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ABSTRACT

The need for better battery materials has driven research into under-explored complex phase
spaces. Herein, we perform the first high-throughput electrochemical study of the entire Li-Ni-
Mn-O system of interest for next-generation high-energy cathodes. We first adapt a high-
throughput electrochemical system to cycle 64 mg-scale cathodes simultaneously and
demonstrate its effectiveness with 2 test materials: LiCoO, and Li[Ni;sMn;;3Co0;3]O,. The
average values for the electrochemical properties obtained for the combinatorial samples show
excellent agreement with literature and cell-to-cell reproducibility is about 7%. The results for
the Li-Ni-Mn-O system deepens our understanding dramatically and will guide the rational

design of high-energy cathodes.
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Introduction

In the on-going search for higher energy cathode materials, the compositional complexity has
increased dramatically. Whereas the first commercialized Li-ion batteries used LiCoO, (LCO)
as the cathode material, cathodes produced today for applications such as electric vehicles (EVs)
are typically pseudo-quaternary oxides, in which some of the Co atoms are replaced to yield
Li[Ni,Mn,Co]O, (NMC) or Li[Ni,Al,Co]O, (NCA)." Over the past 30 years, these advances have
contributed to a dramatic increase in safety, energy density, and lifetime of the battery all the
while decreasing the cost. However, such complex quaternary systems remain primarily
unexplored with only select compositions having been investigated electrochemically.””
Therefore, there remains a strong need for higher throughput in the electrochemical studies of Li-

1on cathodes.

There have been considerable efforts to use high-throughput computation to identify candidates
for promising battery materials (cathodes, anodes, and solid electrolytes).*’” While these methods
have proved very powerful, there are limitations to their predictions. Present computational
methods struggle to account for solid-solutions, as the size of the supercell would become
unmanageable in cases where small variations in stoichiometry impact performance. It also
continues to be challenging to predict which metastable phases are stabilized at high
temperatures, which is critical in battery materials where many commercially relevant syntheses
occur at high temperatures.® These limitations of high-throughput computation are well
illustrated by recent combinatorial experimental work of the Dahn group. Through a combination
of high-throughput synthesis and X-ray diffraction (XRD), the complete structural phase
diagrams for the Li-Ni-Mn-Co-O pseudo-quaternary system were mapped out under various

synthetic conditions.” Results from these studies demonstrated that: (i) the phase diagrams are



extremely complex and exhibit large single phase regions, (ii) the electrochemistry, though only
studied on select compositions, varies dramatically within the single phase regions, and (iii)
structural changes occurring during slow cooling also impact the electrochemistry.'”'" At the
current time, these key observations would have been very difficult to predict using only a
computational approach. While this work demonstrated the significant potential of combinatorial
work on cathode materials, it was limited by the lack of high-throughput electrochemistry,’ and
this is also the case for more recent work performed at Argonne National Laboratories.'” As
such, the electrochemical consequences of the structural phase diagrams have not been
elucidated and no comprehensive structure-property relation exists for these critical materials. In

fact, to date, high-throughput electrochemistry of battery materials has been limited to thin
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films and to the optimization of electrode formulation rather than the characterization of
vast active material compositions. While the screening of thin film layered oxides (including the
materials studied herein) is important, it solely serves to develop thin film batteries, as results do
not match up well to that seen in bulk powders as used commercially in high-energy applications
such as EVs.”” This is mainly due to: (i) the surface area/volume ratio being vastly different
resulting in dramatically altered long-term cycling, and (ii) the control of oxygen content is very
challenging such that preparing a sample array of thin films that shows the same structures as

those obtained in bulk powders has, to date, proven impossible.”***

The current study therefore aims to adapt a combinatorial system that works well for thin film
anodes in such a way to investigate 64 powder cathode materials simultaneously. The system
that was adapted was designed by the Dahn group, wherein thin film alloys were tested as
anodes.'>'*** The measurements used a 64-sample combinatorial cell in which the samples were

sputtered onto a printed circuit board (PCB) containing 64 nickel pads. The cell was then



assembled with a thin electrolyte-soaked separator and a single piece of lithium that would serve
as a counter and reference electrode. This resulted in 64 cells connected in parallel, such that
cyclic voltammetry could be performed on all samples at the same time, enabling the
simultaneous monitoring of capacity, average voltage, irreversible capacity and capacity fade

: 13,16,1
across entire ternary systems. 7

The first objective of the current study is therefore to adapt this cell designed for thin films
operating near 0-1 V vs. Li for use on 2 mg powders operating as high as 5 V. Figure 1A shows
the adapted electrochemical cell wherein changes were made to each of the current collectors,
the separator material and the manner in which the cell was sealed. The details of this
development are described in detail in the S.I. section S2. The final design involves adhering
aluminum foil to the printed circuit board using electrochemically stable materials, using two
thick separators in order to apply stack pressure to all 64 cells at once, and to use a thick
polymeric sealing membrane to make the seal. Figure S2B shows that this cell is stable to 5.0 V
(no more than 10 pA of background current) such that screening of active materials in the range
3.0 V—-5.0 V can be readily done with this cell design. The final challenge in performing the
high-throughput electrochemistry relates to preparing 64 electrodes efficiently while avoiding
contamination between neighboring cells and accurately measuring the masses of all 64 active
materials. The procedure, detailed in the S.I., involved first weighing each active material,
mixing them with carbon black on the printed circuit board and then drop casting NMP with
PVDF dissolved in it onto the powders. The result, after approximately 2 h of work, are 64
electrodes containing approximately 70% active materials as well as both conductive carbon
black and PVDF binder. This electrode formulation is similar to that used commercially, though

