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Development of manganese-rich cathodes as alternatives to 
nickel-rich chemistries 
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H I G H L I G H T S  

� Mn-rich oxides show promise as competitive alternatives to Ni-rich cathodes. 
� Layered-layered-spinel electrodes offer high capacity and good rate capability. 
� Novel materials improve interfacial and cycling stability of Mn-rich cathodes.  
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A B S T R A C T   

High-energy, inexpensive and safe electrochemistries have been the main goals of lithium-ion battery research 
for many years. Historically, manganese-based cathodes have long been studied for their attractive cost and 
safety characteristics [1]. However, due to issues related to both surface and bulk instabilities, manganese-rich 
electrodes have yet to find substantial success in the high-energy lithium-ion battery market. With current trends 
in cathode chemistries leaning heavily toward Ni-rich compositions, the factors of cost and safety are again at the 
forefront of research and development efforts. This paper reports the recent progress made at Argonne National 
Laboratory (USA) to stabilize manganese-rich cathode structures and surfaces with a specific focus on composite 
materials with intergrown layered and spinel components; it presents an overview of their electrochemical 
properties in terms of capacity, energy, and cycle-life in cells with metallic lithium, graphite, and Li4Ti5O12 
anodes. These layered-spinel cathodes show promise as alternatives to highly nickel-rich electrode compositions, 
which bodes well for continued advances.   

1. Introduction 

LiNiaMnbCocO2 oxides, denoted as NMC-abc herein, have attracted 
considerable attention as promising cathodes for high-energy lithium- 
ion batteries. In particular, extremely Ni-rich compositions, such as 
NMC-811, are now being considered for implementation in next- 
generation electric vehicles. Although such cathodes do indeed hold 
the promise of yielding cells with significant energy densities, critical 
issues of safety, cost, and cycle-life have yet to be adequately addressed. 
While early attempts by researchers and industry have failed in these 
respects, recent progress has revealed promising Ni-rich NMCs. In fact, 
Ni-rich compositions such as NMC-622 have now been commercialized. 
That being said, Ni-rich compositions, especially those beyond ~60% 
Ni, still face major challenges. Specifically, in order to capitalize fully on 

