickly separated from the
solid precipitate particles by forcing the solution through a 33 mm
diameter syringe filter with 0.22mm pore size (Fisherbrand). The
aqueous phase was further digested using aqua regia and diluted with
DI water into a proper concentration for ICP-OES analysis (PerkinElmer
Optima 8000), which was 0.1 to 10 ppm.
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2.2. Characterization of particle size and shape

During the coprecipitation reaction, a ParticleTrack G400 (Mettler
Toledo) with FBRM capability was used for in-situ determination of the
PSD throughout the coprecipitation reaction by immersing the FBRM
probe directly into the reaction environment. The probe was inserted
into the solution such that the laser window was located roughly at the
center of the beaker reactor. The CLD averaged over a 10 s interval was
collected throughout an experiment until negligible changes in either
particle counts or CLD was observed. At the conclusion of one hour of
the coprecipitation reaction proceeding, the particle shapes and sizes
were also characterized using a scanning electron microscope (SEM, FEI
Quanta 650) after filtering and complete drying. Thermal gravimetric
analysis (TGA, TA Q50) was performed to determine the water stoi-
chiometry of the precipitates. TGA analysis for all the precipitate par-
ticles synthesized for this study confirmed two structural water for each
transition metal oxalate unit (e.g., dihydrates).

2.3. Conversion from CLD to PSD and normalization of reaction rates

In the conversion from the directly measured CLD with the FBRM to
a PSD, an essential assumption was made that the number of particles
analyzed was large enough that the probability of measuring a chord
within a particular size range was equated to the fraction of the total
number of particles which would be measured as having the chord
length within this size range. It is expected that the number of particles
recorded by the FBRM was high enough that this assumption was valid
[30]. The conversion from CLD to PSD was completed using the method
described by Pandit at al. [30]. First, an initial guess was made for the
mean and the variance of a normal distribution function that expressed
a PSD. The number of independent normal distributions used in the
fitting were dependent on the number of independent peaks in the CLD
that were observed for each scan (e.g.; 1 normal distribution was fit for
a single peak while 3 normal distributions were used for 3 peaks). Next,
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the discrete PSD was formed using the guessed normal distribution and
converted to a discrete CLD with bin sizes the same as those of the CLD
data. The two parameters for each normal distribution were adjusted
using the least squares method to minimize the difference between the
CLD from the FBRM experimental measurements and the calculated
CLD using the fitted PSDs. The R? values for the calculated compared to
the measured CLDs were no less than 0.97, indicating good fits of the
measured CLDs using the PSD parameters.

3. Results and discussion

Measuring the concentrations of the TM remaining in solution at
different time points during the coprecipitation was necessary to de-
termine the reaction rates associated with the formation of the particle
precipitates. The TM concentrations remaining in solution was de-
termined during the precipitation with initial TM feeds of pure nickel,
pure manganese, and a “blend” system (with the TM feed ratio being
3:1 Mn:Ni). The results for the three systems are in shown in Fig. 1. The
pure manganese oxalate (MnC,042H,0, referred to as MnOx) copre-
cipitation proceeds quickly over the first ten minutes and plateaus after
roughly 20 min. On the contrary, the pure nickel oxalate (NiC,042H,0,
referred to as NiOx) coprecipitation consumes the TM ion at a lower
initial rate, and the residual Ni solution concentration does not reach a
plateau until after an hour. In the blend system (Mn:Ni feed ratio 3:1,
with the precipitate concentration slightly changing with reaction time
and reaching Mng 75Nig 28C2042H-50 at the one hour collection time,
referred to as Mn3NilOx), the reaction proceeds in a manner qualita-
tively more similar to the pure manganese reaction, and this system will
be discussed in further detail later.

