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ABSTRACT: Lithium nickel manganese cobalt oxide (NMC111)
is considered to be one of the most promising cathode materials
for commercial lithium-ion battery (LIB) fabrication. Among the
various synthesis procedures of NMC111, hydroxide co-precip-
itation followed by lithiation is the most cost-effective and scalable
method. Physical and chemical properties of the co-precipitation
product such as yield, particle size, morphology, and tap density,
depend upon the various reaction parameters, which include pH,
chelating agents, metal salt concentrations, and stirring speed. As a
consequence, detailed theoretical and experimental modeling is
critically required to not only understand the interdependence
between the particle properties and reaction conditions but also
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optimize these parameters. In this study, theoretical modeling was performed to analyze the role of various NH,OH concentrations
with varying pH on the yield of the NMC(OH), product. From the experimental findings, it was observed that the product obtained
at a pH of 11.5 and NH,OH concentration of 0.02 M possessed the highest tap density. Three of the hydroxide precursors with
different tap density values were chosen to lithiate and were applied for coin cell fabrication. The NMC(OH), precursor with the
highest tap density had the highest specific capacity of 155 mAh g™" at 0.1 C and retained up to 78.6 mAh g™" at S C. The variation
of the Li* diffusion coefficient for the three selected materials was also studied using electrochemical impedance analysis.

1. INTRODUCTION

Lithium-ion batteries as a result of their high energy density and
long cycling performance' ~® have many applications in various
technologies ranging from electric vehicles to electronic
gadgets.”'* To achieve good battery performance, such as
rate capability and cycling performance, cathode materials of
various compositions and crystal structures should possess the
structural robustness to withstand the volume change during
lithium ion intercalation and deintercalation."'~"* Among the
various cathode materials, layered lithium nickel manganese
cobalt oxide (Li[Niy33Mng33C0g33]0, NMC111) is a promis-
ing candidate for commercial applications. The role of nickel in
NMCI111 is to improve the energy density, while cobalt and
manganese provide thermal and structural stability."> ™"’
Several synthesis strategies, such as combustion, co-
precipitation, sol—gel, and hydrothermal, have been used to
produce NMC111 with good tap density and particle size
distribution to achieve good battery performance.'®** Hydrox-
ide co-precipitation is the most commonly used method because
it is cost-effective and scalable while providing control over the
particle morphology and ensuring homogeneous mixing during
the synthesis process.”®*® There are many parameters that need
to be considered when performing hydroxide co-precipitation
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synthesis. These include temperature, metal ion concentrations,
chelating agents, and stirring rate; however, the primary focus of
this work is to study the effects of the pH and concentration of
the chelating agent (ammonium hydroxide) on the quality of the
product.”*~** Both parameters play key roles in the precipitation
of the NMC(OH), product, where ammonia forms a complex
with the metal ions in solution, which then reacts with the
hydroxide ions to form metal hydroxide that precipitates out of
solution. The pH affects the ability of the metal ions to form the
complex with ammonia and the solubility of metal hydroxide in
solution.”*™3*

Ammonium hydroxide is the most commonly used chelating
agent; however, it easily volatizes to form ammonia gas, which is
toxic and an environmental pollutant.*® Research has been
conducted with other chelating alternatives such as sodium
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Table 1. Comparison of NMC111 Synthesized Using Low Ammonia Co-precipitation to Other Values in the Literature

synthesis method synthesis conditions

precursor size range

initial discharge (mAh g™')  voltage window (V)  reference

co-precipitation [NH;]r =023 M 2—8 ym 161 (0.2 C) 2.7-43 35
pH =115

co-precipitation [NH;]r =057 M 200 nm with 80 nm thickness 166 (0.05 C) 3-43 12
pH =115

co-precipitation [NH;]; =036 M 5—20 um 163 (32 mA/g) 2.8-4.3 31
pH = 12,0

co-precipitation [NH;]; =036 M 9.5—16.7 ym (majority have 10 ym) 177 (20 mA/g) 2.8—4.5 22
pH =110

