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Lithium-rich layered oxides (LRLOs) as Li-ion battery positive electrode materials promise to deliver superior
specific capacity (> 270 mAh g™!) boosting the driving range of electric vehicles (EVs). Interestingly, these
materials do not strictly require cobalt in their formulation, solving the supply, environmental, and ethical issues
associated to this metal. Herein the synthesis of Co-free Li; 5Nig 2Mng Oz (LRNM) via lab-scale co-precipitation
and solid-state reaction is reported, employing transition metal salts with different anions. These yield to
different morphological features of the resulting LRNMs, also impacting the physicochemical characteristics and
electrochemical performance. The use of sulfate TMs results in a material (LRNM-S) with smaller crystallite and
particle sizes, which displays very high specific capacity (more than 270 mAh g~ at C/20) and excellent rate
capability (109 mAh g~! at 10C). However, its capacity and voltage fading are also more pronounced than for the
acetate-based material (LNRM-A), which owns twice as large crystallites achieving capacity and voltage reten-
tion both higher than 97% over 100 cycles. Our investigation unveiled the prevalent trade-off between full
activation and exploitation of the LRLOs high specific capacity and anion redox against structural degradation

and accelerated ageing of the materials.

1. Introduction

Lithium-ion batteries (LIB) are probably the top (electro)chemical
achievement fulfilling the portable energy storage needs of our society.
With their exceptional specific energy density and offering rapid dis-/
charge rates, LIBs have become increasingly important for portable
applications like cell phones, laptops and other smart devices, and, even
more crucially, for electric mobility ranging from hybrid (HEVs) over
plug-in hybrid (PHEVSs) to full electric vehicles (EVs) [1,2]. Enhancing
the performance of the positive electrode (cathode) is a key goal for the
realization of reliable LIB cells [3-5]. Positive active materials in LIBs
are mostly based on transition metal oxides or phosphates such as
LiCoO, (LCO), LiNi,CoyMn,Oy (NCMyy,), LiNixCoyAL,Os (NCAyy,),
LiMn,04 (LMO), LiNig sMn; 504 (LNMO), and LiFePO4 (LFP). However,
they either contain environmentally and economically critical elements,
i.e., cobalt [6-8], or cannot provide sufficient energy density for EV
applications [9]. Nonetheless, one class of materials, i.e., lithium-rich
layered oxides (LRLOs) composed of Ni and Mn, exists, and promises

to fulfil the sustainability and performance criteria: 1) Sourcing and
synthesis of the active materials without critical elements and 2) high
specific capacity and energy density required for advanced EV tech-
nologies. In particular, these cobalt-free materials share the formula
Li; x(Ni;Mnp); xO2 (x >0; a + b = 1) LRNM [10].

The excess of lithium available in LRLOs directly translates into a
much larger specific discharge capacity (> 270 mAh g!) compared to
conventional stoichiometric layered oxide materials [11,12]. This
outstanding capacity is originating from the structural ambiguity of
LRLOs consisting of two phases, LiMO and LisMnOgs, which however is
also causing serious obstacles for commercialization of this class of
materials, i.e., poor kinetics, large voltage hysteresis and substantial
voltage and capacity decay upon cycling [13-15]. The coexistence of a
stoichiometric layered structure of LiMOy (M = Ni, Mn, Co or Al) and a
LipMnOs phase in LRLOs is enabled by their structural similarity
[16-18]. Following this peculiarity, the first charge profile of LRLOs is
distinguishingly composed of two regions where different components
are electrochemically active. Up to about 4.35 V the profile appears with
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a continuous slope associated to the classic redox of transition metal
cations: Co®"/Co*" and Ni?*/Ni®*/Ni**, while Mn** as structural sta-
bilizer maintains its oxidation state. At higher potential (> 4.35 V) the
shape changes into an extended plateau where the LixMnOs3 phase is
activated involving partially irreversible oxygen redox (02~ — 02+~
+ xee ™), oxygen loss from the lattice and in the worst case O, evolution
from the structure [15,19,20]. At the surface of the active material
particles oxygen is easily lost irreversibly, triggering the dislocation of
transition metal ions which are subsequently trapped in the lithium
sites. This process, referred to as cation mixing or lattice densification,
results in the formation of a surface reconstruction layer affecting Li-ion
diffusion and re-intercalation. Accumulated over many cycles, the
layered structure transforms into a spinel-like phase and, eventually, the
electrochemically inactive rock-salt structure. This irreversible struc-
tural transformation is one of the main causes leading to the voltage fade
and capacity decay deteriorating the electrochemical performance of
LRLOs during long-term cycling [21-23].

