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Abstract

Nickle-rich Li[Niix-yCoxMny]O2 (x, y <0.1) (NCM) layered materials are known as promising
cathode materials for next-generation lithium-ion batteries and electric vehicles owing to their
high reversible capacity and high operating voltage of up to 3.6 vs Li/Li". However, issues,
such as irreversible phase transition, cation mixing, microcrack formation, thermal and
structural stability of the material prevent its widespread adoption. Although, cation doping is
a well-known technique to enhance the electrochemical performance of the NCM-based
cathode material, the performance of the material is very sensitive to the doping amount. In
this study, three Al-doped quaternary Ni-rich cathode materials Li[Nio.s5Co(0.1-x)Mno.osAlx]O2
(where, x=0 - 0.04) (NCMA) are synthesized through three-phase slug-flow based continuous
manufacturing process followed by high temperature calcination to study the effect of Al-
doping on the performance of the cathode material while reducing Co. The slug flow-based
production platform has several advantages, like particle size uniformity, high production rate,
and homogeneity in elemental distribution. It is found that with an increase in Al content, the
specific capacity decreases but the cyclic stability and rate capability increases. Optimum Al-
doping not only compensates for the adverse effect of low Co by decreasing the extent of cation

mixing but also minimizes the electrode polarization and cracking of the particles.

Keywords: Ni-rich cathodes; Low-cobalt; Al-doped; Slug-flow process; controlled
microstructure; NCMA; cycling stability.



1. Introduction

The economic and social prosperity of a nation largely depends on the successful
production, storage and utilization of green and clean energy. Electrochemical energy storage
devices, specifically Li-ion batteries (LIBs), a pioneering innovation by Noble laureates
Professor John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino, bring a
revolution in the field of environment-benign energy storage technology and open up a new
avenue to achieve a zero-carbon economy [1]. LIB market is further fueled by the aim to
achieve the climate goals of the Paris Agreement, such as the replacement of conventional
vehicles with electric vehicles (EV) [2]. LIBs with their high energy density and a longer cyclic
life, make them a strong contender for powering EVs. Furthermore, the LIB market is
motivated by the remarkable achievement of the application of 18650-type LIBs by Tesla
Motors, delivering a driving range of 270 miles per charge [3]. However, a few of the intrinsic
drawbacks of current LIB technology, including, high cost, lower specific capacity, and safety
issues, hinder the growth of the LIB-based EV market. The fabrication cost as well as the
charge storage performance of LIBs solely depends on the selection of its components,
primarily on the cathode and anode active materials [4]. Graphite anodes, with a discharge
capacity over 350 mAh g™ is well complemented with EV energy requirement [5]. On the other
hand, although lithium nickel cobalt manganese oxide (NCM)-based cathodes with an equal
percentage of the three transition metals (NCMI111) is well established for commercial
application, high cost, and poor specific capacity (~150-160 mAh g') limits the successful
implementation of LIBs in the EV technology-like high energy applications [6]. Therefore, to
achieve a satisfactory range of energy density and also to attenuate the cobalt-mining related
socio-economic issues, scientific efforts are made towards developing various Ni-rich, Co-less
cathode materials which can deliver a higher discharge capacity (~200 mAh g!) and high
operation voltage (3.6 V vs Li/Li") compared to traditional LiFePO4 (LFP and LiCoO2 (LCO).

Among various Ni-rich cathode materials, lithium nickel cobalt manganese oxide
(LiNixCoyMnixyO2 or NCM) and lithium nickel cobalt Aluminum oxide (LiNixCoyAlix-yO2
or NCA) are potential candidates for EV battery applications due to their high capacity and
higher operating voltage. [7] Although NCM materials are superior in terms of capacity and
cycling at room temperature, NCA materials are better in terms of higher temperature cycling,
safety, and cost [8-10]. However, an increase in Ni-content (> 0.8) in the layered oxide

aggravates issues like, poor rate capability and short cycling performance due to the extensive



volume contraction/expansion during the phase change above 4.2 V vs. Li/Li" [11]. Initially,
the microcracks are formed on the surface and then propagate towards the core of the secondary
particles. The formation of Ni*" at the highly charged state further accelerates the microcrack
formation by reacting with the electrolyte [12]. Another, burning issue with Ni-rich and Co-
less/free cathodes is high percentage of cation mixing. Notably, due to the lack of unpaired
electrons in its eg/t2g level Co** does not undergo any kind of super-exchange interaction with
neighboring Ni?* and thus prevents the cation mixing in a large extent. In the absence of
sufficient Co®", the mixing of cation will become highly facile during the heat treatment or
upon potential induced cycling [13]. To mitigate these issues, researchers came up with the
method of doping foreign metal-ions into the crystal moiety of the layered oxide-based
materials, which largely modifies the local electronic environment of the crystal structure. The
benefits of ion-doping are multidimensional, such as it improves the conductivity of the oxide-
based materials, improves the Li" diffusion kinetics and prevent the cathode dissolution and

mixing related issues [11]. AI**

is one of the metal dopants commonly used to stabilize the
layered structure of NCM. Al is known to improve the thermal stability of the material due to
a stronger Al-O bond than (Ni, Co, Mn)-O bond [14—17]. Aluminum doping can effectively
reduce the volume expansion and contraction during intercalation and deintercalation along
with intrinsic mechanical strain and microcrack formation and progression [5]. Zhang et al.
experimentally proved that, Al-doping is highly effective to decrease the electrode polarization
upon cycling by preventing the H2-H3 phase transition in Ni-rich NCMs [18]. It also mitigates

the surface degradation caused by the parasitic reaction of electrolytes and facilitates the Li*

diffusion kinetics [11].