co-precipitation [NH;]; =024 M S um 162 (02 C) 2.8-4.3 42
pH=7.5

spray pyrolysis 6—8 ym 1593 (0.1 C) 2.0—4.5 24

Dsy = 6 ym

co-precipitation [NH;]r=1M 6—18 ym 154.8 (0.1 C) 3-43 43
pH =10.5

co-precipitation [NH;]; = — 0.5—-2 um 155.1 (0.1 C) 2.5-4.6 44
pH =110

flame-assisted spray pyrolysis 0.1-0.8 ym 153.7 (0.1 C) 2.8—4.25 45

combustion synthesis 500 nm 150.0 (0.05 C) 2.5-4.3 25
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Figure 1. Schematic illustration of the synthesis and coin cell preparation of NMC111.

lactate and oxalic acid.*”** Although the layered metal oxides
using these chelating agents do exhibit good performance,
ammonium hydroxide in comparison to these alternatives is still
the cheaper and more feasible reactant for large-scale
production.39 Using low concentrations of ammonia during
cathode synthesis is another solution because this will reduce the
amount of hazardous gas produced from the process. As such,
the objective of this work is to understand the effects of using
low concentrations of ammonia during hydroxide co-precip-
itation on the particle size and tap density, which are key
parameters that influence the battery performance.*>*! Various
research groups have already synthesized NMC111 by different
routes to achieve better electrochemical performance. The
synthesis condition, particle size, and discharge capacities of a
few of such already reported NMC111 are shown in Table 1.
A theoretical model that can predict which pH will provide the
highest yield for a given ammonia concentration is groposed.
Similar models have been reported in the literature.*”** In the
work published by Hua et al., the same constants were used to
derive their model. However, the authors only focused on one

ammonia concentration (0.5 M), while in the work published by
Shen et al., their main focus was on optimizing the ratio between
the metal ion ammonia complex and the hydroxide ion
concentration in solution. There are two key differences
between the model shown in this work and the works mentioned
above: (i) In this work, the goal of the model was to identify
experimental conditions that minimize the amount of residual
metal ions in solution, thereby optimizing the yield. (ii) The
experiments were conducted for multiple ammonia concen-
trations, and the target composition ratio for the final precursor
solid is NMC111. With this model, we can predict optimal pH
conditions for low concentrations of ammonia, which would
save time and resources needed to optimize the system.’”
Experiments are carried out at different ammonia concen-
trations to assess the model.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Ni;;3Mn,;,5C0,,3(OH), and Li-
Ni;/3Mn;3C0,,30,. A 2.0 M transition metal sulfate (MSO,) solution
was prepared by dissolving NiSO,-6H,0, CoSO,-7H,0, and MnSO,-
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H,O (all purchased from Sigma-Aldrich) in the desired ratios in
deionized (DI) water. Ammonium hydroxide (NH,OH) solutions,
with concentrations in the range of 0.02—0.17 M, and 8.0 M sodium
hydroxide (NaOH) were also prepared. NH,OH solution (50 mL) and
50 mL of DI water were added to a three-neck round-bottom flask
under a nitrogen atmosphere and heated to 60 °C.*>** MSO, solution
and the remaining S0 mL of NH,OH solution were then added
simultaneously to the flask under a nitrogen atmosphere (each at a rate
of 1 mL min~"), while NaOH is added to maintain the pH of the
mixture, as shown in Figure 1. The mixture is allowed to ripen for 12 h
with a stirring rate of 1000 rpm. The resulting mixture is then washed
and filtered until the pH is reduced to 7.0 and dried at 110 °C overnight.
The dried precursor material [NMC(OH), ] was then mixed with 10 wt
% excess lithium carbonate in a pestle and mortar then heated in air to a
temperature of 480 °C for S h. The resulting sample was then allowed to
cool to room temperature and then ground again before it is calcined at
a temperature of 850 °C for 10 h to produce lithium nickel manganese
cobalt oxide (NMC111).

