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Computational Methodology

More details of the computational procedure are provided below in the Supplementary
Information section.

Equilibrium Calculations: Extent of a particular chemical reaction, and the relation
between the concentration of the reactants and the products, are determined from the equilibrium
constants. For example, suppose, a chemical reaction between A* and B leads to a product of

KAB, which can also be

AB_ and the equilibrium constant for this particular reaction is denoted as
written as:[1]
AT + B~ =4B, with equilibrium constant Kag (S1)
Then the relation between their concentration and equilibrium constant can be written as:[1, 2]
Kup=[ABV[A*][B™] o, [AB1=K,5[A"][B] (S2)

Concentration of all the compounds in Egs. (1) — (5) (in the main manuscript) is written in terms
of the equilibrium constants and individual elemental components by following a similar technique
demonstrated in Eq. (S2). A list of all the chemical reactions and the magnitude of the

corresponding equilibrium constants are provided in Table: S1.

Table: S1. List of equations, and corresponding equilibrium constants, used to determine the
composition of the transition metal carbonate precipitates.[3, 4]

List of equations Equilibrium constants (Keq)
NH?} + OH =NH,0H 6.3095 x 10*
HY +C0% =HCO; 1.7793 x 101°
HY + HCO3=H,C0, 2.3255 x 10°
Ni?* + 20H ™ =2Ni(0OH), 1.6595 x 101°
Mn** +20H™ =Mn(0H), 5.0118 x 10'2
Co** + 20H ™ =Co(0OH), 7.7624 x 1014
Ni*™ + CO%*; =NiC0, 7.0422 x 10°
Mn** + C0%; =MnCO, 4.2735 x 10"
Co*™ + C0?; =CoC0, 1x 10"
Ni®* + NH =2[Ni(NH;)]** 6.4565 x 10°
Ni** + 2NH,=2([Ni(NH,),]* 1.2022 x 10°




Ni®* + 3NH,2[Ni(NH;),)* * 7.0794 x 10°
Ni®* + 4NH,=2[Ni(NH3),* * 1.3182 x 10°
Ni®* + SNH,=2[Ni(NH3)|* * 8.5113 x 10°
Ni?* + 6NH = [Ni(NH,)e]* 1.2022 x 10°
Mn** + NH;=2[Mn(NH,;)]** 10
Mn** + 2NH;=[Mn(NH;),]* * 3.4673 x 10*
Mn** + 3NH,=2[Mn(NH,);]** 5.0118 x 10°
Mn®* + 4NH,=2[Mn(NH;),)** 1.9952 x 10°

o’ * + NHy=2[Co(NH5)|** 1.2589 x 102
Co®* + 2NH=[Co(NH;),)** 4.6773 x 10°
Co®* + 3NH=[Co(NH,),|** 6.0255 x 10*
Co®* + 4NH=[Co(NH;),)** 3.3884 x 10°
Co** + 5NH,=[Co(NH;)s)** 5.6234 x 10°
Co®* + 6NH=[Co(NH,)e|* * 1.3803 x 10°

Growth Mechanism of Primary Particles and Primary Aggregates: As already pointed out
in the main manuscript, formation of the primary aggregates occurs through the nucleation of new

primary particles on the surface of the existing primary particles. SEM and TEM images indicate

(TMCO

that the transition metal carbonate 3) primary aggregates take almost a spherical shape. If

the primary aggregate is considered to be a single particle, its growth mechanism can be simulated

as the simple precipitation induced growth of a single particle:[5]

drpp a

CTMC03 ’ “dt = kppa ’ ([TMZ +] ) [6023_] - KSP,TMCO3)

(S3)

Crmco

where, "pra indicates the radius of the primary particle aggregates, 3 is the concentration of

transition metal carbonate within the precipitated particle, Kppa denotes the reaction rate constant

for the precipitation of the TMCO; for growing the primary particle aggregates, ¢ indicates time,