the intrinsic energy content of such cathodes in terms of their high ca
pacity and electrochemical potential (vs. Li/Liþ), states of charge (SOCs) 
above the limits of lattice-oxygen stability must be accessed. In this re
gard, the term ‘high-voltage’ might be defined for a particular NMC 
composition based on this stability limit. For example, Jung et al. have 
recently shown that the evolution of oxygen from NMC cathodes is 
triggered in the range ~4.3–4.7 V (vs. Li/Liþ) for compositions from 
NMC-811 to NMC-111 [2]. Oxygen loss from the cathode surface is not 
only a safety concern that can lead to dangerous reactions with the 
electrolyte, but can also result in surface reconstruction, impedance rise, 
facile transition metal (TM) dissolution, and eventually loss of active 
lithium in the electrodes [3,4]. This intrinsic, high-voltage limit is 
clearly composition dependent and must be mitigated or overcome if 
higher SOCs are to be used during the repeated cycling of a given NMC. 
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Alternatives to layered NMCs have been studied for many years and 
include materials, and derivatives thereof, such as LiM2O4 (M ¼Mn, Ni), 
LiFePO4, and lithium- and manganese-rich NMCs (LMR-NMC), often 
denoted in two-component, ‘layered-layered’ (LL) notation, 
xLi2MnO3�(1-x)LiNMCO2 [5]. LMR-NMCs have received special atten
tion due to the high capacities they can deliver (~250 mAh g� 1 or more) 
on repeated cycling [1,6]. However, as with the NMCs discussed above, 
oxygen sub-lattice instabilities also play an important role. Specifically, 
for high-capacity LMR-NMCs, an initial charge above ~4.4 V (Li/Liþ) is 
necessary to access high capacities through an activation process 
involving oxygen, which triggers structural transitions and the forma
tion of disordered domains within the electrode material. The activated 
structure continues to evolve with cycling thereby leading to the now 
well-known phenomena of voltage fade and hysteresis [7–10]. The 
mechanisms governing the activation process, and hence the activated 
product, occur as a consequence of local structures within the pristine 
material in which Li and Mn order preferentially to generate LiMn6 ar
rangements within the TM layers. The extent of ordering is related to the 
synthesis temperature and the amount of excess lithium and manganese, 
x, in the initial xLi2MnO3�(1-x)LiNMCO2 composition [11]. As such, it 
can be shown that the magnitudes of several related phenomena (e.g., 
partially reversible cation migration, voltage fade, and hysteresis) scale 
with x [10,11]. In addition, low first-cycle efficiencies, poor rate capa
bility, and high impedance at low SOCs have also been identified as 
limitations of LMR-NMC electrodes [12]. Despite these challenges, 
LMR-NMC materials still remain attractive alternatives to Ni-rich NMCs, 
particularly for transportation applications. Specifically, the cost and 
safety characteristics of Ni-rich cathodes may be a deciding factor in the 
need to develop compositions with a higher Mn content, especially if 
energy and power densities can reach levels comparable to Ni-rich 
materials. Economically, this may be particularly relevant if a substan
tial fraction of the lithium-ion market becomes dependent on Ni-rich 
chemistries, as has been the case for cobalt. This shift to higher 
Ni-content batteries is currently underway in the electric vehicle market 
despite concerns that only ~37% of today’s nickel supply comes from 
sulphide mineral ores and less than 10% of that supply is available in 
battery-grade, nickel-sulfate form [13]. Predictions have been made that 
only a 10% penetration of the EV market might lead to global nickel 
supply deficits [13]. Furthermore, Germany, France, China, India, and 
others have recently proposed to ban the sale of fossil fuel cars in the 
near future [14]. Optimistically, if these types of policies gain traction, 
there soon could be no choice but to develop alternative chemistries for 
such a massive future market. In addition, inexpensive electric vehicles 
have been identified as a promising economic opportunity for impov
erished parts of the world [15]. However, at present, such adoption 
seems unlikely with respect to the current cost of EV technologies and 
enabling alternatives could prove critical to such investments. 

This report highlights the progress that has been made at Argonne 
National Laboratory to develop Mn-rich cathodes capable of competing 
with Ni-rich counterparts. A bottom-up approach to fabricate lithium- 
rich cathodes is taken whereby x, in xLi2MnO3�(1-x)LiNMCO2 
‘layered-layered’ (LL) electrodes, is limited to less than ~0.25 and the 
composition modified by reducing the lithium content slightly to inte
grate spinel domains in the LMR-NMC structure, thereby creating 
composite, ‘layered-layered-spinel’ (LLS) structures with a Mn content 
of ~50% [16,17]. This approach represents a comprehensive strategy to 
address the limitations of LMR-NMCs by:  

1) Inherently limiting the extent of Li/Mn ordering (i.e., x < 0.25) and, 
therefore, damaging effects (e.g., voltage fade) of the electro
chemical activation process whereby lithium and oxygen are 
removed from the Li2MnO3 component, while still allowing for 
substantial capacities (>200 mAh g� 1);  

2) Introducing spinel domains (especially at surfaces) to help improve 
rate capability and stability; and  

3) Introducing vacant lithium sites, by way of the spinel component, 
that can take up lithium on the first discharge after the activation of 
the Li2MnO3 component, thereby reducing first-cycle, irreversible 
capacities. 

Because local structures within LMR-NMCs dictate macroscopic 
electrode behavior, as is recently being understood [10,18,19], engi
neering the nano-scale domain structure through incorporation of spinel 
and “spinel-like” components may contribute to the unique properties 
and/or relative stabilization of LLS cathodes. When combined with ef
forts to stabilize cathode surfaces through both surface treatments and 
electrolyte formulations, the strategy reported here shows promise for 
developing Mn-rich cathodes that can compete with their Ni-rich 
counterparts in terms of cost, safety and electrochemical performance. 
A comparison of the electrochemical performance of a selected LLS 
electrode composition (‘LLS-352’) in cells with metallic lithium, 
Li4Ti5O12, and graphite anodes is made with its Ni-rich counterpart 
NMC-532. 

