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Abstract

The most promising battery is the lithium ion battery because it shows the most
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potential for commercial use in vehicles and grid storage. In order to maximize efficiency

interms of rate capability and capacity, an experiment was performed to using LiMn204

and LiNiMnCoO2 and an amalgamation as the active material in the cathode. Using half-

cells to do formation and discharge tests, LMO 25% + LMO 75% had the highest capacity of

all materials tested at and below 10C. Because rates of more than 10C is seldom needed

this new composite technology is better suited in the automotive industry for HEVs.

This research focuses on finding the best combination of composite cathodes. While

LMO offers exceptional rate capability and NMC offers excellent energy density, an

equilibrium is needed. ,
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Introduction

Lithium, the third element on the periodic table has the highest-most -negative electrode

potential and is extremely reactive in its natural state.
Before the 1970s, the reactivity of lithium made the
usage of lithium for energy storage infeasible because
there were not water free organic solvents and
electrolytes available. However, by the late 1970s, there
was a breakthrough (the use of heat-treated electrolytic

manganese dioxides as a cathode greatly improved

Manganese
<“Dxide

dLithium lons

Figure 1. Cathode crystalline of
lithium manganese oxide hasa
three-dimensional framework structure.

stability) that made lithium primary (non-rechargeable) batteries a viable option (Ohzuku

et al, 2007). This success ultimately led to the research of lithium-ion batteries. Currently,

the development of LIBs is making them more suitable for use in electric vehicles (EVs),
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and hybrid electric vehicles (HEVs). While there are efforts in developing improved
electrolytes and anode materials, this research paper will focus on comparing the rate

capability and capacity of the LiMn204 (LMO), LiNi1/3Mn1/3Co1/302 LiNiMrEeO2-(NMC), and

a composite containing LMO and NMC|. Generally LMO is used in hybrid-electric vehicles, ) Commented [mIp1]: Might wantto include something
here about how EVs require energy batteries forrange and
HEVs require power batteries foracceleration/regeneration

while

One promising cathode material is LiMn204 (LMO), which forms a spinel structure.
Manganese occupies the octahedral sites and lithium occupies the tetrahedral sites. This
allows fora three dimensional network of channels rather than planes which can be found
in NMC. LMO is safe and at a low price point but it has a low capacity (Jeffrey W. Fergus et
al, 2010). LMO suffers phase change that occurs during cycling that is slightly detrimental
to its performance (Jeffrey W. Fergus et al, 2010). Studies have shown that structural
changes take place when lithium-ions are inserted or extracted from LMO. XRD patterns
suggest that the spinel structure of LMO that provides a high reversible capacity is
destroyed during the intercalation and deintercalation of lithium-ions (Kiyoshi Kanamura
et al, 1996). The decrease in lattice parameters of the
two cubic phases is explained by a chemical
composition change in the host matrix of LMO.
Kiyoshi Kanamura et al. suggest that there is a third
phase that may have an amorphous nature, which

causes an irreversible structure change to occurs.

(LiNi1/3Mn1/3C01/302 LiNiMrCeQ2(NMC) is a

“| Commented [mIp2]: Specifically we use
LiNi1/3Mn1/3Co1/302

. . . Figure 2. Cathode crystalline of
material that can be used as the active material for the

Lithium nickel manaanese cobalt oxide
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cathode as well because it is a layered material, which offers high specific energy. NMC in

an 18650 cell for consumer use can offer 2,250:mAh but it can only obtain moderate specific

has-theability to-forma-spinel-strueture-which-offerslowinternal-resistance but offersa

low specific energy. Nickel and manganese form alayered structure, which is

[Commented [mIp3]: This pointis not clearto me

extraordinarily more spatially efficient than a spinel and allows for a high specific energy.
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In previous research at EnerDel in 2011, an experiment was conducted comparing
the rate capability of LMO, NMC, and LiFePOs (LFP). LMO clearly had a much greater rate
capability than that of NMC, and LFP.LMO was even able to retain a significant percentage
of its specific capacity even at especially high C-Rates. The high rate capability of LMO was
attributed to its crystal structure because the crystal structure provides a hollow spinel so
ions can move in “one-dimensional tunnels” whereas in NMC (for example), the ions can
move in a plane. This was confirmed using X-Ray diffraction, which calculated that the
lattice parameters of LMO were in fact cubic. Using data from our LMO and NMC cells, it
will be possible to compare the LMO + NMC composite cells as well.