2.2. Material Characterization. The morphology of the precursor
samples was analyzed using scanning electron microscopy (SEM,
Hitachi SU-70 FE-SEM) operated at 10 kV. The X-ray diffraction
(XRD) patterns of the precursor and lithiated samples were analyzed
using XRD (Empyrean multipurpose X-ray diffractometer) with a Cu
Ka radiation source of wavelength, 1.5406 A. The XRD patterns were
collected on a 20 range of 10—80°. Further analysis of the patterns was
performed using the Rietveld refinement method on the High Score
Software from Panalytical. The surface areas of the samples were
measured using the Brunauer—Emmett—Teller (BET) method on a
Micrometrics Tristar IT plus analyzer with nitrogen gas adsorption. Tap
density was measured using Autotap from Quantachrome Instruments.
The chemical composition of the samples was measured using
inductively coupled plasma optical emission spectrometry (ICP—
OES, 5110, Agilent Technologies). Particle size analysis was conducted
using Sympatec HELOS from Sympatec GmbH.

2.3. Electrochemical Measurements. The cathode was prepared
by uniformly mixing the selected active materials (NMC111), carbon
black (Super P conductive carbon black, MSE Supplies), and
polyvinylidene difluoride (PVDF, HSV 900) binder in N-methyl
pyrrolidone (NMP, 99.5% anhydrous, Sigma-Aldrich) solvent in a
weight ratio of 8:1:1. The slurry was then cast on battery-grade
aluminum foil using the doctor blade technique and then dried at 130
°C for 12 h. The loading of the active material was 3—4 mg cm™ The
coin cells were then assembled in an argon-filled glovebox using the
prepared cathode, lithium metal as the anode, Celgrade 2340 trilayer
microporous membrane as the separator, and 1.0 M LiPF in ethylene
carbonate/dimethyl carbonate [EC/DMC = $50:50 (v/v), Sigma-
Aldrich] as the electrolyte. The galvanostatic charge/discharge at
different current rates (1 C = 200 mAh g') and electrochemical
impedance spectroscopy (EIS) were performed. Charge/discharge was
carried out in a voltage range of 3.0—4.3 V (versus Li/Li") using a MTI
battery test cycler. EIS was performed after S discharge—charge cycles
at 1 C with an amplitude of S mV within a frequency range from 100
kHz to 10 mHz using a Gamry potentiostat interface SOO0E. All
electrochemical tests were conducted at room temperature.

3. RESULTS AND DISCUSSION

3.1. Theoretical Modeling and Analysis of NMC(OH),
Precursor Solid Composition. The starting set of equations
used to derive this model can be found in eqs S1—S9 of the
Supporting Information. Assuming the total ammonia concen-
tration is the only known quantity, we can use eqs S1—S4 of the
Supporting Information to rewrite the balances (eqs S6—S9 of
the Supporting Information) and obtain the following
equations:

K,[NH,]
K, 10P"

6
+ ) i INEYI[NH]

i=1

[NH;]; = [NH;] +

6
+ D iKop [CO™INH, I + Ky [Mn>*][NH,]

i=1

+ 2K o, ,[Mn > [NH, ] (1)
6 3
[Nilp = [NPY] + ) Koy INPFIINH] + ) Ky INi* (K, 10P7)
i=1 i=1
2)
6 4
[Coly = [Co™ ] + Y Kp ACo™ IINHL] + ) Koy, [Co™ 1(K, 107"
i=1 i=1
3)

[Mnly = [Mn**] + Kpou [Mn* 1INH;] + K, 0,[Mn® ] [NH;

+ Ko M (K 10P) + K (M J(K,1077)* (4)

Using eq SS of the Supporting Information, we can express each

metal ion term, [M>*], in eqs 1—4 as a function of pH.

Kspmh _ Kspmh
[OH ] K,’10%" (5)

[M*T] =

We can factor out the metal ion terms in eqs 2—4 and substitute

the expression from eq S.