Another area to be improved for commercialization of cathode material includes the
continuous manufacturing of the material. There are several methods used to synthesize
cathode materials such as solid state, sol-gel, spray pyrolysis, solvothermal and co-precipitation
[11,19]. Co-precipitation is most commonly employed method for synthesizing transition metal
oxide precursors [11,19].These precursors can also be further classified into three subcategories
based on the anion used for the precipitation process, namely hydroxide, carbonate and oxalate
[20-22]. Hydroxide precursors are widely adopted due to an even distribution of transition
metals (TM) and better tap density. However, the process is pH sensitive and can suffer from
manganese oxidation. On the other hand, oxalate and carbonate routes are less prone to pH
change and oxidation. However, carbonates can lead to poor control [23] over morphology and

Ni-deficit precursors [24]. Oxalate precursors have an advantage of better control over



morphology, neutral pH around 7-8 and stability in air. On the other hand, the quality of product
does not depend only on the chemical parameters but also depends on the type of reactor used.
Spatial homogeneity in the reactor plays and important role in the quality of the product.
Inhomogeneity in microenvironment in terms of temperature, concentration or degree of
mixing throughout the reactor is one of the drawbacks of conventional batch reactors [25,26].
Semi-batch reactors are better than batch reactor in terms of control as it is an open system (has
an inlet and /or outlet) and reactants are fed in continuously in a controlled environment. This
is reason behind a widespread adoption of semi-batch systems in the battery and other
industries [27,28]. However, semi-batch reactors are also prone to the spatial inhomogeneity
as batch reactors. Slug flow reactors comes under the class of continuous tubular reactor and
are known for a better control over the overall process and the quality of the product owning
to its inherent properties like internal circulation and enhanced heat and mass transfer [29-31].
Slug flow can be categorized into two phase and three-phase slug flow systems. Two-phase
slug flow systems, either gas-liquid or liquid-liquid, are most commonly reactors used in
different industries [32,33]. The issue with these systems is fouling of the tubes, i.e. when a
reactant or product with a high affinity towards the tubing surface is present in the system, it
might stick to the wall and causes fouling. Reagent addition is also inaccurate in two phase
slug-flow systems due to the formation of extra slugs while adding new reagent. Introducing a
third phase is helpful to overcome the inaccuracies of the two-phase slug flow systems [34].
The immiscible third phase isolates the tubing surface and the reaction mixture. Mass transfer
is also enhanced by using liquid-liquid-gas due to a reduced interfacial tension between two
liquid phases [32]. Reagent addition is easier in the three-phase slug flow owing to the density
difference of three phases, making slug flow versatile to any chemical process requiring

multiple reagent addition [34].

Herein, we have utilized the three-phase slug-flow reactor system as a continuous
manufacturing platform for NCMA based Ni-rich cathode material using oxalate co-
precipitation chemistry. Three different Li[Nio.ssCo0.1-xMno.osAlx]O2-based cathode materials
are synthesized with same nickel (85 %) and manganese (5 %) content, but with different cobalt
(10-6 %) and aluminum (0-4 %) content. Detailed physical characterizations and
electrochemical analysis are performed to understand the effect of Co-substitution by Al in the
crystal moiety of Ni-rich layered cathode. It was observed that, the cathode with 8 % Co and 2
% Al shows an improved electrochemical performance in terms of cycling stability, rate

capability, Li" diffusion kinetics and surface stability.



2. Experimental section

2.1 Materials

Nickel(ii) sulfate hexahydrate (>98%), manganese(ii) sulfate monohydrate (>99%), cobalt(ii)
sulfate heptahydrate (=99%), ammonium oxalate (>99%), ammonium hydroxide (28% NH3 in
H20, purity >99.99%), Aluminum sulfate (Al2(SOa4)3.xH20, light mineral oil and lithium
hydroxide (>98%) were purchased from Sigma-Aldrich. All chemicals were used as received

without further treatment. All the solutions were prepared with deionized water.

2.2 Slug Flow Synthesis Platform

The schematic illustration of three-phase slug flow platform used for the synthesis of NCMA
precursors is shown in Fig. 1a. The setup uses four syringe pumps (New era model #1000) to
feed the reactants into a fluorinated ethylene propylene (FEP) tubular reactor with an internal
diameter of 2.4 mm and a mass flow controller (Omega, model# FMA-2716A) to control
nitrogen flowrate. A three-phase slug flow setup is designed as mention in our previous works.
[35-37] To synthesize NCMA with different aluminum and cobalt content, stoichiometric
amount of NiSO4.6H20, CoS0O4.7H20, MnSO4.H20 and Al2(SO4)3.xH20 is dissolved in de-
ionized water to prepare 0.5 M metal-ion solution. This solution is injected at the first T-mixer
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Fig. 1. (a) Schematic of slug flow setup, (b) a digital image of the slug flow setup and (c)
representation of each slug as a micro-liter batch reactor.



with nitrogen and mineral oil to form three-phase slug flow. NH4OH is then added to adjust
the pH to 7.5 and to slow down the precipitation to control nucleation rate followed by
ammonium oxalate addition to precipitate out the metal ions at 60°C. As these slugs move
along the tubing the precursor particles grow in size. At the outlet of the tubular reactor, a 3000
ml quenching flask containing 1000 ml of deionized water is used to stop the reaction along
with washing. The drain from the quenching flask is connected to a filtration unit to
continuously wash and filter the precursor material. The volume of water in the quenching flask
is maintained constant by adding fresh makeup deionized water. The product from filtration is
then centrifuged to remove traces of mineral oil before drying it at 90°C in a vacuum oven for
12 hrs to get the precursors. The digital image of the slug-flow setup is set-up is shown in Fig.