In this regard, the choice of synthesis methods critically influences
the properties and electrochemical performance of lithium-ion cathodes.
Direct solid-state synthesis is one of the most known and longest
established method to prepare active materials for LIBs with the
advantage of easily achieving the correct stoichiometry. However, it
comes with extra-costs deriving from the long calcination step at
elevated temperature and difficulties in handling the scale-up to large
quantities. For such a reason, co-precipitation has become the most
employed synthesis route recently thanks to its simplicity, scalability,
and homogeneous atomic-level mixing of the composing elements in the
precursor. These are the primary advantages of co-precipitation allow-
ing for the heat treatment to be performed at lower temperatures and
shorter times. Depending on the typical transition metal sources and
reactant precursors, co-precipitation routes can be classified into tran-
sition metal hydroxides (TM(I)(OH),), carbonates (TM(II)CO3) and
oxalates (TM(I1)C204, TM = Mn, Ni, Co and Al). The counter ion bound
in the transition metal source also influences the characteristics of the
precursors as well as the final products [24]. Various reports regarding
acetates (-CH3COO) [25,26], sulfates (-SO4) [27-29] and nitrates (-NO3)
[30,31] to synthesize LRLO precursor materials are also available.
However, to the best of our knowledge, there is no report comparing two
different co-precipitation chemistries and the electrochemical perfor-
mance of the resulting LRLOs.

In this work, two different chemistries to prepare hydroxide pre-
cursors, involving the co-precipitation of either sulfates (TM(I)
SO4enH;0, TM = Mn and Ni) or acetates (TM(II)(CH3COO),enH50)
with LiOHeH,0, followed by solid-state reaction to prepare the final
lithium-rich layered oxide, are compared to investigate how different
transition metal sources impact the properties and electrochemical
performance of Lij oNig 2Mng O2 (LRNM).

2. Experimental
2.1. Synthesis

Various Lij 5Nig 2Mng 02 (LRNM) active materials were synthesized
by hydroxide co-precipitation and high-temperature solid-state reac-
tion. Precursor materials, NigsMng¢(OH); ¢ were prepared from two
different transition metal sources, but employing the same conditions, i.
e., 1M concentration of reactant and transition metal solutions, room
temperature (~25C) and under constant argon flow (inert atmosphere).
Stoichiometric amounts of either manganese sulfate tetrahydrate (Mn
(INSO4e4H20) and nickel sulfate tetrahydrate (Ni(I[)SO4e4H0) or
manganese acetate tetrahydrate (Mn(II)(CH3COO)204H>0) and nickel
acetate monohydrate (Ni(II)(CH3COO)2eH0) as starting materials were
dissolved in deionized water (Solution A) at 1M concentration. The
precipitation agent, i.e., the 1M lithium hydroxide monohydrate
(LiOHeH0) aqueous solution (Solution B), was placed in a three neck
round flask. Under vigorous stirring and argon flow, Solution A was
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added dropwise into Solution B over a period of 120 minutes. The
mixture was aged overnight (~ 16 h) to yield the hydroxide precursor.
The precipitate was vacuum-filtered and rinsed with deionized water
until neutralization (pH = 7). Washed products were dried in an at-
mospheric oven at 80 °C to remove residual moisture overnight, then
ground and thoroughly mixed by ball-milling for 5 hours using acetone
as dispersant with LIOHeH,0. This latter was added in excess of 2.5 mol
% (i.e., 1.23 equivalents with respect to NipoMngg(OH)16) to
compensate for the lithium loss during the high temperature calcination
step. The dried mixture was calcined in the box furnace at 480 °C for 5 h
and pelletized into round disks. Pellets were fired at 900 °C for 24 h and
directly quenched into liquid nitrogen (N3) followed by grinding and
sieving to obtain fine (< 45 um) powders of LRNM materials.