2+7. . .. .
[TM*™ ] is the concentration of the transition metal cations, [CO ] denotes the concentration of the

KSP,TMCO

carbonate anions, and 3 is the solubility product of the T™ 04 being precipitated. It is

possible to rearrange the Eq. (S3), and write it in the following fashion:



k K
dT‘ppa ppa SP,TMC03

- : (SSRTMCO3 - 1)
TMC03 (S4)

[TM2 +] . [C023_] o kppa ’ Ceq,TMCO3
KSP,TMCO

dt c
TMCO, 3

k

The modified reaction rate constant “pra is used in the present context, along with the equilibrium

c . .
caTM C03), can be used to simplify

concentration of transition metal carbonates within the solution (
the expression that governs the growth of the primary particle aggregates. As shown in Eq. (S4),

the modified expression for the growth of primary particle aggregate is written in terms of the

. . .- SSR L.
supersaturation ratio of the transition metal carbonate ( TMCO3), which is defined as:[6]

247, 2-
SSRTMCO3 = [TM ] [CO 3 ]/KSP,TMC03 (S5)

Note that the equilibrium concentration of transition metal carbonates is extracted from the

solubility product according to the following relation:

— |K
[ = SP,TMCO
eq,TMCO3 3 (S6)

In the present research, magnitudes of the solubility product of the transition metal carbonates are

assumed to be equivalent to the equilibrium constants corresponding to the same TMCO,

K =K C . :
( SP.TMCO3 — “eqTM 503), which is reported in Table S1.

Evolution of the primary aggregates occurs through two different processes, growth of
individual primary particles, and nucleation of new primary particles on the surface of the existing
ones. Surface nucleation occurs because the growth of individual primary particles is slow enough
such that the minimization of energy through direct precipitation is not a viable option.[7]
Nucleation on top of the surface of the existing primary particles can lead to faster precipitation of
the supersaturated transition metal carbonate reactants, and quick growth of the precipitated

particles.



Following the expression of growth for the primary particle aggregates (as shown in Eq.
(S4)), growth of the individual primary particles through direct precipitation can be captured using
the following relations:[5]

dr kpp " Ceq,TMCO

pp 3

= *|SSR -1
L o

C . . ce
TMeog is the concentration of TMC03 within

Here, "vp indicates the radius of the primary particles,
the precipitate, kpp denotes the reaction rate constant for the direct precipitation of TMCO3 and the
other terms were already explained earlier while discussing about Eq. (S3) and (S4). The
expressions demonstrated in Eq. (S4) for the growth of primary particle aggregates and that
demonstrated in Eq. (S7) for the growth of individual primary particles are very similar, with the
difference being the reaction rate constants. Since, the growth of the primary particle aggregates
occurs much faster than the growth of the primary particles itself, the reaction rate constant for
primary particle aggregate (Kppa) is expected to be much larger than the reaction rate constant for

the individual primary particles (kpp), which can also be written as %ppa > Kpp, Altering the transition

metal type (Ni**, Mn® " or Co®™), as well as the distribution of the various transition metals (

NMC111€0 Ni Mn, _CO

3 or Co-free 3), can lead to substantially different magnitudes of the reaction

rate constants for the growth of primary particle aggregates and individual primary particles.[8] In
k k . o, (TMZ + ) . .
other words, "“pra and “vr are functions of the type of transition metal present within the
solution.
For capturing the surface nucleation density Usn) of the TMCO3 primary particles, rate of

surface nucleation density is given as:[6, 9]

d]STl
dt = kg, " SSRryco

3 (S8)



k

where, "sn indicates the rate coefficient for surface nucleation density with the unit of # m’s_and

the rest of the terms have already been described earlier. Changing the transition metal type can

(SRruco.)

substantially alter the magnitude of the supersaturation ratio , as well as the reaction rate

constant for the surface nucleation process (ksu). Note that the surface nucleation density Usn)

demonstrates the unit of #m” These rate coefficients for surface nucleation (ksn) and the