2. Experimental 

LLS particles were synthesized from TM carbonate precursors made 
by co-precipitation of Mn-, Ni-, and Co-sulfates. A baseline LLS electrode 
composition, derived from the LL compound 0.25Li2M
nO3�0.75LiMn0.375Ni0.375Co0.25O2 by reducing the lithium content to 
target a 15% spinel content, was selected based on previous character
ization and electrochemical studies [17,18]. This material is denoted 
LLS-352 for convenience to designate the more accurate Ni:Mn:Co ratio 
of 0.28:0.53:0.19. Details of the synthesis and characterization of these, 
and other LLS compositions, can be found in references 16 and 20. 
Commercially available NMC-532 (Toda America) with a higher nickel 
and lower manganese content was used as the NMC standard for com
parison. Cathode powders were surface-treated by typical wet-synthesis 
procedures in an aqueous solution of Li2WO4, Al(NO3)3⋅9H2O, and NH4F 
(~3:1:1, referred to herein as WAlF) followed by drying and annealing 
at 550 �C in air for 6 h. LLS-352 powders were also surface treated in 
aqueous solutions of Al(NO3)3⋅9H2O (0.5 wt%) only, followed by drying 
at ~110 �C overnight without subsequent annealing. Details of these 
coatings can be found elsewhere [21,22]. 

Electrochemical cycling tests were carried out in 2032-type coin cells 
with cathode laminate formulations of 84:8:8: (oxide:PVDF binder:car
bon). Lithium-metal, Li4Ti5O12, or graphite mixed with C-45 carbon and 
PVDF binder (graphite:C-45: PVDF ¼ 92:2:6) anodes were used, as noted 
in the text. Negative to positive electrode capacity ratios were kept in the 
range of 1.1–1.5 such that the capacity of the cells was always cathode 
limited. The electrolytes used in the cells were either 1.2 M LiPF6 in EC: 
EMC (3:7 by weight), hereafter referred to as the Gen2 electrolyte, or a 
newly-developed fluorinated formulation consisting of 1.0 M LiPF6 in 
DFEC/FEMC (3:7 by weight). Cells were cycled at a constant current 
density, typically ~15 mA g� 1 at 30 �C, unless otherwise specified. 

3. Results and discussion 

3.1. A comparison of baseline LLS-352//Li vs. NMC-532//Li cells 

Fig. 1a shows a plot of discharge capacity as a function of cycle 
number for coin cells with WAlF-coated LLS-352 and NMC-532 cathodes 
and Li metal anodes. The LLS-352 electrode was electrochemically 
activated on the initial charge/discharge cycle between 4.6 and 2.0 V 
with subsequent cycling between 4.45 and 2.5 V, whereas the standard 
NMC-532 electrode was only cycled between 4.45 and 2.5 V. Both 
electrodes show excellent capacity retention for 50 cycles. This 
comparative test highlighted several attractive features and advantages 
of the LLS-352 electrode. First, the coulombic efficiency of the electrode 
during the initial activation cycle (~96%) is significantly higher than 
that of the NMC-532 electrode (~88%) – a consequence of the 
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incorporation of a spinel component, as previously reported [16,17], 
and a more robust surface compared to a pristine LLS that was generated 
by the WAlF treatment. Fig. 1(b) and (c) show the corresponding dQ/dV 
plots of the cells containing the LLS-352 and NMC-532 electrodes, 
respectively. The sharp peak at 4.6 V in Fig. 1b on the first cycle of the 
LLS-352//Li cell is indicative of the activation of the 
compositionally-modified 0.25Li2MnO3�(1-x)LiMn0.375Ni0.375Co0.25O2 
component of the LLS electrode, during which a substantial amount of Li 
was extracted (~250 mAh g� 1 in total for the first charge), consistent 
with earlier reports [16,17,20]. It is remarkable how the incorporation 
of a small amount of spinel (15% or less) within the electrode structure 
can improve the first-cycle efficiency of the cell so significantly. A sec
ond advantage is that the voltage fade phenomenon that leads to ca
pacities in the ~3.0–3.5 V region is substantially less pronounced than it 
is when LL electrode structures with higher amounts of excess lithium 
and manganese (>30%) and without a spinel component are used [11]. 