Fig. 2 shows the total chord counts from the FBRM probe as a
function of the time after initiating the coprecipitation for the NiOx,
MnOx, and the Mn3NilOx reaction systems. A linear relationship has
previously been reported between the particle density and FBRM par-
ticle count for suspensions that contain particles of similar and larger
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Fig. 1. Residual soluble (a) Mn (triangles) and (b) Ni (diamonds) in solution during coprecipitation of pure manganese oxalate and pure nickel oxalate. (c) Residual
soluble Mn (blue circles) and Ni (red circles) during coprecipitation of feed with 3:1 Mn:Ni ratio. The total concentrations of TM and oxalate at the beginning of the
coprecipitation for all solutions were 20 mM. (d) Fraction of Mn and Ni ions in precipitate phase. Dashed lines added to guide the eye. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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sizes than the particles in this study [27]. This linear relationship has
been reported to hold until the FBRM particle count reaches as high as
10,000. The inset in Fig. 2 is the enlarged view of the first 10 min of the
reaction. From this enlarged view it can be found that particles begin to
form after around 1 min for the pure manganese system, 4.5 min for the
pure nickel system, and 1.5 min for the blend system. Note that the limit
of detection for the FBRM is 0.5 pm, thus this onset is the point where
particles of at least this size were measured in the solution. These onset
times were consistent with rough observations of the induction times,
with the induction time being the time for the initial clear solutions to
become cloudy to the naked eye. From the dissolved TM concentration
vs. time plots (Fig. 1) it was observed that NiOx coprecipitation had a
relatively slower transition period for Ni going to the particle phase
after the solutions were mixed. The time lag observed for detecting
particles with the FBRM, slower detected loss of Ni from the solution
phase, and longer induction times observed implied that NiOx crystal-
lization from the solution has a slower nucleation rate. After the in-
crease in FBRM particle counts at ~4.5min for the NiOx system the
particle count continuously increased out to even 50 min after the so-
lutions were mixed. Even though the particle counts passed the 10,000
upper limit to meet the linear relationship between the count and
particle density after 10 min, the increase in particle counts still re-
flected the continuous particle formation in the solution. In contrast,
MnOx and Mn3NilOx systems have their FBRM counts plateau much
more quickly, after 3 min and 10 min respectively. Continuous particle
formation rather than particle growth by solute depositing on existing
particles may explain the lower rate of loss of the soluble Ni species in
the NiOx reaction even after the induction period. The pure Mn pre-
cipitation; however, had relatively rapid particle formation (marked by
the short period of increase in FBRM counts and stable plateau in Fig. 1)
followed closely by particle growth. Particle growth has previously
been reported to be a lower energy barrier relative to nucleation [37],
and thus this interpretation was consistent with the faster consumption
of soluble Mn during MnOx precipitation. For the Mn3NilOx copreci-
pitation system, there was relatively fast particle formation and a pla-
teau in the FBRM counts similar to the observations for MnOx system,
although the timescale for a plateau in the counts was longer than for
MnOx system. We suspect the longer time to reach a plateau in particle
counts for the Mn3Ni1Ox system was due to the continuous formation
of NiOx crystals, as supported by the FBRM data (Fig. 2). In our earlier
work [5], we also observed an increased reaction rate of nickel ions to
the precipitate phase in the blend system. It was speculated that the fast
crystallization of the MnOx particles provided seeds for the nickel ions
to deposit onto and thus to grow faster. Previous literature on nuclea-
tion and particle growth has reported the precipitation rate to be a
linear function of the suspension density for several inorganic salts
[29]. While suspension density and particle seeding heavily influence
precipitation rate during the early nucleation stage, other factors in-
cluding surface roughness have a great effect on precipitation rate
during the later particle growth stage. The potential influence of surface
roughness will be described in further detail for the oxalate particles
later in the discussion.

The 10-second averaged CLD as a function of reaction time for all
three systems were obtained using the FBRM probe and converted to
PSDs using the method described in the Experimental section. It is
noted that the CLD was not square weighted such that information
could be extracted at earlier times when only smaller particles were
formed. The resulting PSDs from the FBRM measurements at 5, 10, and
30 min after the start of the coprecipitation reactions for each of the
three systems are shown in Fig. 3. For the two faster precipitating
systems, MnOx and Mn3NilOx, a distribution before 5min is also
shown to highlight the initial formation of small particles (due to the
slower coprecipitation of the pure NiOx, a PSD before 5min was not
collectable). The earliest PSD times were chosen as the earliest time
where the CLD plot had clear peaks. From the PSD plots at different
time points it is clear that following the initial formation of crystals,
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which was indicated by the very sharp peaks in the size range smaller
than 10 um, the nucleated particles continued to grow. Especially for
the MnOx and Mn3NilOx particles, significant shifting of the peak
positions were observed until 30 min after the coprecipitation was in-
itiated. After 30 min the CLDs, and correspondingly the calculated
PSDs, changed very little. Fig. 4 shows the SEM images of the particles
collected from the three different coprecipitation systems after an hour
of mixing, which was after the TM solution concentrations and FBRM
counts had stabilized for all three systems (Figs. 1 and 2). The pure
manganese particles and the blend particles both had a platelet mor-
phology (Fig. 4a, c). We speculate that the two lengths associated with
the plate morphology - the short plate thickness and larger plate
length/width associated with the larger flat surface, resulted in the two
peaks in the PSDs observed for these systems. The pure Ni system did
not produce plate shape particles but also had two peaks in the PSD,
however, in this case the second larger PSD peak was attributed to
particle aggregates in the NiOx system. The NiOx particles were ob-
served to have highly aggregated clumps in the SEM (Fig. 4b), and even
though SEM sample preparation may have influenced the aggregation
process the size of these aggregates were consistent with the PSD ob-
servations. From the SEM images, surface roughness can be clearly
observed on the pure manganese and the blend precipitate particles
whereas the surface of the NiOx particles were relatively smooth. This
observation of the smooth NiOx particles provides one possibility to
explain the preference of the nickel solute to continue nucleating rather
than depositing on the crystal surface. In the NiOx precipitate system
the energy barrier of two dimensional crystal growth on a perfect sur-
face would be much larger than that from a defect or higher surface
area substrate, and additional nucleation of NiOx particles may instead
be preferred. The conclusion of the nucleation stage in the blend system
likely reflects the reduced driving force towards nucleation due to the
decreasing Ni** concentration, combined with the surface roughness of
the blend particles promoting precipitation through particle growth.
The particle surface roughness, which favors particle growth over nu-
cleation, decreased the distance between sites of growth on the parti-
cles, analogous to the critical distance between dislocation sites in 2-D
particle nucleation and growth studies needing to be greater than the
critical particle size to facilitate the nucleation over growth [38].