2.2. Electrode preparation

Positive electrode sheets were prepared by spreading a slurry
mixture of the as-prepared LRNM active materials, conductive carbon
Super C65 (IMEYRS) and polyvinylidene difluoride (PVdF, Solef 5130,
Solvay) in mass ratio of 85:10:5 on the aluminum foil current collector.
PVdF binder was dissolved in N-methyl-2 pyrrolidone (NMP) as a 4 wt%
solution beforehand. Dried electrode sheets were punched in circular
shape (@ = 12 mm). The electrode disks were pressed for 10 s at 10 ton
cm~2 and dried in dynamic vacuum at 120 °C for 16 h before being
transferred into an argon-filled glove box (MB200B ECO, MBraun; Oy <
0.1 ppm, H30 < 0.1 ppm). The active material mass loading of the

electrodes ranged between 3.5 and 4.0 mg cm™2.

2.3. Electrochemical measurements

Three-electrode half-cells were assembled inside T-shaped Swagelok
connectors, using an LRNM disk as the working electrode and lithium
metal foils as counter and reference electrodes. To prevent short cir-
cuiting of the electrodes, two glass fiber separators (Whatman GF/D @ =
13 mm between working/counter, @ = 10 mm towards the reference
electrode) soaked with 240 pL of the electrolyte (1M LiPFg in ethyl
carbonate (EC)/dimethyl carbonate (DMC), 1:1 w/w, LP30, Solvionic)
were used.

The galvanostatic charge/discharge tests were performed using a
battery tester (Maccor 4300). The nominal specific capacity of 250 mAh
gl was adopted to define the specific current rate of 1C. The rate
capability of the electrodes within the 2.5 and 4.8 V voltage limits was
evaluated according to the following procedure. First, an activation
cycle at 0.05 C was performed followed by 5 cycles at various dis-/
charge rates (up to 10C). The long-term cycling stability was assessed at
1C between 2.5 and 4.6 V after the activation cycle at 0.05C with an
anodic cut-off voltage of 4.8 V. All electrochemical characterizations
were carried out in a climatic chamber at 20 + 2C.

2.4. Materials characterization

The chemical composition of the as-prepared samples was deter-
mined by inductively coupled-plasma optical emission spectroscopy
(ICP-OES) measurements on a Spectro Arcos spectrometer (Spectro
Analytical Instruments) after dissolving the sample in aqua regia. For the
structural and crystallographic investigation of the samples, X-ray
powder diffraction (XRD) was performed (Bruker D8 Advance diffrac-
tometer, Cu Ka radiation, A = 0.154 nm) in the range of 10 < 26 < 90°
with a step size of 0.02 and 6.5 s. per step recording time. Rietveld re-
finements were performed using Topas Academic. A Chebychev back-
ground was fitted and the instrumental resolution was characterized
using the Thompson-Cox-Hastings function. The active material
morphology was investigated via scanning electron microcopy (SEM)
utilizing a Zeiss Crossbeam 340 field-emission electron microscope at an
acceleration voltage of 3 kV.

X-ray photoelectron spectroscopy (XPS) measurements were carried
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out on fresh and cycled electrodes using a Phoibos 150 XPS spectrometer

Table 1
Atomic composition as targeted and found for LRNM-S and LRNM-A. equipped with a micro-channel plate and in Delay Line Detector (DLD)

Targeted LRNM-S LRNM-A employing a monochromatic Al Ka (hv = 1486.6 eV) X-ray source. X-ray

. source power, pass energy and energy steps were fixed at 400 W (15 kV),
Mn:Ni ratio 3 3.14 3.12 . . ..

Li:(Mn-Ni) ratio 15 1.61 1.49 30 eV and 0.1 eV, respectively for Fixed Analyzer Transmission mode.

Deconvolution of the detail spectra was performed using the CasaXPS

software with a non-linear Shirley-type background and 70 % Gaussian
and 30 % Lorentzian profile functions. All spectra were calibrated to the

C=C peak in the Cls region at 248.4 eV.
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Table 2

Refined structural parameters from the XRD patterns of LRNM-S and LRNM-A.

LRNM-S LRNM-A

Crystal system Trigonal Trigonal
Space group R-3m R-3m
Lattice parameter a, b A 2.86 2.86
Lattice parameter ¢ @A 14.26 14.28
Unit volume (A% 101.17 101.38
Crystallite size (nm) 130 224
Cation mixing (Ni** in Li* layer) 6 % 5%
Phase density (g cm™>) 4.14 4.19

All ex-situ measurements (XRD and XPS) were performed on the same
working electrodes recovered from the half-cells after a selected number
of dis-/charge cycles. For this purpose, the cells were disassembled in
the argon-filled glove box. The recovered positive electrodes were
washed carefully with DMC solvent to remove residuals of the electro-
lyte. Subsequently, the electrodes were cut into four pieces and specific
sample holders were used for their transfer into the respective in-
struments in order to avoid any contact of the electrodes to ambient
atmosphere.