In this instance, the LLS-352 electrode delivers virtually all its capacity 
above 2.8 V, even on the 50th cycle (Fig. 1b). Of particular significance is 
that on the 50th cycle, the energy density of the LLS-352//Li cell, based 
on the mass of the active metal oxide electrode only, 740 Wh kgoxide

� 1 , is 
still greater than that of the NMC-532//Li cell (697 Wh kgoxide

� 1 ), both of 
which include the capacity contribution from the region of voltage fade. 

Fig. 2 shows a plot of discharge energy (Wh kgoxide
� 1 only) vs. 

discharge rate for lithium cells with WAlF surface-treated LLS-352 and 
NMC-532 cathodes. At slow rates, even when the NMC-532//Li cell is 
charged to 4.6 V (first cycle), the LLS-352//Li cell has a clear advantage 
in terms of specific energy (Wh kgoxide

� 1 ). As the discharge rate increases, 
the NMC-532//Li and LLS-352//Li cells deliver similar energies until 
rates between 1 and 2C are reached. Above 2C, the NMC-532 electrode 
shows a marginally superior performance delivering ~550 Wh kgoxide

� 1 at 
a 9.74C rate. Note that the electrode loadings in each case were low 
(~6 mg/cm2) and that the testing was conducted at the beginning of life 
for both cells. This was done intentionally in order to better understand 
the capabilities of the electrode materials themselves rather than 
electrode-level properties – a topic presented in more detail below. 
Nevertheless, it is clear from Figs. 1 and 2 that the lithium- and 
manganese-rich LLS-352 electrode selected for this investigation pos
sesses attractive characteristics when compared to a conventional, 
commercially available NMC-532 material, particularly in terms of en
ergy and rate. 

3.2. LLS-352//Li4Ti5O12 cells 

Li4Ti5O12 (LTO) is an anode of significant interest for lithium-ion 
battery applications [23]. Although it offers a higher potential (1.55 V 
vs. Li/Liþ) than lithiated graphite (~0.1 V vs. Li/Liþ), thereby lowering 
the cell voltage, a LTO anode is attractive in terms of its structural sta
bility to lithium insertion and extraction and to enhancing the safety and 
power attributes of lithium-ion cells. In addition, because LTO operates 
at 1.55 V vs. Li/Liþ, aluminum instead of copper can be used as the 
current collector and Li–Al alloying reactions can be avoided. Therefore, 
in order to assess the long-term stability of the LLS electrode in a more 
stable environment, LLS-352//LTO cells were evaluated. Fig. 3 shows 
capacity vs. cycle number plots of two duplicate cells in which the 
surface of the LLS-352 electrode had been subjected to a 

Fig. 1. (a) Capacity vs. cycle number plots for lithium cells with LLS-352 and 
NMC-532 electrodes. (b) and (c) Corresponding dQ/dV plots of the data in (a). 
Ageing cycles were between 4.45 and 2.5 V. The LLS also underwent a first 
cycle activation between 4.6 and 2.0 V. 