: . (SSR
supersaturation ratio ( TMCO3)

are used in Eq. (11) and (12), in the main manuscript, for
determining the domain searched by the transition metal ions for a minimum energy location,

before precipitating as a surface nucleus. Also, note that the formation of the morphology of the

primary particle aggregates depends more on the reaction rate constant for the primary particle

growth (kpp) and the reaction rate constant for the surface nucleation processes (ksn), and is

independent of the reaction rate constant used for the growth of the primary particle aggregates

(k k. k

ppa). Magnitudes of the various reaction rate constants, such as, "“pra, *“pp, and ksn, and the

transition metal diffusion coefficients (DTM), for the precipitation of different transition metal

carbonates, used in the present simulation are provided in Table: S2.

Table: S2. Reaction rate constants used for capturing the growth of the primary particles through

direct precipitation (kpp), growth of primary particle aggregates (kppa), and rate constant for the

surface nucleation processes (ksn):[10-13

Various Parameters Units NiZ* Co*t NMC111
Reaction rate constant for direct
precipitation on primary particles m/s 1x10°7 2x1077 4%x10°7
(kpp)
pp

Reaction rate constant for the surface

. (k) #/m?s 4 x10° 1.25 x 10° 2 x 102
nucleation process \"sn
Reaction rate constant for the growth . . .
. . (k ) m/s 2x10" 1x10~ 1x10~
of primary particle aggregates \"vpa
Diffusion coefficient of the transition )
m’/s 7x10° 10

metals in the reacting solution (Drm)




Simulating Evolution of the Secondary Particles: Four different physical phenomena are
modeled to simulate the formation and growth of the secondary particles:[10, 14]

1) Nucleation of the primary particle aggregates.

i1) Growth of the primary particle aggregates.

ii1) Random movement of the primary particle aggregates through stirring induced convection
and/or diffusion processes.

iv) Agglomeration of the primary particle aggregates with other primary aggregates or other
secondary particles, which leads to the formation and growth of the secondary particles,
respectively.

Mathematical expressions used to model these four physical phenomena will be discussed next.
Nucleation of primary particles: The standard classical nucleation theory (CNT),
developed to capture the homogeneous nucleation of particles, is adopted in the present study to

simulate the formation of primary particles, and their aggregates, within the reacting solution.

According to this theory, the rate of nucleation of primary particles Up) is given by:[9, 15]

Jop =Jopo - €xp (16my 5V2/(3k5R?T? - (In SSR)?)) (S9)

where, /pp0 indicates the total number of available nucleation sites, ¥s! is the surface energy between

the solid precipitate and the reactor liquid, V is the partial molar volume of the precipitating species,

ks indicates the Boltzmann’s constant, R is the universal gas constant, and T denotes temperature.

The total number of available nuclei Uppo) is obtained from the relation,[6, 10]

1 |NRT
pp’0=§' )/—SIDTMCeqSSRlnSSR
(S10)



where, Na indicates the Avogadro constant, Dru is the diffusivity of the transition metal ions within
the reacting liquid, €eq is the equilibrium concentration of the transition metal carbonate within the
reacting solution before the precipitation initiates (which is already defined in Eq. (S6)), and SSR

is the supersaturation ratio of the TMCO3 within the reactor (already defined in Eq. (S5)). The rate
of nucleation Uop) is given in the units of #/(m? s), which is also the unit of the total number of

available nuclei Uspo). Increase in the total number of primary particle nuclei over a time interval
(At) is estimated as:[10]

Jpp(t +86) =], (O + ] A (S11)
where, Jo(® and Jpp(t + 40 is the number density of the primary particle nuclei (with units of
# m3) at time t and t + At All the parameters used to estimate the nucleation density of primary
particles are provided in Table S3.