Ib.

2.3 Lithiation of NCMA Oxalate
The dried product is then calcined by mixing LiOH.H20 with the precursor [Li: (Ni

+Mn + Co + Al) = 1.05:1] and heating the mixture at 750 °C for 10 hrs. in oxygen environment
using a slow ramp rate of 0.4 °C min™'. The as-obtained black colored powder samples are then
cooled down and crushed with mortar-pestle to get the NCMA-oxide with the molecular
formula of Li(Nio.s5Co(0.1-.0Mno.0sAlx)O2, where, x= 0 — 0.04) The three oxide materials are
abbreviated as NCMA-(10,0), NCMA-(8,2) and NCMA-(6,4) based on Co and Al content (%)

in the material.

2.4 Material Characterizations

The morphology and element distribution of the precursors and lithiated powders were checked
with Scanning Electron Microscopy (SEM, SU-700, Hitachi) equipped with Energy Dispersive
Spectroscopy (EDS) system. Thermogravimetry analysis were performed using TGA Q500
(TA instruments) at a ramp rate of 10°C min! in N2 and Oz environment. The crystalline form
was determined by X-ray Powder Diffraction (PANalytical, Empyrean X-ray diffractometer)
using Cu Ko (A =1.5406 A) radiation source with a step of 0.02° at 40 kV and 40 mA.
Inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent Technologies,
5110-MS) was used to carry out compositional analysis of the material. X-ray Photoelectron
spectroscopy (XPS) of the Al-doped lithiated material was performed using Phi VersaProbe I11
Scanning XPS Microprobe.

2.5 Electrochemical Measurements



The electrochemical tests were conducted using CR2032 type coin cells (MTI). Active material
(NCMA), carbon black (super C65) and polyvinylidene difluoride (PVDF)(HSV900) in N-
methyl pyrrolidone (NMP)(Sigma) [weight ratio of 8:1:1] were mixed to form a slurry and the
slurry was coated on battery grade aluminum foil (MTI corp.) using a doctor blade. The
electrodes were dried at 120 °C under vacuum for 12 hrs., rolled pressed and punched into 14
mm diameter round disks. The mass loading of the active material on the cathode was 9.0-10.0
mg cm™. The CR2032 coin cells were fabricated by placing the electrolyte-soaked Celgard
2340 Trilayer Microporous membrane (separator) in between the cathode (NCMA) and anode
(lithtum metal foil) inside an argon-filled glove box. 1.0 M LiPFs in ethylene
carbonate/dimethyl carbonate (EC/DMC=1:1) was used as the electrolyte. The full cell LIB
was made using the NCMA-(8,2) coated Al-foil as cathode and graphite coated Cu foil as
anode. The loading of the two electrodes are adjusted by calculating the charge to mass ratio.
The electrochemical performance of the cathode is evaluated through charge-discharge, rate
capability and cycle life in MTI and ARBIN battery cycler considering 1C = 180 mA g!. The
electrochemical impedance spectroscopy (EIS) was performed at various stages of cycling with
an amplitude of 5 mV within a frequency range of 10° Hz to 102 Hz using a Gamry potentiostat

Interface S000E. All electrochemical tests were conducted at room temperature.

3. Results and Discussion

3.1 Slug flow parameters

In order to design three-phase slug flow reactors to produce NCMA precursors, it is important
to study the formation mechanism of stable uniform slugs. The slug formation process for a
single slug can be understood by four consecutive steps as (i) growth of the disperse phase and
continuous phase; (i1) neck formation by the front section of the slug, which grows up to the
boundary of the cross mixer; (iii) continuing growth of slug-volume by the combined effect of
pressure build-up by three phases, the interfacial pressure of the neck and tip, and the shear
force. While the slug moves downstream, the neck gets thinner, and finally (iv) collapse due to
the disparity in dynamic equilibrium of forces, leading to the formation of slugs and flowing
downstream [38—40]. Various parameters that affect the reactor efficiency, including flow rate,
volume and concentration of the feeding solutions, residence time, number of feeding points,
length and diameter of the tubular reactor, etc. must be investigated to design a three-phase
slug flow reactor as a continuous co-precipitation platform. The properties such as, pressure

drop, slug length, oil film thickness and slug velocity, are determined by the flowrate of each



fluid. If the flowrate of carrier phase(oil) is significantly less than the gas and metal ion solution
(DI water), the reaction mixture-slugs will not be completely wrapped in the oil and precipitates
grown inside these slugs may stick to the inner wall of the tubing, causing clogging and fouling
related issues. On the other hand, when the oil flow rate is comparatively larger than metal ion
solution, unstable and non-uniform oil slugs will form, leading to a failure in reagent addition
[36,37]. The flow rate of each fluid should be determined according to the total concentration
of the injected metal salt concentration. The tube length and flow rate combinedly determine
the residence time, more precisely the reaction time which is critical to ensure complete
reaction and achieve a better yield. Very shorter or larger tube length may cause incomplete or
agglomerated product, respectively. Hence, proper trade-off between tube length and flow rates
are essential for the growth of evenly spaced slugs, which experiences the same micro-
environment. Each slug behaves as an individual micro-liter batch reactor with enhanced
internal mixing for the co-precipitation synthesis of cathode precursors (Fig. 1c). The
parameter used to achieve the ideal conditions of slug formation are given in table 1.

Table 1. Flow parameters used in Slug flow reactor.