6

K,\[NH;] .
3 + Z 1KniA7,.

e = R G omy

(K, 107y

I<spnih l [NH ],'
3

6

Ks coh i I<s mnh
+ ) K | 22 |[INH,] + K, | ——— |[NH,]
; A’ (leoPH)Z] ’ A (R 10PR) [
I<s mnh
+ 2KmnA,z Pi][NHﬂZ
(K, 107)? (6)
. Kspnih ¢ i 3 pHi
Nily = | s [y 1+ Y Ky INHI + Y Ky [K10°H]
(K, 107%) i=1 i=1
(7)
[CO]T = aPc;]]{ 2 I+ Z I<coA,i[NH3]l + Z I<coH,i[I<w10pH]l
(K, 1077) i=1 i=1
(8)
spmnh
[Mn]; = 0™ 1PoPH)2 {1 + Ko INH;] + K0 [NH
+ Koy ([K 10°7] + Ky (K 10P9F 9)

With the expansion of the ammonia balance in eq 6 and
collection of like terms, a polynomial function (eq 10) of the free
ammonia concentration, ([NH;]), is obtained.
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Figure 2. Concentrations of residual metal ions (Ni, Mn, and Co) in solutions at different pH values for ammonia concentrations: (a) 0.02 M, (b) 0.09

M, (c) 0.13 M, and (d) 0.17 M.

Table 2. Experimental Conditions Synthesized with the Optimized Cationic Ratio (0.58 M for Ni, 0.76 M for Mn, and 0.64 M for

Co) and ICP Analysis of the Resulting NMC(OH),

experimental pH ~ Ni/Mn/Co ratio in solid NMC(OH), [ICP data] (mol %)

experimental yield (%)

32.5:34.0:33.4 87
32.8:33.4:33.2 100
43.4:27.6:28.9 98
34.0:33.7:32.1 100
34.8:30.3:34.2 98
32.8:33.0:33.3 100
33.3:34.3:33.2 98
32.9:34.1:32.2 99
32.4:33.8:33.0 99

sample  [NH;]r (M)  pH optimum for [NH;]1
CS-05 0.02 11.5 11.0 + 0.1
CS-06 0.02 11.5 11.5 £ 0.1
CS-07 0.02 11.5 12.0 £ 0.1
CS-08 0.09 11.7 11.0 + 0.1
CS-09 0.09 11.7 1.5+ 0.1
CS-10 0.09 11.7 12.0 £ 0.1
CS-11 0.09 11.7 11.8 + 0.1
CS-12 0.13 119 11.8 £ 0.1
CS-13 0.17 12.0 11.8 + 0.1
_ K, Kiia, 1Kspnih Ko, lepcoh
[NH3]T =(1+ pH 2 n2pH 21n2pH
K10 K10 K10
+ Kina, K pman [NHL] + 2K ia o Kpnin — 2Keon 2Kpeon
K, 21070 : K, 10%H K, 21070
+ ZKmnA,ZKspmnh [NH ]2 + 3I<niA,31<spnih 3KcoA,3I<spcoh
K, 0% ? K, 0% K, 0%
[NH ]3 + 4I<niA4I<spnih 4KcoA,4I<spcoh [NH ]4
} K, 1102 K, 21071 }
w w
SKoyia Kopnin SKeon sKpeon [NHLJ 6K i, 6Kpnin
K, 0% K, 1021 : K, 10%H
w w w
6K op, 6Kspeoh s
> apn - |INHSI
K10 (10)

For a given total ammonia concentration, eq 10 can be solved
independently and quickly by extracting the single positive, real
root of the polynomial using software like MATLAB. The
resulting solution can then be used to calculate the residual
metal ion concentrations (eqs 7—9), and the results are shown in
Figure 2.

Experiments were carried out initially with equal concen-
trations of the metal ions in the starting sulfate solution (0.67 M
for NiSO,, 0.67 M for CoSQO,, and 0.67 M for MnSO,). ICP
analysis of the synthesized metal hydroxide precursors was then
conducted, and the results are shown in Table S2 of the
Supporting Information. It was found that, for some of the
conditions, the metal ion composition in the final precursor solid

did not have a uniform ratio. This is a result of the reaction
conditions when using a low ammonia concentration for
hydroxide co-precipitation. With low ammonia concentrations,
the reaction kinetics are very fast because the metal ions are
more likely to react with the hydroxide ions rather than forming
the metal ion complexes with ammonia first, leading to precursor
samples with non-uniform chemical compositions.*® Because
the target metal ion composition of the metal hydroxide
precursor is the cationic ratio 1:1:1, the starting metal ion
concentrations of the transition metal sulfate solution were
adjusted using eq 11 and the ICP composition data from Table
S2 of the Supporting Information. Additional experiments were
carried out to optimize the starting ratios of the metal ions to
obtain a metal hydroxide precursor with the target cationic ratio
of 1:1:1. The starting metal ion concentrations were optimized
to 0.58 M for NiSO,, 0.64 M for CoSO,, and 0.76 M for MnSO,
for a solution with a 2 M total concentration.