The nucleation and particle growth mechanisms can also be de-
duced by studying the evolution of PSDs, as described by Eberl et al.
[39]. In many crystallization processes, the crystallite PSD has been
observed to follow a lognormal distribution, which can be explained by
the Law of Proportionate Effect (LPE): X, = X; + ¢;X], stating that a
particle’s growth rate is determined by its size (X) plus the pro-
portionality constant (¢) [39]. X is the particle size in an early time
point and Xj,, is the particle size after a defined interval of particle
growth. The proportionality constant is dependent on many system
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Fig. 2. FBRM total counts as a function of reaction time for pure nickel oxalate
(NiOx, blue), pure manganese oxalate (MnOx, red), and manganese nickel
blend oxalate (Mn3NilOx, black) coprecipitation. Inset is an expanded view of
the first 10 min. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3. Particle size distributions at 5, 10, and 30 min after the start of the
precipitation in a) pure manganese oxalate (MnOx), b) pure nickel oxalate
(NiOx), and ¢) manganese nickel blend oxalate (Mn3NilOx). For a) and c), an
earlier distribution is shown to highlight the initial formation of smaller par-
ticles in these faster precipitating systems. Solid lines added to guide the eye.

parameters, such as temperature and concentration. The lognormal
distribution cannot fit well to the PSDs in the systems in this study due
to either the particle size difference in different orientations (the pla-
telet MnOx and Mn3NilOx particles) or the segregation of tiny particles
(NiOx particles). Thus, a fit with 2 log-normal distributions was used
representing each of the PSD peaks. The obtained CLD data was also
analyzed using the lognormal mean (« = ) In(x)f (x)) and variance
(8% = [In(x)—al*f(x)), and the results were compatible with ap-
plying the approach of Eber] at al. In that study, it was proposed that in
addition to considering the entire shape of the PSD, growth mechanisms
can be extracted from the evolution of 82 with respect to « for a series of
sample sets. In Fig. 5, 32 are plotted on the y-axis with respect to a on
the x-axis. Since a scaled with particle size, smaller a values correspond
to earlier time points in the precipitation and increasing a values cor-
relate with later times for all the precipitation systems. As shown in
Fig. 5, at smaller values of a (earlier times in the reaction) 2 had a
linear dependence on a for the pure manganese which indicated a
surface-controlled growth, whereas for the pure nickel precipitation 32
had an exponential dependence on a indicating a continuous nucleation
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Fig. 4. SEM images of a) MnOx particles, b) NiOx particles, and ¢) Mn3Ni1Ox
particles (from the 3:1 Mn:Ni blend feed coprecipitation reaction) collected
after an hour of precipitating.