Growth of the primary particle aggregates: After the nucleation of the primary particle,
their growth leads to the formation and evolution of the primary particle aggregates. It is very
important to appropriately predict the growth of these primary particle aggregates because both
the rate of diffusion and the rate of agglomeration depend strongly on their size.[2] In the present
context, due to the very high diffusivity of the reactants within the solution, rate limited growth of
the primary particle aggregates is assumed.[12] The set of equations provided in Egs. (S3) — (S6)
is solved to capture the increase in size of the primary particle aggregates. The parameters used to
solve these equations are provided in Table S3. Due to the very high diffusivity of the transition
metal and carbonate ions within the reacting solution, the bulk concentration of these ions is used
in the growth simulations. This simplification helps to eliminate the calculations associated with
solving for the diffusion induced concentration gradients of the reacting ions within the solution,

which effectively makes the simulations much faster.



Random movement of the primary particle aggregates: Movement of the primary particle
aggregates, as well as the secondary particles, is simulated using a Kinetic Monte Carlo (KMC)
approach. At each time step, a particle is allowed to move to its nearest, or second nearest,
neighbors, through either convective motion, or Stokes-Einstein diffusion process. The liquid

velocity (“iiq) for convection is assumed to be an input parameter, which affects particle of all sizes

(D

equivalently. The Stokes-Einstein diffusivity sE) is written as:[2]

Dgg = (ksT)/ (6707 paricte) (S12)
where, 7 indicates the viscosity of the reacting solution, and "particle is the radius of the particles,
which can be either a primary particle aggregate, or a secondary particle. The time (tmove) taken by
each particle to move to its nearest (or second nearest) neighbor is given as:

Cmave = min ((4°/Dsg).(Y/1y) (S13)
where, d is the distance to the nearest, or second nearest, neighbor. It is assumed that the faster of

the two processes, diffusion or convection, dominates the transport of the particles. The rate

associated with each move ("*€move) is estimated as the reciprocal of the time (Emove) required for
that particular move:

rate

move = Ytmove (S14)
Finally, the Kinetic Monte Carlo scheme is implemented by adding all the rates, and randomly
selecting one of them, while the time increment is estimated using a random number and the
summation of all the rates associated with all the processes.[16] Again, the parameters used for
running the simulations are provided in Table S3.

Agglomeration and growth of secondary particles: During their random movement if a
primary particle aggregate, or a secondary particle, encounters another primary particle aggregate,

or another secondary particle, there is a possibility that due to the collision between them, they



will stick to each other because agglomeration leads to minimization in the overall system

energy.[17] Energy associated with each particle (Eparticte) is estimated as:
Eparticle = T/ySl/TpartiCle (S 1 5)

Here, V indicates molar volume of the particle, Vst is the interfacial energy between the solid and

the liquid, and "particle denotes the particle radius. The probability of agglomeration (probg,)
experienced by each particle is defined as:
prObagg = exp ( - Eparticle/RT) (816)

where, R is the universal gas constant, and T is the temperature in the Kelvin scale. The energy

associated with each secondary particle or primary particle aggregate (Eparticte) is estimated from
Eq. (S15). During the collision of two different particles, probability of agglomeration experienced
by the one with smaller size is considered. Smaller particles contain larger surface energy

(Epartictesmatt > Epartictetarge)  and  the magnitude of their probability of agglomeration

(Probaggsma < Pr0baggiarge) is also smaller. If this particular probability of agglomeration
experienced by the smaller particle is less than a randomly selected number, the two particles are
assumed to agglomerate, and move together according to their random movement mechanism.
Otherwise, the two particles remain as separate entities. Note that no upper limit to the size of the
secondary particles is assigned in the present simulation. Also, note that fluid shear induced

breakage of particles is not considered here.[17, 18]