3. Results and discussions

Two different co-precipitation chemistries were selected to prepare
Mny Nig 2(OH); ¢ precursors. The composition of the resulting mate-
rials, denoted as LRNM-S if derived from TM sulfates or LRNM-A if
derived from TM acetates, in terms of atomic ratios of lithium, manga-
nese and nickel is given in Table 1. Although the same excess of lithium
source was added to both precursors, the lithium to TM ratio is slightly
higher for LRNM-S than for LRNM-A, resulting in slightly different
nominal stoichiometries of Lij 23Nig19MngsgOs (LRNM-S) and
Lij 20Nip.20Mng 6102 (LRNM-A). Both samples show a slight deficiency in
nickel as the Mn to Ni ratio exceeds the targeted value of 3.

With regard to morphology, both LRNM-S and LRNM-A show pri-
mary particles agglomerated into secondary particles (Fig. 1). The lower
magnification micrographs in Fig. 1(a,b) reveal that the secondary
particles of both materials have rather irregular shape and size, the latter
ranging from less than 1 pm to around 10 um. At higher magnification
(Fig. 1(c,d)) the morphological differences between the two materials
become more obvious. LRNM-S shows relatively more homogeneous
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shape and size and overall smaller primary particles, whereas LRNM-A
shows primary particle of various appearance and with sharp edges.
These differences indicate that the anion of the transition metal salts
strongly affects the morphology of the synthesized LRNM despite the
otherwise identical synthesis procedure. Fig. 1(e,f) displays the refined
powder XRD patterns of LRNM-S and LRNM-A, which confirm that both
samples have essentially the identical trigonal structure of R-3m space
group. The reflections between 20 ‘and 23 ‘manifest the C/2m super
structure derived from the Li,MnOs component for both the materials.
Additionally, the intensity ratio of 1(003)/1(104) reflections is clearly
higher than 1.2 (1.32 for LRNM-S and 1.82 for LRNM-A). Also, the clear
peak separation of the (108)/(110) reflections at around 20 = 65° con-
firms the targeted layered structure without spinel impurities. These
evidences indicate well crystallized materials, which detailed structural
and crystallographic information, obtained from Rietveld refinement, is
summarized in Table 2 (detailed structural parameters given in
Tables S1 and S2 in Supporting Information).

The ratio of the crystallographic lattice parameters a and ¢ (Table 2)
in terms of c¢/3a results in a value of 1.66 for both samples indicating
complete formation of the layered structure [32,33]. Importantly, the
lattice parameters of LRNM-S and LRNM-A are practically identical
indicating that the choice of reactants for the co-precipitation does not
significantly affect the crystal structure of the presented final material,
Li; 2Nip.oMng ¢O2. The degree of cation mixing, i.e. Ni?* jons in Li™ sites
of the interlayer, is also fairly similar, being 6 % for LRNM-S and 5 % for
LRNM-A. However, the crystallite size is distinctively different with 130
nm for LRNM-S and 224 nm for LRNM-A, supporting the SEM obser-
vations indicating much larger primary particles for the latter material.
Overall, the structural and morphological analysis confirm that both
materials share the layered structure with almost identical lattice pa-
rameters and cation mixing levels regardless of the transition metal
species used for precursor synthesis, but distinctively different primary
particle and crystallite sizes.