and growth mechanism [39]. The slope of the curve for NiOx in early
stages of the coprecipitation was very gentle, indicating that the new
particle nucleation occurred simultaneously during the growth of ex-
isting particles, but at a slow rate. The 3? value dropped sharply after
30 min in NiOx coprecipitation, which could be due to Ostwald ripening
where the smaller particles dissolved while the larger particles grow
larger [39]. In contrast, the variance for the MnOx precipitates re-
mained almost constant in the later stages (after 30 min) of the reaction,
which followed well the pattern of a supply-controlled growth me-
chanism [39]. The variance of the PSD in Mn3NilOx reaction also in-
creased linearly with the lognormal mean and the slope was identical
with that of the pure manganese precipitation. The intercepts of the
lines, however, were different, which was due to the different initial
PSDs before the growth phase was initiated. The nucleation reaction in
MnOx coprecipitation ceased after the very short induction period and
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triangles), pure nickel precipitate (NiOx, diamonds), and the blend precipitate
(Mn3NilOx, circles). Dashed lines added to guide the eye.

rendered the initial particles within a narrow size range, while in the
blend precipitation the continuous nucleation of particles induced an
asymptotic initial distribution. It can be seen from Fig. 5 that the initial
starting point of the blend system was between measured values of the
pure MnOx and NiOx precipitations. Other than the initial PSDs, the
blend precipitation exhibited the same pattern and thus followed the
same surface-controlled growth mechanism as the MnOx. This beha-
viour was also consistent with the similar consumed ion fractions and
rates (Fig. 1d) for the MnOx and Mn3NilOx systems. We speculate that
the rough crystal surface lowered the energy barrier of nickel ions to
deposit and grow on the crystal surface during the Mn3NilOx copre-
cipitations and thus facilitated the precipitation of nickel ions in the
blend system. At later times, the blend precipitation had a reduction in
the rate of increase of 32, which may have been due to both the ripening
and supply-controlled growth mechanisms playing a role.

Using the measured concentrations of the TMs for the three systems
(Fig. 1), the rate of the coprecipitation reaction was determined for
each TM by numerically calculating the change in concentration di-
vided by the change in time at each time point. The rate of the copre-
cipitation reaction was also normalized by the total surface area of
particles that was available at that time for the TMs to deposit onto, and
the particle surface was determined from the PSDs extracted from the
FBRM measurements with the assumption that the particle sizes in the
PSDs corresponded to spherical particles. Fig. 5 displays the logarithm
of the TM coprecipitation rate plotted against the total TM concentra-
tion (or equivalently total oxalate, since the feed had the same con-
centration of both and the TM and oxalate precipitated at a 1:1 ratio).
Starting with a rate expression of the form: r = k [M]°[Ox]®, because the
total TM and oxalate concentration were always equal in all three
systems, the formula was simplified to r = k[M]’, of which the loga-
rithm of both sides resulted in logr = logk + ylog [M]. A plot of log r as
a function of log [M] thus had a slope which corresponded to the re-
action order, and this plot for the three coprecipitation systems can be
found in Fig. 6. As proposed by Doremus et al., there are two me-
chanisms of surface-controlled particle growth from ionic solute, either
the ions form a molecule which is then adsorbed by the kinks of the
particle surface (“molecule” mechanism) or the ions get adsorbed to the
correct sites on the surface directly from the solution (“direct adsorp-
tion” mechanism) [40]. For the one-to-one electrolyte, as was the case
for the TM oxalate coprecipitation in this study, the reaction rate would
exhibit an order of three for the molecule mechanism and two for the
direct adsorption mechanism. From linear fitting of the data from
Fig. 6, the MnOx had a reaction order of 2.0, which fit well with the
direct adsorption model. The NiOx precipitation, however, has a reac-
tion order of 1.6. This deviation of reaction order below 2.0 may have
been due to the simultaneous occurance of both nucleation and particle
growth during the NiOx reaction, which consumed the solute in a
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relatively slower rate. The TM ion precipitation rate in the Mn3NilOx
system aligned well with the MnOx in the high concentration regime
and with the NiOx in the low concentration regime. This result implies
that the blend coprecipitation followed the same surface-controlled
particle growth mechanism as in the MnOx in the early reaction period
when the solute was adequate, and that it switched to the kinetics of
NiOx precipitation as the reaction proceeded and less solute was re-
sidual in the solution. The two points from the blend system which
approach the pure nickel precipitation mechanism corresponded to the
reaction after 12 min of mixing, and at this time the Mn?* consumption
had almost plateaud and Ni** nickel was still significantly participating
in the reaction. The decrease of critical particle size under the low su-
persaturation condition made the particle growth even on the rough
particle surface more difficult and some of the precipitating Ni>* may
have switched back to the continuous nucleation mechanism [40]. This
hypothesis of new particles nucleating in the Mn3NilOx precipitation
at later reaction times was supported by the slight increase of the small
particle fraction in the PSDs (Fig. 2).