Feed Flowrate Volume
Nitrogen 9.5 SCCM --
Mineral Oil 0.7 ml min’! As required
Metal-salts 1.0 ml min™! 50 ml
NH,OH 1.2 ml min’! 60 ml
(NH,),C.0, 1.7 ml min! 85 ml

3.2 Characterization of precursors

The ICP-OES analysis confirms the formation of the NCMA precursors with the atomic
percent of 10, 8 and 6 % of Co (Fig. S1). The Al content also varies accordingly 0, 2 and 4%.
The Ni (85 %) and Mn (5 %) remain same for all the three materials. The SEM images of the
precursor particles show that the nanosized cuboidal primary particles are agglomerated to
form the spherical secondary particles in all the three cases (Fig. 2 a-f). The size of the
secondary particles is within the range of 4-6 um and is not affected by the variation of Al
content. The EDAX elemental mapping shows the homogeneous distribution of all the

elements in the NCMA with and without Al-doing (Fig. S2).

One interesting phenomenon was observed in the shape of the primary particle upon

switching the feeding sequence of NH4OH and (NH4)2C204. When NH4OH was injected first,
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Fig. 2. SEM images for oxalate precursors of (a, d) NCMA-(10,0), (b, e¢) NCMA-(8,2), and
(c, ) NCMA-(6,4).

the primary particles are cuboidal and densely packed (Fig. 2 and Fig. S3a). However, in the
case of reverse order of feeding, the primary particles have flake-kind of morphology and
loosely packed to form spherical secondary particle (Fig. S3b). In the former case the metal
ions first make the complex with ammonia and then they are slowly released to form the oxalate
precipitate, which allows them to stay longer time in solution and to grow three dimensionally
(cuboidal). On the other hand, when the (NH4)2C204 was injected first, the metal-ions start to
precipitate out from the solution promptly, leading towards flaky particles. It is a well-known
fact that the, the densely packed cathode particles with higher tap density offer better
electrochemical performance in terms of better structural integrity. [11] This is the reason of
choosing the following feeding sequence in the slug-flow reactor: metal solution to NH4OH to
(NH4)2C204. According to the TGA profile, all the three precursors shows similar trend of
losing surface-absorbed H20 between 35-100 °C and crystal H2O between 100-200 °C. TGA
in N2 environment shows that precursors with Al (2 and 4 atomic %) decomposed at around
300 °C, the precursor without Al decomposes at 350 °C. In the case of Oz environment all three
materials decomposes at 300 °C. Moreover, the weight loss for the precursor without Al is more

than precursors with Al in both N2 and Oz environment (Fig. S4).

3.3 Characterization of the lithiated materials
The NCMA oxalate precursors are lithiated at a slow heating rate under a high oxygen
flow environment (Fig. 3a). From the TGA analysis, it was observed that the transformation of

metal-oxalate to metal oxide occurs by stepwise release of surface adsorbed water, crystal
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Fig. 3. (a) Lithiation condition of NCMA-ox precursors; (b) XRD profiles of (a) NCMA-
(10,0), NCMA-(8,2), and NCMA-(6,4).

water and decomposition product like, CO2. It is found that the spherical precursor particles
were broken and become hollow when a higher heating rate is used for lithiation. This is due
to a different rate of decomposition of oxalate to oxide and gas evolution at the core and the
surface of the particles (Fig. S5). The slow heating rate ensures homogeneous heating
throughout the secondary particles and retains its sphericity by preventing the abrupt structural
change during the thermal decomposition of oxalate. The high oxygen flow is critically
required to produce phase pure material by preventing the reduction of Ni** in the Ni-rich NCM
[41]. The XRD profiles (Fig. 3b) of all the three NCMAs indicates the formation of phase-pure
material with a-NaFeO: type structure belonging to the space group of (R-3m). The detail
crystal parameters are obtained by Rietveld refinement (Fig. S6) and the data is shown in Table

2.
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Table 2: Refinement data for XRD profiles for NCMA-(10,0), (8,2) and (6,4)

Sample | a&b c \Y c/a | Loosy/Laosy | Ni**in Li Goodness of
A) A) (A% layer (%) fit
RupRexp)

NCMA- | 2.8651 | 14.178 | 100.79 | 4.948 1.42 2.6 1.76
(10,0)

NCMA- | 2.8665 | 14.188 | 100.96 | 4.949 1.55 2.18 1.63
8,2)

NCMA- | 2.8654 | 14.185 | 100.86 | 4.951 1.43 2.5 1.67
(6,4)

The c/a ratios are calculated to be > 4.94 for all the three cases, indicating towards the well-
defined hexagonal crystal structure. Formation of layered structure is further proved by the
distinct splitting of (006)/(012) and (108)/(110) peaks (inset of Fig. 3b). It is observed that there
is a slight increase in unit cell volume from NCMA-(10,0) to NCMA-(8,2) and then slight
decrease for NCMA-(6,4). This anomaly in trend of volume change is due to the opposing
effect of Co and Al-content in the structure. According to literature, the decreasing Co-content
increases the lattice parameter values [42] and increasing Al-content leading towards
contraction of lattice parameters [43]. Another interesting feature is observed in trend of
L003)/I(104) ratio for the three materials. The highest value is observed for NCMA-(8,2) (1.55),
whereas it is almost similar for NCMA-(10,0) and NCMA-(6,4) (1.42 and 1.43). The trend of
T0o3)/I(104) ratio is well reflected to the percentage of cation mixing (Ni*" in Li-layer), observed
from the refinement data. The least cation mixing (2.18 %) is observed in case of NCMA-(8,2),
whereas the mixing percentage is higher and close for the other two (NCMA-(10,0) = 2.6 %
and NCMA-(6,4) = 2.5 %). In other way, although the NCMA-(6,4) contains the least amount
of Co*" (6 %), the cation mixing is almost close (slightly less) to the NCMA-(10,0), containing
the highest Co®" of 10 %. This trend strongly establishes the fact that, Al-doping effectively
neutralizes the adverse effect of decreasing Co in the Ni-rich (Ni= 85%) NCM moiety by
mitigating the cation mixing related issue. The NCMA-(8,2) contains the optimum percentage
of Co (8%) and Al (2%) and shows the least cation mixing. The reduced cation mixing of the
Al-substituted material can be attributed by the following two reasons- (i) the ionic radius of
A" (0.53A) is significantly different compared to Li* radius (0.76 A), (ii) AI*" is a non-
transition metal cation and it does not undergo super-exchange interaction with Ni**, From the