MSQO, mass
- X target mol %
actual mol % in NMC(OH), (11)

Experiments were conducted to evaluate the validity of the
theoretical model in predicting the pH value to result in the
highest yield for a given ammonia concentration. From results in
Table S2 of the Supporting Information and Table 2, it is
observed that, for ammonia concentrations of 0.2 M (CS-01—
CS-04) and 0.02 M (CS-05—CS-07), the highest yield was
obtained at the pH value closest to the optimal pH predicted by
the model. However, with the ammonia concentration of 0.09 M
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Figure 3. Plots showing the model predictions for composition of the precursor solid for different pH values at different ammonia concentrations: (a)

0.02 M, (b) 0.09 M, (c) 0.13 M, and (d) 0.17 M.
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Figure 4. SEM images of the secondary particles of the NMC(OH), precursor samples, with the primary particle images displayed in the insets: (a) pH

below 11.5 and (b) pH between 11.5 and 12.0.

(CS-08—CS-11), the results show that the yield is unaffected by
the pH. From these results, it can be seen that the model
prediction was accurate for most of the ammonia concen-
trations.

For the model predicted with the optimized starting cationic
ratio, the precursors would have a composition of 29.3 mol % Ni,
38.4 mol % Mn, and 32.3 mol % Co for all synthesis conditions
and a yield of 99.9%. The predicted yield and composition data
were obtained from Figure 3 and Figure S1 of the Supporting
Information. Composition analysis of the precursor samples is
shown in Table 2, and for most synthesis conditions, the
resulting NMC(OH), had an equal amount of each metal ion,
except sample CS-07, where the ammonia concentration was
0.02 M at a pH of 12. This is because nickel is more likely to form
a complex with ammonia at higher pH than cobalt and
manganese; hence, the resulting NMC(OH), had a higher
amount of nickel than cobalt and manganese.”” From samples
CS-11 to CS-13, it was observed that increasing the ammonia
concentration while maintaining a constant pH led to a decrease
in the amount of nickel that precipitates out of solution. This is
because nickel is more likely to remain as a metal ammine
complex with a higher amount of ammonia in solution, as
indicated by the “hump” in the nickel plot in Figure 2. This
phenomenon is also discussed in the literature.*>** All
conditions resulted in a high product yield (>80%), and those
samples synthesized at the optimal pH or higher than the
optimal pH gave 100% yield. Increasing the pH generally led to a

2% change in the yield, while changing the ammonia
concentration only led to a 1% increase.

3.2. Physical and Morphological Characterizations.
Figure 4 shows the SEM images of the metal hydroxide
precursor, and from these images, it can be deduced that plate-
like primary particles were formed first and then agglomerated to
form secondary particles. Primary particles generally had a
vertical orientation in precursors that were synthesized at a pH
value below 11.5, while metal hydroxides synthesized at a pH
value higher than 11.5 had primary particles in the horizontal
orientation. The orientation of primary particles had an impact
on the tap density. Precursor samples with primary particles that
agglomerated in the vertical orientation had much more space
between particles, resulting in samples with a tap density less
than 1 gmL™". Samples with primary particles that agglomerated
in the horizontal orientation had minimal space between
primary particles, which resulted in precursors with a higher
tap density.*' These results are shown in Table 3, where
precursor samples synthesized at a pH higher than 11.5 had tap
densities greater than 1 g mL™".