we increase significantly the amount of conductive additive due to the limited amount of mixing



that can be done with the small combinatorial samples. The validation of this electrode
formulation was performed by making cells with two test materials (LCO and NMC) arranged in
a checkerboard fashion. Given that the two materials demonstrate starkly different
electrochemical profiles it is easy to identify any contamination between neighboring cells as
illustrated in Fig. S4. Figure 2 clearly shows no such contamination occurs. Furthermore, Figure
1B shows that the CVs obtained here are in good agreement with data obtained from bulk

samples using coin cells in the literature.”>*°

The slight hysteresis and peak broadening present
in the combinatorial data compared to the literature is attributed to reduced conductivity in the
electrodes given the limited mixing with carbon black that our procedure allows.”” Despite this,
the deviation in peak positions is typically limited to 20 mV compared to literature on charge and
less than 5 mV on discharge. Table 1 shows battery properties extracted for each of the test
materials in a single combinatorial cell (32 samples of each) along with those obtained from

literature under similar cycling conditions.” !

The average specific capacities were within 2.6%
of that obtained for bulk samples, while the average voltages were within 1.5%. This
demonstrates a high level of precision in the combinatorial measurements. Furthermore, the
standard deviations for average voltage are negligible, while those for specific capacities are both
near 7.5% showing good reproducibility amongst the 2 mg samples. Given that the uncertainty
on the weighing of such small samples is approximately 5%, these low standard deviations are
commendable, and we consider these to be optimal. Such low standard deviations and overall
agreement with bulk methods allows us to now confidently use this system to screen

systematically across compositions. This demonstrated quantitative agreement between the

electrochemistry of LCO and NMC in our mg-scale combinatorial cell and traditional cells made



with bulk materials also confirms that our findings in the combinatorial studies will scale-up

well.

The first combinatorial electrochemical results for the entire Li-Mn-Ni-O ternary system are
therefore presented here. As detailed in the S.I. section S3, three plates of 64 samples were
synthesized and cycled in the range 3.0 - 4.4 V for the first cycle with further cycling in the
range 3.0 — 4.8 V. The first cycle serves to screen traditional layered oxides (LiMO,) which
show activity below 4.4 V, while the subsequent cycles screen for Li-rich layered materials
(L1;+xMxO7) which show significant activation above 4.5 V. The synthesis and cycling of the
192 samples all took place in a 1-week period performed by a single researcher and the raw data
is all included in the supplemental information. It is of note that the cooling method selected for
the samples was slow cooling (quenching dramatically changes the phase diagram, but this
method is not typically used commercially). Figure 3 shows both the energy density during
discharge from 4.8 to 3.0 V and the structural phase diagram reported for the same synthesis
conditions.” Figure S6B highlights specific compositions to help situate the reader to this
particular ternary diagram. Key electrochemical curves (both the cyclic voltammograms and the
corresponding voltage vs. capacity plots) are also shown in Fig. 3 to visually demonstrate the
progression of the battery performance as compositions vary. Figure 4 shows the progression of
other important electrochemical properties in the system. Several structure-property trends
between electrode composition and electrochemical performance now become evident. S.I.
section S4 discusses such trends in the spinel region, while here we focus on the layered
materials that are of highest interest for next-generation batteries. Regarding the layered
materials, Fig. 3E-G shows the rapid increase in observed electrochemical activity as

compositions move into the layered region. While this is understood in the literature, what is not



so thoroughly understood is the progression of properties within the layered region (this is a 2D
region in the phase diagram, studies have typically emphasized a single line between Li,MnO;
and LiNi;;Mn,,0,).* The key trends visible in Figs. 3 and 4 include: (i) higher Ni content in
the layered structures leads to higher capacities up to 4.4 V but after activation of the Li-rich
regions both Ni-rich (Fig. 3H) and Mn-rich (Fig. 3I-J) compositions show high discharge
capacities nearing 200 mAh/g, (ii) the average voltage shows only small variations with
composition in the layered region, (iii) voltage fade (drop in average voltage between subsequent
cycles) is more significant in the region with more Mn, and (iv) irreversible capacity (difference
between first charge and first discharge capacity) seen in Li-rich oxides varies dramatically with
composition (Figs. 3I,J,H). Thus, in terms of screening for the best cathodes, Fig. 3 shows that I,
J, and H all show high energy densities of about 700 mWh/g, however H shows the lowest
irreversible capacities. These results clearly suggest that further exploration of the region around
sample H is warranted. Overall, the data here clearly shows that we now have the capability to
track the properties required to discover optimal cathodes, including irreversible capacity, which
relates to the amount of irreversible oxygen gas produced during activation of the Li-rich oxide.
Furthermore, the value of 5 mV/cycle found here for the voltage fade of composition I (Fig. 4D)
is comparable to that of 2.1 + 1.7 mV/cycle reported in literature for a similar composition™.
Voltage fade and high irreversible capacities are the two key properties currently limiting the
commercialization of Li-rich oxides,” implying that the methodology used here can now be used
to optimize these important properties. It should be noted that under galvanostatic conditions the
high voltage plateau requires as much as 50 h to fully activate,* it is therefore expected that a
thorough study of this region under various cycling conditions (here the cells spent 10 h on this