SEM images (Fig. 4b, c, d), it is found that the secondary particles retain the sphericity for all
11



the three cases. The cross-sectional SEM images and the EDX mapping profiles are shown in
Fig. S7. The EDX mapping proves the homogeneous distribution of all the elements throughout
the particle. The particle size distribution plot for the three materials are shown in Fig. S8 and
the secondary particle size for all the three materials are found to be within the range of 3-5
pm. After careful analysis of the SEM images, it is observed that the average value of primary
particle size is smaller for Al-doped materials (NCMA-8,2 and 6,4) compared to undoped
material. The smaller primary particles of Al-doped materials are densely packed and
effectively relieve the internal strain during charge-discharge. In this context, it is worth
mentioning that the NCMA materials are synthesized by oxalate co-precipitation followed by
high temperature calcination. Hence, the primary and secondary particle size depend on various
factors, such as NH4OH concentration, metal ion composition and concentration, pH,

calcination temperature and time. [11] In this work, the decreasing the Co** and incorporation

of AI*" into the reaction mixture simultaneously affecting the reaction kinetics and particle size.
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Fig. 4. SEM images show the surface morphology of the lithiated oxalates (a,d) NCMA-
(10,0), (b,e) NCMA-(8,2), and (c,f) NCMA-(6,4) at different magnification

In order to understand the oxidation states of each element of NCMA, XPS analysis
was performed with the Al-doped NCMA. From the survey scan (Fig. 5a) presence of all the
elements, including Li, Ni, Co, Mn, Al and O are proved. The presence of C-peak indicates
towards the formation of Li2COs based surface impurity during the high temperature

calcination process [44]. The high-resolution Ni 2p3/2 peak is observed at 855.05 eV (Fig. 5b),

12



which can be deconvoluted in two peaks of 854.03 and 855.28 eV, corresponding to the Ni%*
and Ni*" [45]. The peak at 861.25 eV is the satellite peak. It is observed from the deconvoluted
Ni 2p XPS profile, that the relative Ni** percentage is approximately double to that of the Ni**,
which effectively decreases the Ni2*/Li" mixing and offers improved cycling performance. The
high-resolution Co 2p3/2 peak (Fig. 5c) at 779.4 eV signifies the presence of Co solely in +3
oxidation state [46]. Whereas, the deconvoluted Mn 2p3/2 spectra (Fig. 5d) is composed of Mn>*
and Mn*" with a greater contribution from Mn**, which is common for Ni-rich NCM-based
materials [46] The XPS profile of NCMA-(10,0) is shown in Fig. S9. In this case also, the Ni
is found present in mixed valence of +2 and +3 (Fig. S9a). However, the peak position of Ni
2p312 is slightly lower (854.66 €V) compared to the Al-substituted material. Moreover, the Ni*"

content is also higher in case of Al-free material. This signifies that, the AI**

doping effectively
increases the Ni** in NCMA moiety to balance the charge. [47] The Co is present here in +3

state and Mn is observed in mix-valence of +4 and +3 (Fig S8 b and c¢).
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Fig. 5. XPS (a) survey scan and high-resolution profiles of (b) Ni 2p, (c) Co 2p, and (d) Mn
2p of Al-doped NCMA.
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3.4 Electrochemical results

The electrochemical performance of three cathode materials are evaluated through the LIB coin
cells (half-cell) within the voltage window of 2.8-4.3 V vs. Li/Li". From the charge discharge
profiles at 0.1 C (Fig. 6a), it is observed that the specific capacity is gradually decreasing with
increasing the Al content and decreasing the Co-content. The NCMA-(10,0) shows the highest
specific capacity of 201 mAh g and it decreased to 182 mAh g for NCMA-(6,4). This
decrease of specific capacity is common for Al-doped Ni-rich NCMs, which is attributed to the
electrochemical inertness of the doped AI** [5,7,9,10,14-18]. The detail charge-discharge
performance of all the three materials at different C-rates are provided in the Fig. S10. The
initial charge discharge plots and the table for coulombic efficiency for the three materials are
given in supporting information (Fig. S11 and Table S1). The rate capability plots (Fig. 6b) for
the three materials are derived from the variation of the charge storage performance with
varying C-rates. Comparing the rate capability of the three materials it is observed that, the
NCMA-(8,2) shows a better rate capability up to 1 C by retaining 73 % of the specific capacity
at 0.1 C (189 mAh g'). Whereas, NCMA-(10,0) and NCMA-(6,4) retained 57 and 64 %,
respectively. The lesser Ni**/Li" mixing (observed from XRD) and facile Li* diffusion kinetics
are the primary reasons of better rate capability for NCMA-(8,2). [48] Both the two Al-doped