Fig. 2. Plot of discharge energy (Wh kgoxide
� 1 only) vs. discharge rate for lithium 

cells with WAlF surface-treated LLS-352 and NMC-532 cathodes. The charging 
current was kept constant while the discharge rate was varied from C/15 to 
9.74C, as indicated. Cells were cycled between 4.6 and 2.0 V on the first cycle 
and subsequently between 4.45 and 2.5 V. 
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low-temperature (~110 �C) Al-coating process [22]. Cells underwent a 
first-cycle activation between 3.0 and 0.5 V (i.e., between ~4.55 and 
2.05 V vs. Li/Liþ) followed by ageing cycles between 2.9 and 1.0 V 
(~C/10). 

The end-of-life yardstick, which is typically when there is a 20% 
capacity loss of the maximum discharge capacity, is indicated by the 
dashed line on the plot in Fig. 3. The second-cycle average discharge 
capacity was 176 mAh g� 1 and the maximum average capacity was 183 
mAh g� 1, revealing a modest, continued activation over the early cycles. 
The cell delivered a cathode capacity of more than 160 mAh g� 1 for 
>300 cycles with >85% capacity retention, highlighting its steady 
electrochemical reversibility. 

3.3. LLS-352//graphite cells 

One of the biggest concerns about NMC electrode materials is the 
dissolution of the transition metal ions in the electrolyte and their sub
sequent deposition and reduction at graphitic anodes, which can dele
teriously affect the electrochemical performance of lithium-ion cells. TM 
dissolution/deposition phenomena have been identified as major con
tributors to the loss of active lithium in NMC//graphite cells, which has 
been shown to be most acute for manganese relative to nickel and cobalt 
[24,25]. (Note that lithium-ion cells with LTO anodes, as described 
above, do not suffer as severely from TM dissolution, deposition and 
reduction because LTO is significantly less reactive than 
lithiated-graphite anodes; it operates well above the potential of lithi
ated graphite and also above the reduction potential of the organic 
electrolyte solvents.) TM dissolution and its effect on graphitic anodes 
have therefore been the topic of considerable ongoing research and 
debate. It is clear that whatever the underlying mechanisms are, TM 
dissolution in NMC//graphite cells still requires further attention to 
circumvent this critical issue. 

Fig. 4 shows electrochemical data for three LLS-352//graphite cells 
with 1) an untreated baseline LLS-352 electrode, 2) an Al-treated LLS- 
352 electrode, and 3) an Al-treated LLS electrode and a 0.5% LiDFOB 
electrolyte additive. The cycling protocol was developed under the 
Department of Energy’s Deep Dive project, Enabling High-Energy/High- 
Voltage Cathodes. This protocol is intended to exacerbate and accel
erate degradation effects at high voltage such as TM dissolution; it was 
also established to provide information on important metrics such as 
impedance rise with cycling and to offer a standard procedure that re
searchers across institutions could use reliably to make one-to-one 
comparisons about the performance of new or modified materials 
(cathodes, anodes, electrolytes, additives, coatings …) within a given 
system. Details of the Deep Dive program and protocol can be found in 
reference 26. 

Under the aggressive protocol used (i.e., 4.4–2.5 V cycling vs. 
graphite, C/2 ageing cycles, and a 3-h hold at the top of each charge) the 
baseline cell with an untreated LLS-352 electrode lost almost 50% of its 

capacity after 75 cycles. In comparison, the cell with an Al-surface- 
treated LLS-352 electrode lost only ~25% of its capacity after ~120 
cycles (Fig. 4). When the additive, lithium difluoro (oxalate)borate 
(LiDFOB) [27], was added (0.5% weight percent) to the Gen2 electro
lyte, a further improvement in cell performance was observed. In this 
case, the high capacity and cycling stability of the electrode during the 
first few cycles mimicked that of the baseline electrode, generating 
>180 mAh g� 1, whereas some capacity (~170 mAh g� 1) was sacrificed 
by the Al-surface-treated LLS-352 electrode in a cell without the addi
tive. Note that the addition of the additive enhances the cycling stability 
of the cell such that there is only a 6% capacity loss over the 120 cycles 
on test. Fig. 4 shows that Al-treatment of the LLS-352 electrode alone, i. 
e., no additive, is not as effective as using a combination of both 
Al-surface-treatment and the LiDFOB additive. Likewise, cells with 0.5% 
LiDFOB additive alone, i.e., without Al-treatment of the LLS-352 (data 
not provided), showed slightly lower coulombic efficiencies and a 
higher impedance rise on cycling than using a combination of both 
Al-surface-treatment and the LiDFOB additive. 