The differences in chemical composition (Li:TM ratio) and primary
particle/crystallite size are directly reflected in the potential profiles of
the two LRNM materials showing different redox contributions during
the first dis-/charge cycle. The dashed line in Fig. 2(a) indicates the
threshold (identified as the minimum from the differential capacity plot
of Fig. 2(b)) between the sloping region associated to the ‘classical’ Ni-
redox activity and the extended high-voltage plateau ascribed to the
activation of the LisMnOs component, which involves partially
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Fig. 2. (a) Potential profiles and (b) the differential capacity plots for the first cycle at C/20 of LRNM-S and LRNM-A.
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irreversible anion redox [34]. As expected from the slightly higher
stoichiometry of TMs (Table 1), LRNM-A displays a slightly higher ca-
pacity in the sloping region compared to LRNM-S (106 mAh g~ ! vs. 100
mAh g71), but a lower capacity along the high-voltage plateau (197
mAh g~! vs. 227 mAh g 1). The higher nickel content in LRNM-A
(Table 1) is also reflected in the discharge potential curve and the cor-
responding feature for Ni**/3*/2* reduction at around ~3.8 V, which
appears more pronounced also in the dQ/dV plot of Fig. 2(b). Never-
theless, most of the difference in charge capacity between the two
LRNMs originates from the high-voltage plateau (~35 mAh g'!). At the
same time, LRNM-S shows higher reversibility than LRNM-A with an
initial Coulombic efficiency of ~81.4 % compared to 80.6 %. Interest-
ingly, the dQ/dV features upon discharge of LRNM-S and LRNM-A are
very similar to those reported for xLi;MnO3e(1-x)LiMng sNig 502) LRLOs
with higher (x = 0.5) and lower (x = 0.3) Li,MnO3 contents [35], or
when LRLOs are activated at lower or higher specific currents [34],
respectively. In fact, both (larger proportion of Li,MnO3 and/or acti-
vation at lower currents) would lead to a much stronger Mn-related
feature at around 3.3-3.4 V in the dQ/dV curve during discharge.
Since the stoichiometry of LRNM-S and LRNM-A are rather similar and
the cycling test conditions are the same, the strongest peaks in the
dQ/dV plot of Fig. 2(b), (i.e., above 4.5 V during oxidation and below
3.5 V during reduction) point towards a more complete utilization of the
LioMnOs component, i.e., a more reversible oxygen redox in LRNM-S.
The reason for this behavior resides in the morphology of the positive
electrode materials. LRNM-S is composed of smaller primary particles
(and crystallites), hence, larger specific surface area which enables a
larger fraction of active material to participate in the electrochemical
reaction. In this regard, it is well-known that nano-sized primary par-
ticles enhance the performance of different LIB electrode materials such
as LiFePO, [36,37] and LisTisO12 [38,39] through very short Li*

diffusion pathways. Since LRLOs have indeed low electronic conduc-
tivity as compared to other positive electrode materials, i.e.,
Co-containing layered oxides, the different size of primary particles may
have a significant impact on the performance.

To examine the effect of particle size on the electrochemical prop-
erties in more detail, we first investigated the rate capability and voltage
hysteresis for the two LRNM materials at different dis/-charge rates
(Fig. 3). The above-mentioned difference in specific discharge capacity
of LRNM-S and LRNM-A is maintained across all rates as it can be seen
from the plot in Fig. 3(a). Interestingly, the difference between the two
samples increases with the rate. At 10C, LRNM-S delivers 109 mAh g’}
compared to 77 mAh g~! for LRNM-A (averaged over 5 cycles, indi-
vidual potential profiles shown in Figure S1 of the Supporting Infor-
mation). The smaller LRNM-S primary particles enable higher capacities
at every current density as it is clear in the plot of normalized capacity
(vs. the first cycle at C/20) at different rates (Fig. 3(b)).

Besides the specific capacity at different rates, the voltage hysteresis
(AV) between charge and discharge, is another key factor influencing the
energy storage performance of the system, directly translating into heat
loss/evolution especially at high dis-/charge currents. Fig. 3(c) com-
pares the normalized charge and discharge potential profiles of LRNM-S
and LRNM-A at very low (0.1C), medium (1C) and very high (10C) rates.
At lower dis-/charge rates of 0.1C and 1C similar voltage hysteresis are
observed for both LRNM-S and LRNM-A, being obviously higher at 1C.
However, at 10C rate a significant voltage hysteresis, higher than 1.1 V
is observed for LRNM-A, while LRNM-S shows less than 0.8V difference.
This once more highlights the benefit of the LRNM-S smaller particles to
enable high energy efficiency in addition to high capacity at high dis-/
charge rates.

Despite the improved electrochemical properties of LRNM-S
described so far, the smaller primary particles seemingly have a
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Fig. 4. Galvanostatic cycling stability tests of LRNM-S and LRNM-A (at 1C) following the activation cycle at C/20. Evolution of (a) specific discharge capacity and (b)
average discharge voltage. Selected (every tenth cycle) differential specific capacity plots of (¢) LRNM-S and (d) LRNM-A.