materials almost regain (~97%) its initial specific capacity when the charge discharge
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Fig. 6. Comparison of electrochemical performance of NCMA-(10,0), NCMA-(8,2) and
NCMA-(6,4), in terms of (a) charge-discharge at 0.1 C; (b) rate capability and (c) cycling
performance at 0.5 C. The dQ/dV profiles of (d) NCMA-(10,0), (¢) NCMA-(8,2) and (f)
NCMA-(6,4) are shown. The change in specific capacity retention (%) and initial specific
capacity with change of composition is shown in the inset of (¢).
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performance was reperformed once again at 0.1 C; whereas, there is only 92% retention in case
of NCMA-(10,0). The benefits of Al-doping are further realized through the improved cycling
performance of the Ni-rich cathodes (Fig. 6¢). The percent of specific capacity retention are
60, 70 and 77% for NCMA-(10,0), NCMA-(8,2) and NCMA-(6,4), respectively after 100
cycles at 0.5 C. Comparing the electrochemical performance it is observed that, with an
increase in the Al content although the specific capacity is decreasing, the cycling stability is
increasing (Fig. 6¢ inset). Among the three materials, the NCMA-(8,2)-based half-cell shows
better electrochemical performance both in terms of cycling stability and rate capability.
Hence, the material is selected to fabricate LIB-full cell combining with the graphite anode and
the cycling performance was checked at 1 C for 100 cycles (Fig. S12). The NCMA-(8,2)-based
full cell shows a very good cycling performance with a retention of 86% of its initial specific
capacity with a coulombic efficiency of 99.5%.

In order to evaluate the reason behind the improved cycling stability upon increasing
the Al-doping, the dQ/dV vs. V plots are derived at different stages of the cycling experiment,
such as 2", 50" and 100™ for the three materials (Fig.6 d, e, f). As a general feature for Ni-rich
NCM cathodes, three distinct redox pairs are observed in their dQ/dV profiles, corresponding
to the stepwise phase transition from original layered hexagonal structure (H1) to monoclinic
(M) to hexagonal 1 and 2 (H1 and H2) [18]. However, the polarization behavior of the cathodes
upon cycling, in terms of peak shift and intensity variation are different in three materials. In
the case of NCMA-(10,0), a huge shift of oxidation peaks towards higher voltage is observed
from 2™ to 50" cycling and after 100" cycle they shifted in more positive direction and merged
together (Fig.6 d). Moreover, there is an abrupt change in the H2+H3 peak intensity upon
cycling. The gradual change of overpotential and the sharp change in intensity of H2+H3 peak
signifies the irreversibility of the electrochemical process, responsible for the severe
anisotropic volume change, cracking and severe performance deterioration of the NCMA-
(10,0) upon cycling. Although the polarization effect is also observed in the case of Al-doped
materials, it become less severe with the increasing Al-content (Fig. 6 e,f). Specifically, the
change in H2+H3 peak intensity become less prominent upon cycling for the Al-doped
materials. This highly reversible nature of the phase transition assures good cycling stability
for Al-doped material. The improved structural stability for Al-doped material can be attributed
to the stronger Al-O bond compared to the bond between transition metal and oxygen. [14—17]
A table based on the existing literature is included in the supporting information (Table S2),
which shows that our study on substitution of Co with Al is a unique one and it successfully

mitigates the issues for low-cobalt cathodes.
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3.5 Electrochemical Impedance Spectroscopy

In order to get a better understanding on the co-relation between the decreasing Co-content and
increasing Al-doping with Li-ion diffusion behavior in Ni-rich NCMs, electrochemical
impedance spectroscopy (EIS) is performed at different stages of cycling for all three cathode
materials. The Nyquist plots for NCMA-(10,0), (8,2) and (6,4) after 2™, 50™ and 100" cycles
(at 0.5 C) are shown in Fig. 7a, b and c, respectively.
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Fig. 7. Nyquist plots at different stages of cycling for (a) NCMA-(10,0); (b) NCMA-
(8,2) and (c) NCMA-(6,4).

The plots are fitted with the suitable equivalent circuit, shown and described in Fig. S13. The
change of surface phenomenon and charge-transfer properties upon cycling are tracked by Rt
(surface resistance) and Ret (charge-transfer resistance), respectively. On the other hand, the
change of Li-ion diffusion kinetics is analyzed by W (Warburg impedance), the low frequency
component of the impedance profile, which is related to the Li-ion diffusion coefficient (Dvi+)
through the equation, given in supporting information. The trend of the change of Ry, Ret and
Dvi+ for NCMA-(10,0), (8,2) and (6,4) are reported in the tabular form (Table 3.) and discussed

accordingly.

Table 3: Data derived from impedance analysis for NCMA-(10,0), (8,2), (6,4).

Cathodes 2" ¢ycles 50t cycles 100t cycles
R (Q) £ 0.04
NCMA-(10,0) 3.11 6.86 11.83
NCMA-(8,2) 27 28 3.0
NCMA-(6,4) 4.77 5.5 9
Rec () £ 3.0
NCMA-(10,0) 11.87 25.15 63.64
NCMA-(8,2) 4.95 22.34 29.4
NCMA-(6,4) 6.5 26.76 34.53
Dri+ x 102 (em?s) £ (2 x 1014
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NCMA-(10,0) 5.18 2.32 0.0127
NCMA-(8,2) 11.12 4.93 2.589