From the particle size analysis data shown in Figure S2 of the
Supporting Information, most of the precursor samples are
observed to have a size distribution ranging from 1 ym (D) to
around 50—60 pm, with the peak value closer to 50—60 pm
(Dgg). Because the peak value is closer to the Dy, size
distribution, it is chosen as the value for comparison between
the samples. The secondary particle sizes of the different samples
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Table 3. Size and Tap Density of the Precursor Samples

sample name  tap density (g mL™")  secondary particle size, Dgy (m)

CS-05 0.91 62.47
CS-06 1.14 66.88
CS-07 1.06 66.63
CS-08 0.63 50.66
CS-09 0.93 55.54
CS-10 1.07 66.26
CS-11 1.11 53.83
CS-12 1.11 53.88
CS-13 1.11 53.85

are mainly between 50 and 60 ym. An increase in the secondary
particle size was observed with an increase in pH, while
increasing the ammonia concentration at the same pH had no
impact on the particle size. Small peaks around the 1 ygm mark in
the size distribution plot (Figure S2 of the Supporting
Information) indicate the possibility of multistage aggregation,
where initially the primary particles agglomerate to only form
secondary particles of a 1 ym size, and these agglomerates later
aggregate further to form secondary particles of larger sizes.*’” In
summary, increasing the pH led to an increase in tap density,
while an increase in the ammonia concentration had no impact
on the secondary particle size or tap density.

Figure 5 shows the XRD spectra of all of the precursor
samples, and when the patterns are compared to the typical
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(111
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——L.___//\

—CS-09
—CsS-10
—Cs-11
—CS-12

Intenstity(a.u.)

10 20 30 40 50 60 70 80
26(°)

Figure 5. XRD patterns of precursor samples (metal hydroxides) of CS-
05—CS-13.

pattern of a metal hydroxide precursor [Joint Committee on
Powder Diffraction Standards (JCPDS) card number 14-0117],
the peaks in the standard XRD spectra are more prominent. This
is because the patterns in Figure 5 are from samples that have
both the hydroxide and oxy-hydroxide phases present.** This
mixture of phases is due to the oxidation of the cobalt ion from
Co** to Co* and the manganese cation from Mn** to Mn**
during the drying stage of the metal hydroxide in air after
filtration. This oxidation also results in the color change of the
precursor from light pink to dark brown, as shown in Figure 1.
However, this oxy-hydroxide impurity phase is removed during
calcination, as shown by the absence of impurity peaks in the
XRD patterns of the lithiated samples in Figure 6.

3.3. Electrochemical Performance. Among the nine
precursor samples, three were chosen for lithiation based on
the difference in tap density, and those samples are CS-05, CS-
06, and CS-08. Figure 6 shows the XRD patterns of the three
lithiated samples. All of the samples showed an impurity-free
single-phase material that could be indexed to a hexagonal a-
NaFeO,-type structure (R3m).*”**7>" There was clear splitting
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o
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Figure 6. XRD patterns of NMC111 for samples CS-05, CS-06, and
CS-08.

observed between the (006)/(102) and (108)/(110) peaks,
which indicated that the samples had a well-defined layered
hexagonal structure.”” The XRD patterns were further analyzed
using Rietveld refinement, and the results are shown in Table 4.
The ¢/a ratio calculated from the lattice parameters of the
NMC111 powders is of a high value, which is ideal for layered
compounds because it also indicates a good hexagonal
structure.”” The intensity ratios of the (003)/(104) peaks for
all three samples are greater than 1.2, which shows there is
minimal Li/Ni mixing, which is an indicator of good
electrochemical performance. A higher intensity ratio of I(gy3)/
I(104) indicates a low degree of cation mixing, which is essential
for facile lithium ion transfer during cycling.”>>*