3.4. Area specific impedance 

Fig. 5 shows area specific impedance (ASI, ohm�cm2) data for the 

Fig. 3. Discharge capacity (cathode) vs. cycle number plots of duplicate LLS-352//Gen2//LTO cells. 20% capacity loss is based on the average discharge capacity of 
~180 mAh g� 1 obtained on cycle 20. Duplicate cells shown for reproducibility. 

Fig. 4. Capacity vs. cycle number plots of three LLS-352//Gen2//graphite cells 
containing 1) an untreated LLS-352 electrode, 2) an Al-treated LLS-352 elec
trode, and 3) an Al-treated LLS electrode with a 0.5% LiDFOB additive. The 
cycling protocol is described in reference 26. 
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three cell configurations presented in Fig. 4. The data were calculated 
from hybrid-pulse-power-characterization (HPPC) cycles, implemented 
every 20 cycles (shown as breaks in the cycling data of Fig. 4), as 
detailed in Long et al. [26] The impedance of the baseline cell, as 
monitored by the HPPC test, increases dramatically from approximately 
50 Ω cm2 at mid-discharge after 7 cycles to reach a final value of 
~250 Ω cm2 after 99 cycles (Fig. 5a), while the cell with an Al-treated 
LLS-352 electrode showed an approximate 35% improvement in the 
net impedance rise, reaching ~165 Ω cm2 at the end of the test (Fig. 5b). 
In stark contrast, however, the impedance data of a cell with an 
Al-treated LLS-352 electrode and the LiDFOB electrolyte additive show 
two remarkable results (Fig. 5c). First, the initial impedance of these 
cells is only ~25–30 Ω cm2, considerably lower than that of the baseline 
cell (~50 Ω cm2) and more on par with layered NMCs such as NMC-532 
(~20 Ω cm2). Second, the impedance rise measured over ~100 cycles is 
negligible after the addition of only 0.5% LiDFOB to the Gen2 electro
lyte. Previous studies have already shown that LiDFOB can improve the 
capacity retention of Li–Mn rich cathodes [27]; however, in these re
ports, much higher amounts of LiDFOB (~4x) were typically needed to 
improve capacity retention and resulted in lower coulombic efficiency. 
Our results emphasize that the unique combination of a 
low-temperature Al treatment and the addition of just 0.5% LiDFOB 
dramatically improves the interfacial stability of a LLS-352 electrode. In 
this respect, we note that ‘layered-layered’ LMR-NMC electrodes have 
been reported to exhibit a poor impedance at low SOCs, for example, 
below ~3.3 V [12], while our experiments only probe the SOC of the 
electrodes to 3.3 V and above. Studies at Argonne National Laboratory 
are ongoing to understand the unique component of ASI at lower SOCs 
for these materials. An added point of interest is that Al-treatment, when 
conducted at lower temperatures, e.g. ~110 �C, does not show the same 
benefit on nickel-rich NMC-532 electrodes as it does on Mn-rich LLS-352 
electrodes [22], emphasizing the importance of cathode composition 
with respect to the application of specific surface-stabilization 
strategies. 

3.5. LLS with fluorinated electrolyte 

Clearly, from the data presented above, surface-treated LLS-352 
particles enable high first-cycle efficiencies, high cycling capacities and 
energies at tenable voltages (4.4 vs. graphite), and a good rate capa
bility. Furthermore, good electrochemical stability under aggressive 
cycling protocols was demonstrated. A next logical step for further 
improvement is to discover and develop new, advanced electrolytes. 
Several studies have alluded to the potential benefits of using fluori
nated systems to stabilize the surface of metal oxide electrode particles 
[28,29]. Recent efforts at Argonne National Laboratory to develop 
novel, fluorinated electrolyte formulations have shown promise for 
stabilizing both cathode and anode surfaces at high and low electro
chemical potentials, respectively. In particular, a unique ability to 

pre-form an extremely robust SEI layer on an anode surface, such as 
graphite, has been developed, the details of which are reported else
where [30]. 