NCMA-(6,4) 5.39 4.89 2.45

Change in Ry: Rr (Q2) determines the ionic resistance of interface between the electrolyte and
cathode surface. Ni-rich cathodes are severely affected by surface degradation and unwanted
side reactions with electrolyte upon cycling. [11,49] The surface passivation/degradation is a
combined result of (a) degradation of LiPFs and formation of acidic HF (b) oxidation of
electrolyte solvent, such as EC and DMC, leading towards the formation of metal-organic films
on the surface of NCM and (c) disintegration of primary particles, resulting in the cracking of
the secondary particles. All of these issues increase the interfacial resistance, reflected through
the Rr component. In our case, Rr is found to be increasing for all of the three materials with
the progress of the cycling. However, lowest values of Rr are observed for NCMA-(8,2) at all
the stages of cycling. In case of NCMA-(10,0), there is a ~4-fold increase of Rt from 2" to
100™ cycle, which is only ~1.5 fold for NCMA-(8,2). On the other hand, the higher values of
Rrin NCMA-(6,4) compared to the NCMA-(8,2) can be ascribed to the fact that, the higher Al-
content creates a thick coating layer on the surface of Ni-rich cathode, leading towards higher
surface resistance [50]. However, in this case also the increase of Rt is ~1.88 fold after 100
cycles, which is lesser than Al-free material. The aforementioned trend of Rrsignifies the less
surface reactivity and high ionic conductivity of NCMA-(8,2) compared to the undoped and
highly doped cathodes. This proves that, the optimum amount of Al-doping efficiently protects

the surface of Ni-rich NCMs, without compromising the surface conductivity.

Change in R¢: Formation of less-conducting NiO-based rock-salt phase and particle

disintegration are the primary reasons behind increasing the Ret in Ni-rich cathodes upon
continuous cycling. In our case the three as-synthesized NCMA materials also show similar
trend of gradual increasing of Ret, but with different extent. NCMA-(10,0) shows the initial Ret
(after 2™ cycle) of 11.87 Q increase to 25.15 Q after 50" and finally to 63.64 Q after 100™
cycle. Whereas, for both the NCMA-(8,2) and NCMA-(6,4) the value of Rct does not reach
above the 35 Q even after 100 cycle. This further indicates towards less polarization and

improved structural integrity of the Al-doped cathode.

Change in Dy +:
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The Li" diffusion kinetics in Ni-rich NCM largely depends on the bulk structure of the
cathode material and it varies with the progress of the charge discharge cycling. The change of
Li" diffusion kinetics due to potential induced charge-discharge cycling is caused by the two
major factors, (a) the extent of H2 to H3 phase transition at the higher voltage range during
charging and (b) the degree of Ni**/Li" mixing at the lower voltage range during discharge
step. [48,51] Both of the above phenomenon not only results in the structural/phase change in
Ni-rich cathode but also hampers the Li" diffusion kinetics. In our case, the diffusion co-
efficient is found to follow the usual decreasing trend upon cycling for all the three materials
due to the increased mixing and phase change. However, NCMA-(8,2) achieves higher
diffusion co-efficient values at each of the three stages of the cycling compared to other two
materials. Better diffusion co-efficient for NCMA-(8,2) is a combined effect of decreased
cation mixing (Table 2) and improved structural stability of the material (Fig. 8). On the other
hand, NCMA-(10,0) and NCMA-(6,4) shows almost similar values of diffusion co-efficient at
the beginning of the cycling, which is drastically decreased for the NCMA-(10,0) at the end of
the 100 cycle. The percent of cation mixing is almost similar for the as-synthesized NCMA-
(10,0) and NCMA-(6,4), ensures the similar diffusion behavior initially. However, the greater
extent of electrode polarization caused by the drastic and irreversible phase transition
(specially, H2 to H3) in NCMA-(10,0) leads to an abrupt deterioration of the Li" kinetics during
further cycles.

3.6 Post-cycling analysis

Post-cycling SEM of the cathode was performed by de-crimping the coin cell after 100 cycles
(0.5C) to understand the reason behind the difference in the cycling stability of the three
materials. In the case of NCMA-(10,0), it is observed that the primary particles are
disintegrated from the surface, leading towards the structural collapse of the secondary particles
and poor cycling performance (Fig.8 a). However, for NCMA-(8,2) and NCMA-(6,4) the
secondary particles retain its initial integrity upon cycling and ensures less performance decay
(Fig.8 b and c). Cross-sectional SEM images (Fig. S14) further confirms the micro-crack
formation in NCMA-(10,0) upon cycling. Whereas, no cracking is observed in case of NCMA-
(8,2), signifies that the Al-doping effectively improves the structural robustness. [52,53] From
the post cycling XRD (Fig. S15) and the refined data (Table 4), it is observed that the NCMA-
(10,0) shows highest volume change after cycling, indicating towards more irreversibility in
the H2-H3 phase transition, leading towards poor cycling performance. On the other hand, the

Al-substituted materials shows lesser volume change and better cycling stability.
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Fig. 8 Post-cycling SEM images of (a,d) NCMA-(10,0), (b,e) NCMA-(8,2) and (c,f) NCMA-
(6,4). Disintegration of the primary particles are observed in NCMA-(10,0) after cycling.

Table 4. Refinement data of Post-cycling XRD.

Material a(A) b(A) c(A) Volume(A*3)
NCMA-(10,0) 2.83766 2.83766 14.41262 100.5063
NCMA-(6,4) 2.8538 2.8538 14.29198 100.8025
NCMA-(8,2) 2.86177 2.86177 14.25916 101.1334

4 Conclusion

In this work, we have demonstrated the continuous co-precipitation production of Ni-rich
NCMA cathode precursors with varying Co and Al content through three phase slug-flow
manufacturing platform for the first time. The superiority of the process compared to the
traditional stirred-tank reactor-based batch/semi-batch process lies on the fact that, scalable
production is possible without compromising quality of the particle properties, such as size,
morphology and chemical composition. The detailed description of the unique production
process is included in the first part of the manuscript. Then, the as-synthesized oxalate
precursors were lithiated at a high temperature with a slow heating rate under oxygen flow to
get the final cathode materials, abbreviated as NCMA-(10,0), NCMA-(8,2) and NCMA-(6,4).
These materials were utilized to study the effect of gradual Co-substitution with Al on the
structural parameters and electrochemical performance of the Ni-rich NCM (with 85% Ni).