Figure 7 shows the charge—discharge performance of the
three materials (CS-05, CS-06, and CS-08) within the voltage
window of 3.0—4.3 V (versus Li/Li"). In all three cases, only one
discharge plateau is observed, and it corresponds to the Li"
intercalation into the cathode material. The electrochemical
performance within a fixed voltage window largely depends
upon the quality of the cathode materials, which are determined
by various parameters, like tap density, particle size, and extent
of Li*/Ni** mixing.”>*>*° In our case, CS-06 with the highest tap
density of 1.37 g mL ™" and the highest I(403)/I(104) of 1.45 shows
a higher specific capacity of 155 mAh g~ " at the C rate of 0.1 C
compared to CS-05 and CS-08. The material also had specific
capacities of 146.7, 136.85, 123.97, 108.59, and 78.64 mAh g_1
at the current rates of 0.2, 0.5, 1,2, and S C, respectively (Figure
7a). On the other hand, CS-05 with a tap density of 1.17 g mL ™"
but slightly lower I(503)/I(104) ratio of 1.44 achieves a specific
capacity of 150 mAh g~" at 0.1 C and retained up to 73.08 mAh
g ' at § C (Figure S3a of the Supporting Information). CS-08
with both the lowest tap density (0.89 g mL™") and 1(003)/1(1042
ratio (1.27) had the lowest specific capacity of 142.12 mAh g~
at 0.1 C; however, it retains up to 83.094 mAh g_1 at S C, which
is better in comparison to the other two materials (Figure S3b of
the Supporting Information). It is also observed that the
polarization of all of the electrodes increased with the increase in
the C rate, which is reflected through the increased charge—
discharge plateau gap. Figure 7b compares the electrochemical
charge storage performance of the three materials at 0.1 C, and it
is observed that CS-08 is showing a greater charge—discharge
plateau gap (0.28 V) compared to the other two materials (0.19
V). The rate capability plots of all three materials are given in
Figure 7c. In all of the cases, it was observed that the specific
capacity was decreasing with an increasing current rate, and
around 93—100% of the initial value was achieved once the
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Table 4. Lattice Parameters, Tap Density, and Specific Surface Area of Calcined Samples

sample unit cell volume surface area particle size, NMC111 tap density
name Ioosy/I(104) R factor  a (A) c(A) c/a (A%) (m*g™) Dyy (pm) (gmL™")
CS-05 1.44 0.4606 2.861 14.243 4.98 100.942 7.19 43.34 1.17 (i0.0l)
CS-06 1.45 0.4303 2.860 14.238 4.98 100.829 6.00 §7.21 1.37 (+0.05)
CS-08 1.27 0.465 2.859 14.236 4.98 100.774 7.16 44.19 0.89 (+0.02)
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Figure 7. (a) Galvanostatic charge—discharge profiles at different C rates for CS-06. Comparative (b) charge—discharge profile at 0.1 C, (c) rate
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Figure 8. (a) Nyquist and (b) Z,,—@ ™ plots for CS-0S, CS-06, and CS-08. The equivalent circuit is given in the inset of panel a.

current rate was decreased to 0.1 C again. This signifies good
retention of the electrochemical performance. The initial
columbic efficiency values for three selected materials are
observed to be 90—100% at all of the current rates (Table S3 of
the Supporting Information), which further proves that as-
synthesized NMCI111 samples are eflicient LIB cathode
materials. The cycling performance is one of the key parameters
that decides the commercial success of the material as a battery
electrode. To understand the effect of the nature of the cathode
material on the stability of the electrode, the cycling charge—
discharge experiment was performed within the voltage window
of 3.0—4.3 V (versus Li/Li*) for 100 cycles at the current rate of