In this study, we have evaluated the performance of cells having a 
graphite anode with a pre-formed SEI and an untreated LLS-352 cath
ode, in the absence of any coating or electrolyte additive, under high- 
voltage cycling. Fig. 6 shows a discharge capacity (left axis) and 
coulombic efficiency (right axis) vs. cycle number plot for such a cell 
when cycled between 4.5 and 2.5 V at a ~C/10 current rate. The 
graphite anode was first pre-formed, electrochemically, during one 
charge/discharge cycle in a Li//graphite cell using a 1.0 M LiPF6 in 
DFEC/FEMC (3:7 wt) electrolyte to form a stable SEI on the graphite 
electrode. Thereafter, new cells were assembled using the pre-formed 
graphite anode, a LLS-352 cathode, and fresh DFEC/FEMC electrolyte. 
These pre-formed anodes can also be used to overcome first-cycle in
efficiencies associated with electrolyte reduction at the graphite surface, 
which can be large for fluorinated formulations [30]. The primary 
reason for this aspect of our study was not only to probe the long-term 
stability of the pre-formed graphite electrode but also to monitor the 
electrochemical stability of the LLS-352 particle surface in the DFEC/
FEMC electrolyte. From this standpoint, Fig. 6 clearly illustrates that a 
LLS-352//DFEC/FEMC//preformed graphite cell delivers excellent 
cycling capacity and stability. Specifically, the LLS-352 electrode de
livers an impressive 225 mAh g� 1 over the 100 cycles on test with little 
capacity fade and high efficiency. The average energy delivered over the 
100 cycles on test, at the ~C/10 rate, for this LLS electrode vs. graphite 
was approximately 800 Wh kgoxide

� 1 (Fig. 7). The cell suffered ~10% 
energy fade over the 100 cycles, that was attributed predominantly to 
the voltage fade of the ‘layered-layered’ component in the lithium- and 
manganese-rich LLS-352 electrode. 

4. Conclusions 

This study has emphasized several symbiotic strategies to enable the 
use of Mn-rich NMC electrode compositions as alternatives to Ni-rich 
systems in lithium-ion cells. Specifically, it has been demonstrated 
that Mn-rich LLS materials, such as LLS-352, can be synthesized to yield 
high-capacity, high-energy cathodes with properties on par with their 
nickel-rich counterparts such as NMC-532. Furthermore, it has been 
shown that by implementing surface stabilization strategies particularly 
suited to Li- and Mn-rich compositions, long-term cycling stability can 
be achieved in full-cell configurations using graphite anodes, even under 
high-voltage (4.5 V vs. graphite) operation. The results are encouraging 
and show promise for overcoming the barriers that are currently stalling 
the entry of Mn-rich cathodes in the lithium-ion battery market. Further 
advances to LLS electrode composition and performance improvements 
can therefore be expected. Efforts are currently underway at Argonne 
National Laboratory to monitor and improve the ASI of cells with LLS 
electrodes at low SOCs and to synthesize and identify precursors with a 

Fig. 5. Area specific impedance (ASI, ohm�cm [2]) data for LLS-352//Gen2//graphite cells containing (a) untreated LLS-352, (b) Al-treated LLS-352, and (c) 
Al-treated LLS-352 plus 0.5% LiDFOB additive. 
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lower cobalt content and a higher tap-density to maximize cost benefits 
and volumetric energy densities. In addition, the thermal properties of 
LLS electrodes, which have not been reported herein, in combination 
with various treatments and electrolytes, are under investigation. The 
results of these studies will be reported elsewhere. 
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