detrimental impact on cycling stability as indicated by the stronger ca-
pacity fading during the long-term cycle test at 0.1C in Fig. 3(a). This
becomes even more clear comparing the galvanostatic cycling data
presented in Fig. 4. During the initial cycle at 1C, LRNM-S offers a much
higher discharge capacity (179 mAh g™ 1) than LRNM-A (151 mAh g™ 1).
Over 100 cycles, however, LRNM-S shows a relatively poor capacity
retention (88%) dropping to 157 mAh g~! while LRNM-A maintains
nearly 97 % of its initial capacity delivering 147 mAh g~'. Interestingly,
the evolution of average (dis)charge potentials and polarization or
voltage hysteresis (AV) for the two materials show a very different
behavior. Initially, LRNM-A has a higher average working potential
(~3.64 V) than LRNM-S (3.60 V), however, after 100 cycles they
approach a similar value at around 3.53 V as shown in Fig. 4(b). This
translates into a retention of the average discharge potential over 100
cycles of 98 % and 97 % for LRNM-S and LRNM-A, respectively. At the
same time the respective average charge potentials show a very different
behavior: For LRNM-A it increases at a similar rate as discharge voltage
decreases, leading to a rather rapid increase of the voltage hysteresis
between charge and discharge rising from ~0.3V initially, to 0.5V after
100 cycles at 1C. In contrast, the average charge potential of LRNM-S
also decreases upon cycling resulting in a rather stable voltage hyster-
esis (0.35-0.40 V) throughout 100 cycles. This points towards two
fundamentally different ageing mechanisms dominating the two mate-
rials, which differ only in particle and crystallite size. To investigate the
working potential fading, the differential capacity plots of every 10™
cycle at 1C of LRNM-S and LRNM-A are compared in Fig. 4(c) and (d),
respectively (the normalized potential profiles are shown in Fig. S2 of
the Supporting Information). A clear difference is observed in the dif-
ferential capacity plots of the two materials nicely revealing the
different ageing mechanisms between the 1°* and 100t cycle. The
smaller particles and crystallites of LRNM-S display the typical shift of
redox activity from the mid-to-higher-voltage region (3.7-4.2V) to the

lower-voltage region (2.5-3.7V), known as ‘voltage fading’ from the
early studies of Thackeray and co-workers [35,40]. Despite the
remaining ambiguity [35,41-43], there is consensus among the scien-
tific literature that the voltage fading is the consequence of the irre-
versible TM migration in the LRLOs, which is closely coupled to oxygen
redox activity, causing structural transformation or degradation [44].
On the other hand, there is also a reversible portion of TM migration, as
well proposed by Thackeray et al. [40], which is responsible for the
voltage hysteresis between charge and discharge and when finely tuned
even beneficial to maintain a stable oxygen redox contribution [43,45],
i.e., stable high capacity. This is what is found from the differential
capacity plots of LRNM-A, where the shift of capacities is not observed,
but rather a shift of the persistent peaks to higher and lower potentials
during charge and discharge respectively, resulting in the increased
polarization or voltage hysteresis. The continuous increase in polariza-
tion for LRNM-A might therefore be the combination of several phe-
nomena such as the partially irreversible TM migration into the Li layer,
i.e., the cation mixing, electrolyte side reactions, and surface film for-
mation on the aged active material particles.

To further investigate and confirm the different ageing mechanisms
an ex-situ XRD and XPS analysis on cycled electrodes was performed.
The diffraction patterns of cycled electrodes are compared to the pristine
electrode at selected 20 ranges (Fig. 5). Within each range, the in-
tensities were rescaled to facilitate the comparison of the structural
changes. After cycling, a shift of the strongest (003) reflection to lower
26 angles can be observed for both materials. Other reflections show a
similar trend indicating the lattice expansion in c-direction, which is the
result of the increased repulsion of the TM slabs due to the irreversible
loss of lithium after activation. As expected, the super structure peaks of
the LisMnOg3 phase of C2/m structure, i.e., (110) and (020) reflections,
have disappeared in both samples. Overall, the peak shift after 100 cy-
cles is much stronger for LRNM-S, e.g., see the (101) and (104)
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Fig. 5. Ex-situ XRD patterns of (a) LRNM-S and (b) LRNM-A recorded for pristine (fresh) and cycled (100 cycles) electrodes.
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Fig. 6. Ex-situ XPS spectra of LRNM-S and LRNM-A electrodes after 100 cycles at 1C rate.

reflections, while those shifts are almost negligible for LRNM-A. In
addition, the intensities of LRNM-S have decreased much stronger than
those of LRNM-A. Certain reflections, e.g., (006), (018) and (113), even
vanished, in line with the more rapid structural degradation of LRNM-S.