1 C. Figure 7d shows that the charge storage performance of all
of the three materials are decreasing by the course of potential-
induced cycling. The charge—discharge curves at different cycle
numbers for the three materials are shown in Figure S4 of the
Supporting Information. To analyze the fate of the cathode
materials after cycling, the post-cycling SEM analysis was
conducted and shown in Table S4 of the Supporting
Information. From the SEM images, it was observed that, for
CS-05, although some of the particles are cracked after cycling,
they maintain the initial characteristics. In contrast, there is no
visible change to the particles of CS-08 after cycling. On the
other hand, the secondary particles of CS-06 are completely
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broken down into primary particles. Hence, although CS-06 has
better electrochemical charge storage capacity, the capacity
retention after cycling is comparatively poor in this case.
However, all of the materials retain >60% of the initial specific
capacity and 100% of the columbic efficiency after 100 cycles.
Detailed characterization of the electrochemical cells was
performed using the electrochemical impedance analysis at
charge and discharge states and fitting the derived plots with best
fit curves using the suitable equivalent circuit model. Figure 8a
shows the fitted Nyquist plots at the charged state [at 4.3 V
(versus Li/Li*)] for the three materials, and the equivalent
circuit is given in the inset. The equivalent circuit consists of
three resistance components, such as solution resistance (RS),
charge-transfer resistance (R,,), and surface resistance (R, ), and
two constant phase elements (CPE1 and CPE2), and Warburg
impedance (Z,). R and R; are associated with two semicircles
in the Nyquist plot and correspond to one CPE and time
constant (7 = RC) each. However, in our case, the two
semicircles are overlapped into one.”® From the fitted plots, it is
observed that, although CS-06 has slightly higher R, it processes
the lowest R, value among the three. The diffusion behavior of
Li" throughout the cathode is determined by analyzing the low-
frequency region (Warburg impedance) of the impedance plot.
More precisely, the Li* diffusion coeflicient values for all three
selected materials are calculated using the slope of the Z,.—™°
plots (Figure 8b) and using the formula given in the Supporting
Information. CS-06 shows a diffusion coefficient value of 1.70 X
107'° cm® s, which is higher than those of CS-0S and CS-08.
The impedance results for the three materials are given in a
tabular form (Table 5), and it is observed here that CS-06 is

Table S. Fitting Results of the Equivalent Circuit and
Calculated Diffusion Coeflicient Values from the Nyquist
Plots of All of the Selected NMC111 Samples

sample R, (Q) R, (Q) Dy; (em?s7")

CS-05 3.15 13.00 1.17 (£0.03) x 107'°
CS-06 3.19 7.00 1.70 (£0.06) x 1071
CS-08 3.15 12.00 1.59 (£0.05) x 107"

superior in terms of low R and high Li* diffusion coefficient
value, which further support its superior electrochemical
performance among the three. The impedance profiles for the
three materials at the discharged state [at 3.0 V (versus Li/Li")]
are shown in Figure S5 of the Supporting Information. It is
observed there is a sharp increase in the R, values after discharge
in all of the cases. However, CS-06 shows the lowest R value,
even at the discharged state, which further confirms that CS-06
is a better cathode material compared to the other two. In the
case of CS-06, the high tap density is mainly responsible for
higher specific capacity value and the high I(gg3)/I(104) indicates
the lower extent of cation mixing, which determines the facile Li*
diftusion and lower charge-transfer resistance throughout the
material. The electrochemical performance of CS-06 is
comparable to already reported NMC111 (Table 1).

4. CONCLUSION

Theoretical modeling for suitable synthesis conditions of
NMCI111 through hydroxide co-precipitation and synthesis of
the metal hydroxide precursor using low ammonia concen-
trations to assess the model was demonstrated. The theoretical
model was derived from equilibrium constants to optimize the
yield when provided with the ammonia concentration and pH

values. Experiments were conducted to assess the model, and the
results are accurate for most of the ammonia concentrations. It
was also observed that the starting metal ion concentrations had
to be adjusted to accommodate the inhomogeneous precip-
itation of the metal ions at low ammonia concentrations as a
result of fast reaction kinetics. Structural characterization of the
precursor samples from the experiments showed that samples
synthesized at pH >11.5 had a tap density greater than 1 gmL ™",
and the analysis of the electron microscopic images showed that
all of the precursor samples were made of nanoflaked primary
particles that agglomerated to form secondary particles with a
size distribution of about 1—60 pm. Three of the precursor
samples with different tap density values were chosen for further
electrochemical analysis. The coin cell LIBs are fabricated using
selected NMC111 as the cathode. CS-06 with the highest tap
density of 1.37 g mL™" and the highest T(003)/I(104) Tatio of 1.45
had the highest specific capacity of 155 mAh g™" at 0.1 C rate,
while CS-08 with the lowest tap density of 0.89 g mL ™" had the
lowest specific capacity of 142 mAh g~'. CS-06 is also found to
be superior in terms of a higher Li* diffusion coeflicient. All of
the samples retained more than 60% of their initial specific
capacity at 1 C rate after 100 cycles.
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