The trend of change in lattice parameters and cation mixing were evaluated by the refinement
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of the XRD data. Least cation mixing was observed for the NCMA-(8,2) (with, Co= 8% and
Al= 2%), which further ensures the superior rate capability and Li" diffusion kinetics of the
material. It was observed that, the initial capacity decreases with increasing amount of
electrochemically inert Al in the NCMA structure. Whereas, optimum Al-doping (~2 %)
efficiently decreases the adverse effects of decreasing Co by (i) reducing cation mixing; (ii)
improving rate capability; (iii) decreasing polarization of electrodes; (iv) increasing capacity

retention upon cycling and (v) retaining the structural integrity of the cathode during cycling.
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Fig. S1. ICP-OES results for NCMA materials with different Cobalt and Aluminum content.
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Fig. S2. EDX mapping of NCMA-oxalate (a) NCMA-(10,0), (b) NCMA-(8,2) and (c) NCMA-(6.,4).
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Fig. S3. SEM images with respect to feeding sequence (a) NH4OH first followed by
(NH4)2C204 and (b) (NH4)2C204 first followed by NH4OH
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Fig. S4. TGA for NCMA-(10,0), NCMA-(8, 2) and NCMA-(6,4) in a) N2 environment and b)
Air environment
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Fig. S5. The effect of higher heating rate (5 °C per min) during calcination.
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Fig. S6. Rietveld refinement of XRD profiles of (a) NCMA-(10,0), (b) NCMA-(8,2) and (c)
NCMA-(6,4).
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Fig. S7. Cross-sectional SEM images and EDX mapping profiles of (a) NCMA-(10,0), (b)
NCMA-(8,2) and (c) NCMA-(6,4).
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Fig. S8. Particle-size distribution profile of the three materials.
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Fig. S9. High-resolution profiles of (b) Ni 2p, (¢) Co 2p, and (d) Mn 2p of NCMA-(10,0).
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Fig. S10. Charge-discharge profile at different C-rates (a) NCMA-(10,0) (b) NCMA-(8,2)
and (c) NCMA-(6,4).
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Fig. S11. First charge-discharge profiles for NCMA-(10,0), NCMA-(8,2) and (c) NCMA-
(6,4)at0.1 C
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Table S1. Initial coulombic efficiency of the three materials.

Materials Initial Coulombic efficiency (%)
NCMA-(10,0) 86.41
NCMA-(8,2) 80.42
NCMA-(6,4) 80
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Fig. S12. Cycling profile of NCMA-(8,2) at 1 C in full cell configuration.
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Fig. S13. Equivalent circuit and its various components

— CPE1 4 { CPE2 [+

Rs = Solution resistance; R = surface resistance Rct = charge-transfer resistance
CPE1 and CPE2 = Constant phase elements, associated with Rr and R, respectively

W = Warburg impedance

The Li" diffusion co-efficient (Dri+) is related with the Warburg component through the
following equation:

D = R’T?(2A’n*F*C%s?)’!
Where, R =gas constant; T= absolute temperature, A = area of the electrode; N=
number of electrons transferred per molecule in the electrochemical reaction; F = Faraday

constant; C = concentration of Li+ ions and ¢ = Warburg factor. The Warburg factor (o) can
be calculated from the slop of the Zre - ®-0.5 plot using the following relation.
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Fig. S14. Cross-sectional SEM images of cycled cathodes (100 cycles) (a) NCMA-(10,0) and (b)
NCMA-(8,2).
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Fig. S15. Post-cycling (after 100 cycles) XRD profiles of (a) NCMA-(10,0) and (b) NCMA-(8,2).
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Table S2. Table based on the literature reports on Ni-rich NCM

Specific
S. . Voltage .
N Material Sy;l(:?::sls Window flil:llf ‘tY Cycling R::li:;re
o. P (V) 10) N
(NCMAS9) 90.66 %
1  Li[Nio.soCoo.0sMno.os Co precipitation 2.7-43 228 at0.5 ¢ [1]
' ' ' (180 mAg™) after 100
Alo.01]02
cycles
83.8% at
MA-4 .
5 Li[Ni(OI\fgIgOO an)O Al Ultrasonic 3.0-4.4 198 1C after 2]
R ' nebulizer (180 mAg™) 200
0.04]02
cycles
(NCM-A10.96%) 83.8% at
Li[(Ni0.4C00.2Mno.4)o o 2.8-4.5 1C after
3 Alp20220NigssCoppy O PrECIPIAtON —pgn agry 199 200 3]
Mno.05]O2 cycles
o
(AI3-NCM) 2.7-4.3 8;01%
4  Li[Nio304C000s1Mnoess  Co precipitation (180 mAg) 220 after 100 [4]
Aloosl]oz
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62.00%
e Slug-flow 2.8-4.3 at 0.1C
5 Li[NiosCoo:RQIG Coprecipitation (200 mAg™) 202 after 50 [5]
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02 L (180 mAg™) after 100
coprecipitation
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91.5 at
LiNi0.90C00.04Mno.03A . 2.8-4.3 (200 1C after
10 10,0305 Coprecipitation mAg) 209 100 [10]
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Highlights

Slug-flow continuous manufacturing technique is utilized to synthesize Al-doped Ni-rich
LIB cathode

Oxalate coprecipitation chemistry removes the issues of pH sensitivity and Mn oxidation
Optimized Al-doping mitigate the issues of cation mixing and microcracking
Co-substitution with Al efficiently improves the rate capability and cycling performance

of the Ni-rich cathode
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