plateau only) will be essential to find the optimum Li-rich oxide. An important on-going aspect



of this research is therefore to expand the search to the entire pseudo-quaternary Li-Ni-Mn-Co-O
and Li-Ni-Co-Al-O systems of highest immediate interest with a particular focus on Li-rich

compositions to be studied under various cycling conditions guided by the current results.

Furthermore, composite layered-spinel cathodes have been proposed as potential next-generation

35,36
cathodes,™

though there remains no clear understanding of how the battery properties of the
composites compare to the weighted average of the two component phases. More specifically,
for a composite to outperform both end-member materials there must be a synergistic effect
resulting in a property not simply being a linear combination of the two end-members’
properties. This can now be readily evaluated in Figs. 3-4 for some key metrics. As seen in Fig.
4A-C, both capacity and average voltage do progress monotonically along tie-lines implying no
synergistic effect is present. These trends also apply to materials in the 3-phase regions (Figs.
3D,L, and K all lie in a 3-phase region), though one must recognize that under the synthesis
conditions used much of the 3-phase regions in fact contain 4-phases because equilibrium states
are not reached at moderate cooling rates.” Although composites do not seem to have benefits

with regards to energy density, it remains to be seen whether there could be some benefit to long

term cycling and further study is required in this regards.

In this work, we demonstrate a high-throughput electrochemical testing system adapted for the
investigation of high-energy cathode materials. The level of precision and accuracy achieved by
the system provides the capability to study important electrochemical parameters including
capacity, average working voltage, energy, and voltage fade between cycles. These performance
metrics were examined across the entire Li-Mn-Ni-O pseudo-ternary system in a single week’s
time and represents the first high-throughput screening of powder cathode materials. Key

properties for next-generation cathodes, including energy density, irreversible capacity, capacity,



and voltage fade (over approximately 10 cycles), can now all be efficiently monitored in ternary
and quaternary composition spaces such as the entire NMC and NCA systems. This research
now opens up numerous avenues to not only rapidly screen potential battery materials but to
develop meaningful structure-property relations that are badly needed for the rational design of

advanced battery materials.
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Table I. Summary of the electrochemical parameters for 32 samples of both LCO and NMC

obtained here using the combinatorial cell, compared to results for bulk samples from the

literature.®® ' RSD is the relative standard deviation of the combinatorial capacities and average
voltages.
Material  Discharge Capacity (mAhg‘l) RSD (%) Average Voltage (V) RSD (%)
Combinatorial ~ Literature Combinatorial  Literature
LCO 163.5 155-165 7.57 3.96 3.9 0.45
NMC 151.0 155-160 7.80 3.78 3.8 0.65
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Figure captions:

Figure 1. (A) Design of the printed circuit boards (PCB) (top), and cross-sectional view of the
combinatorial cell (bottom). (B) Comparison of experimental (black) and literature™2° (red)
cyclic voltammograms of LCO and NMC. Combinatorial samples were cycled at a scan rate of
0.1 Vh''. Literature samples were cycled at a scan rate of 0.18 Vh™ and 0.36 Vh™' for LCO and

NMC, respectively.

Figure 2. Cyclic voltammograms of LCO and NMC arranged in a checkerboard pattern in the
combinatorial cell in the range 3.0 - 4.4 V at 0.1 Vh'. The shaded regions indicate NMC

compositions, while the rest are LCO.

Figure 3. Li-Mn-Ni-O structural phase diagram’ along with the specific energies obtained here
during discharge from 4.8 V to 3.0 V. Solid black lines are boundaries to single-phase regions,
dashed black lines are tie-lines at the boundaries of triple-phase regions, and the dotted black line
is the phase transition from rocksalt to the layered structure. S, L, and R are spinel, layered, and
rocksalt, respectively. The red boxed insets show voltage vs. capacity curves for the first 2 cycles
with all x-axes being from 0 to 400 mAh/g and all y-axes having the range 3.0 - 5.0 V. Similarly,
all green boxed insets show the first cycle cyclic voltammograms with y-axes from -60 to 60

mA/g and x-axes in the range 3.0 to 5.0 V.

Figure 4. Li-Mn-Ni-O ternary maps of various electrochemical performance metrics on
discharge. (A) Specific capacity for cycling performed between 3.0 and 4.4 V. (B) Specific
capacity and (C) average voltage for cycling performed between 3.0 V and 4.8 V vs. Li/Li". (D)
Change in discharge voltage fade between cycles 3 and 4 (3.0 - 4.8 V range), a positive value

indicates a decrease in average voltage in the later cycle.
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