On the other hand, the XPS spectra (Fig. 6) show no significant

differences in surface composition among the two samples with very
similar features in the Cls, Ols and F1s region. For both materials, the
Cls region shows the C—=C (284.4 eV) and C—C/C—H (285.0 eV) peaks
corresponding to conductive carbon (Super C65), a peak around 286.4
eV mainly due to C—O moieties and a contribution from the CHy—CF,
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groups of the PVAF binder. The peak at 289.0 eV is attributed to alkyl-
carbonate groups (O—C—=O0), e.g., from the carbonate-based solvents.
Finally, the CF; peak at 290.6 eV is another signal of PVAF binder as well
as overlapped carbonate species ((CO3)2). The O—C=O0 peaks, as well
as the C—0O—C peak are also present in the Ols spectra, and, very
similarly for both materials, centered around 531.7 eV and 533.8 eV as
well as at 532.4 eV, respectively. On the contrary, the intensity ratio
between the metal oxide (M—O) peak (529.7 eV) coming from the active
material to those organic (and carbonate) species peaks is significantly
decreased in LRNM-A compared to LRNM-S. This larger deviation for
LRNM-A is a good indicator of a thicker cathode electrolyte interphase
(CEI) layer on the LRNM-A electrode. In fact, the same trend is observed
in the F1s spectrum of LRNM-A, presenting a relatively higher intensity
of the LiF peak at ~685.5 eV resulting from the decomposition of LiPFg.
Considering the M-O peak reduction (Ols region) and the higher LiF
intensity (F1s region), a thicker CEI layer might be the reason for the
continuous increase in electrode polarization and voltage hysteresis of
the LRNM-A electrodes upon cycling.

All in all, the ex-situ measurements clearly confirm that LRNM-A is
structurally more stable upon long-term cycling, in good agreement with
its high capacity retention and low voltage fading. The co-precipitation
via TM acetates leads to large primary crystallites for LRNM-A, in which
the LioMnOg is activated to a low extent. Therefore, the material only
shows ageing in terms of increasing voltage hysteresis due to increased
cation mixing, i.e., Ni*>* ion trapping in Li sites, which slowly increases
with cycling. On the other hand, the severe discharge capacity degra-
dation of LRNM-S results from the strong degradation of the crystalline
structure, confirmed by ex-situ XRD measurements, due to the extensive
activation of LioMnOs. In this material, the dominating degradation
mechanism is the ‘structural voltage fading’ proposed by Thackeray and
co-workers [35], which becomes more pronounced with the increasing
(active) fraction of the Li,MnO3 component [35,40]. Thus, the different
particle and crystallite size of the two materials determines the
long-term material performance.

4. Conclusions

LRNM active materials have been synthesized from transition metal
precursors with different anions, i.e. (TM(I[)SO4enH>0 and TM(II)
(CH3COO0)2enH>0), via otherwise identical co-precipitation and solid-
state reaction. The choice of the anion strongly affects the morpholog-
ical features of the resulting LRNMs, leading to different primary par-
ticles size. This difference results in rather different electrochemical
performance. The smaller crystallite size of LRNM-S results in much
higher specific capacity upon the initial activation and superior rate
capability, i.e., more than 100 mAh g~! at 10C. However, upon long-
term cycling, LRNM-A offers better stability in terms of voltage profile
and, especially, capacity retention (97% vs 88%), than LRNM-S. The first
cycle differential capacity profiles reveal that the reason for the
increased capacity of LRNM-S is a stronger contribution of the Li;MnOs3
component [35,40], i.e., an increased proportion of oxygen redox.
However, this is directly coupled to increased irreversible TM migration
leading to the material’s structural degradation and the typical ‘voltage
fading’ as evidenced by ex-situ XRD and electrochemical results. On the
other hand, the nearly twice as large primary crystallites of LRNM-A
follow a different, less severe degradation mechanism dominated by
only an increasing of voltage hysteresis and polarization as evidenced by
the very different evolution of differential capacity profiles compared to
LRNM-S. Overall, the results suggest that the fine tuning between
reversible TM migration (voltage hysteresis) and full utilization of ox-
ygen redox (coupled to irreversible TM migration and voltage fading)
needs to be found to achieve optimized LRLO materials. Besides stoi-
chiometry, structure and structural doping - primary particle and
crystallite size can play a key role in this.
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