The growth mechanisms during precipitation of TM ions from pure
and blend TM solutions provides fundamental knowledge necessary for
rational battery material design and control, in the case where pre-
cipitate precursors are used for the production of battery active mate-
rials. Ideally, multicomponent precipitates would have controllable
composition and particle size throughout a precipitation reaction pro-
cess. Such control is important because of the sensitivity of the final
materials processed using the TM precipitates with regards to compo-
sition and particle size on final material and electrochemical properties
[5,41]. While determining an exact ideal size or morphology for a
battery particle is challenging because of the need to match materials to
a specific application and because of the multiple tradeoffs with particle
morphology (e.g., length scales of ion transport within the particles,
electrode microstructure pore sizes, areal electrode loading, electrode
mechanical and thermal processes), there has recently been more at-
tention to the impacts of heterogeneity and the lack of control of par-
ticle morphology and microstructure within the electrode [42]. Such
heterogeneity can lead to uneven distribution of electrochemical ac-
tivity, which results in excessive ageing of a subset of the active ma-
terial particles within the electrode, resulting in both an electro-
chemical performance challenge and possibly a safety issue. In addition,
intentional heterogeneity can result in particle distributions in the
electrode that are used for different purposes, such as a blend where
some particles provide high energy and others facilitate high pulsing
power [43]. Rational control of these more complex and multi-
component electrodes will require a more complete understanding of
the nucleation and growth processes of precursor particles used in the
synthesis of the active materials — and this study is a first step towards
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Fig. 6. Logarithms of the reaction rates as a function of the logarithms of the
residual TM concentrations. Concentrations were for total TM, which was
equivalent to oxalate concentrations in all experiments. Dashed lines represent
from linear fits.
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demonstrating tools such as FBRM which have not previously been
applied to understand battery precursor synthesis and the processes
that influence final particle morphology.

This study’s main focus was the nucleation and particle growth
processes for TM precipitates, and in particular it was found that
properties such as crystal size and surface roughness contributed to the
observed precipitation rate. The detailed nucleation and growth pro-
cesses also influence final material composition in multicomponent
systems, including both the total composition and the distribution of
TMs within the particles. A systematic study on the external factors that
influence the nucleation and particle growth process, such as feed
concentration and solution temperature, will be needed to provide a
more complete understanding of the nucleation and growth processes of
the particles [19]. For these future systematic studies the population
balance model can be applied to extract more quantitative information
of the crystallization process in terms of the rate constants of nuclea-
tion, crystal growth, and aggregation [44-46].

4. Conclusion

In this work, in-situ FBRM measurements converted to PSDs were
combined with ICP-OES measurements of solution compositional
changes in-situ to track coprecipitation reaction processes as a function
of time. Such information is necessary to understand the detailed nu-
cleation and growth processes occurring in the solution, as well as to
normalize the reaction rates for the coprecipitation. The FBRM pro-
vided insights into the timescales of particle nucleation and growth for
variations in transition metal composition during oxalate coprecipita-
tion. By comparison of the observations for pure nickel and manganese
coprecipitation relative to coprecipitation of a blend of these transition
metals, insights were gained into the mechanism by which nickel was
consumed in a higher rate in a precipitation with a blend of Mn as
opposed to precipitation in the absence of manganese ions. The ex-
perimental results demonstrated that the pure manganese and pure
nickel precipitations followed different nucleation and particle growth
paths. In the pure manganese oxalate precipitation, the nucleation
ceases when the particle growth starts, which resulted in the solute
being consumed at a faster rate. However, in the pure nickel oxalate
precipitation, particle nucleation continues concurrent with the slower
particle growth process, which resulted in a relatively slower observed
reaction rate. In the blend system of manganese and nickel, rough
particle surfaces helped to facilitate fast deposition of both transition
metal ions on the surface; furthermore, manganese and nickel ions both
followed an efficient surface-controlled direct adsorbing mechanism of
precipitation. These observations explained why in the blend system
both transition metal ions were consumed quickly and in a similar ratio,
which resulted in a homogeneous blend precipitate, which would be
desirable from a battery precursor synthesis standpoint. This study
demonstrates the importance of understanding the nucleation and
growth processes of precipitate particles when being used as precursors
for multicomponent transition metal functional materials such as metal
oxides. The different nucleation and growth mechanisms influence the
composition of the final precipitates, the size and size distribution of the
collected particles, and the timescale of the precipitation process. All of
these outcomes are very important to resulting material properties and
for rational predictive design of particulate reactors for making these
materials.
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