10



Table: S3. List of parameters used for simulating the evolution of the secondary NMC111C0,
precursor particles, through the nucleation, growth, and agglomeration mechanisms, is provided

below.
Parameter Symbol Unit Value Reference
Solubility product Ksprmco, (mot/m?)* 6.9262 x 10~ 1° [4]
Reaction rate for the
growth of primary kref or Kppa m/s 1x10°° Fitted
particle aggregates
Concentration inside
. Crmco, mol/m3 32200.0 [19]
particle
Temperature T K 323.15 Experiments
Stirring induced .
& Inducee V5ig m/s 1075 Fitted
convective velocity
. DFT
f: t Y m? : .
Surface energy density sl Jm 1.46 calculations
Boltzmann constant kg J/K 1.3806 x 10~ %3 --
Viscosity of reactin
yo & n Pa-s 8.9 x 10~ * [20]
solution
Partial molar volume 3
.. v m”/mol 31.0667 x 10~ ° 19
of precipitated TMCO, / [19]
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Table S4. Surface Energies for Selected Surfaces for NMC111 Under a Stoichiometric Ratio
of the Species

Surface Orientation MnCO; NiCO; CoCOs

~ (102) 1.05 1.53 1.79
E
)
= (104) 1.77 1.92 1.98
S
g
3 (001) 1.55 1.94 2.05
&
bl
&
(100) 221 2.43 2.51
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Additional Figures

NMC111CO,

3

: f}i — ST, T » NI
High-vac." SED} PC-low 5KkV x 3000 179/2020/ 000070 WHigh-vac. SED PC-low 5 kV x 3000

Figure: S1. SEM images of NMCI111CO; precursors with ammonia over transition metal ratio
([INH4]:[TM]) of 40:1. (a) Transition metal concentration kept constant at 4.5 mM. (b) Transition metal
concentration kept constant at 45 mM. The scale bar is constant in both images, which is equivalent to 10
pum. It is evident that increasing transition metal concentration from 4.5 mM to 45 mM leads to an increase
in the secondary particle sizes. It appears that the average particle sizes increase from 4.25 pm to 5.5 um
as the metal concentration increases from 4.5 mM to 45 mM in the reacting solution.
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Figure: S2. Influence of the reaction rate constant (k ref ) and the liquid velocity (vliq) in determining the
secondary particle size as predicted by the Kinetic Monte Carlo (KMC) based computational scheme.
Coprecipitation assumed to occur in a batch mode with transition metal concentration around 4.5 mM and
ammonia over metal ([NH4]:[TM]) ratio of 40:1. The experimentally observed secondary particle size is

denoted by the black circle. (a) Impact of the reaction rate constant (kref ) without any liquid velocity

(vliCINO) shows that increasing the reaction rate constant cannot increase the secondary particles size
substantially without the help of liquid velocity. (b) Evolution in secondary particle size with time while

i - 6 s (Krep~1070m/s) oo oo
keeping the reaction rate constant fixed at 10° m/s \"ref . It is evident that extremely large
velocities can lead to very big secondary particles, whereas liquid velocity around 10° m/s

-5
(vliq~10 m/ S) leads to a good correlation with the experimental observations. All the subsequent analysis

-6 -5
of secondary particle growth will use krep~107"m/s g Vig~10""mys

correlation with the experimental observations.

as they provide the best
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/‘\ Model predictions Experimental observations
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Figure: S3. Application of the developed Kinetic Monte Carlo (KMC) methodology for predicting the
secondary particle sizes observed in other transition metal carbonates. (a) Comparing the model predicted
average secondary particle size for equal amount of Ni and Mn (black line) with 90% Ni containing
precipitates (red line). The total TM content is kept fixed at 12 mM, and ammonia over TM ratio is 15.

Higher magnitude of reaction rate constant (kref ) is assumed for the Mn-rich precipitates. (b) and (c)
Computationally predicted size distribution of secondary particles for 50% Mn and 10% Mn, respectively.
(d) and (e) Corresponding experimental observations for precipitates with 50% Mn and 10% Mn, where the
precipitates with larger Mn content leads to significantly larger secondary particle sizes. The experimental

results are obtained by precipitating the TMCO; according to the abovementioned conditions in a batch
reactor for 1 hour. Note that no cobalt (Co) is used in any of these two precipitates.
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