The idea of composite electrodes has been gaining attention in recent years because
it allows for the combination of several active materials into a hybrid electrode that can be
useful in obtaining performance optimization (Matthieu Dubarry et al, 2011). LMO is a
positive electrode active material (PEAM) that offershigh electrode potential against Li
metal, high rate capability (as found in our previous research), and low cost for production.
However, it has a low capacity, (80-100 mAh/g) which has been slightly detrimental to its
viability in electric vehicles, and has been known to catalyze electrolyte decomposition,
especially at high temperatures. NMC is also a promising PEAM with a capacity around
170mAh/g, but worse rate capability than LMO (Matthieu Dubarry et al, 2011). A
composite cathode containing LMO and NMC would theoretically be a favorable
compromise. What is interesting to note is that the two active materials of the composite
electrode do not collaborate with each other because each material makes a distinct
voltage plateau. Thus, the qualities of each active material are expressed. T.Nukuda et. Al,

2005 found that a battery containing LMO + NMC composite cells was able to obtain double
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cycle life characteristics at high-temperature and the battery was capable of 10C discharges

(when compared to the non-composite LIB). [n this experiment, a composite material was

synthesized simply by mixing the materials in a slurry. using-a-selid-phase-methed-and-a

auniform composition—As shown through experimentation, the composite technology has

the potential to bring out the best of both materials.

Research Question

LMO and NMC clearly have distinct characteristics. The former has excellent rate capability

(Figure 3), whereas the latter has a high specific capacity (Table 3). Therefore, it is

plausible that if the two materials were mixed into a composite active material, the rate

capability and the specific capacity of the result would be altered. Does a composite

cathode composed of LMO and NMC affect the rate capability and capacity of lithium-ion

cells?

Hypotheses

Hi: NMC + LMO composite half cells will have higher rate capability than NMC and LMO
cells

Hz: NMC + LMO composite half cells will have higher capacity than NMC and LMO cells

Hs: NMC + LMO composite half cells will ultimately be more effective for EVs and HEVs due
to a beneficial balance between capacity and rate capability.

Ho: NMC + LMO combined half cells will not be beneficial as a result of their rate capability

or capacity.

Commented [mIp5]: Actually the active materials were
simply mixed togetherinaslurry




[_Methods} [ Commented [BF6]: Will be changedto pasttense
Cathode Active Material Weight Conductor Weight Binder Weight (%)
(%) (7o)
100% NMC 92 3 5
100% LMO 84 8 8
NMC 25%-LMO 75% 86 6.7 7.3
NMC 50%-LMO 50% 88 5.5 6.5
NMC 75%-LMO 25% 90 4.2 5.7

Table 1. Compositions of cathodes tested — Active material, conductor, and binder are the
key components that go into the slurry

An experiment was conducted comparing the rate capability and capacity of
composite cathodes and non-composite cathodes in half-cells. Half-cells are useful when
testing the cathode because it ensures that the data will only pertain to the cathode. LMO,
NMC and a mixture of the two were used as positive electrode material. Table 1 shows the
different cathodes that were tested. Since consistency is a pivotal part of the process, three
cells were made for each of the five different cathode materials, a total of 15 cells.
According to Table 1, NMC has the highest active material weight because it is used in
applications that require high specific energy. LMO only has an active material weight of
84% because LMO is used mainly in HEVs, which require a high specific power. LMO offers
much more power because it has much more conductor, which aids rate capability and
power output. For the composite materials, the higher the concentration of NMC, the lower
the concentration of conductor and binder.

Electrode fabrication and half-cell fabrication were key steps in the production of
lithium-ion batteries. First, slurry was made that contains the specified active material,
conductors and binder material. For the composite electrodes, a mixture of two active

materials was used. The slurry was coated on the current collector and was set to dry.
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Electrodes were punched out of the sheets and after they were dry, tabs were scraped off.
The anode and the cathode were then placed in a pouch with the separator and the liquid
electrolyte. The cell was “activated” and made ready for testing.

Creating a slurry mixture was an important part in creating a LIB because it enabled
the battery to work at a high voltage and store a high amount of energy. The active material
was the most important part in the efficiency of a lithium-ion battery, so it was imperative
that the slurry had no imperfections. Human error and the hopper may have caused
incorrect gap height; if the gap height was set incorrectly, then the desired loading weight
would not be attained. Because the hopper was fairly inaccurate, the loading weight may
vary in some areas.

The conductors and active material were placed in the Thinky container. The
conductors and active materials were in powder form in the Thinky container and were
spun in a centrifugal mixer. The liquid binder was added to the mixture and it was mixed
for one minute in the Thinky machine. The viscosity was checked to ensure that the correct
loading weight was achieved. For these cells, the viscosity needed to be within the range of
4500 to 5500cP. The slurry was then be-mixed in the R&D dispenser for thirty minutes. It
was important to make sure the slurry temperature did not exceed 90 degrees Celsius. The
slurry was then cooled to 30 degrees Celsius and the viscosity was measured. When the
viscosity was within the proper range, the substrate was set on the slot-die coater and the
continuous beltroll of current collector was be-coated with the slurry. It was coated exactly
to the specifications set by the engineer. The pre-punched cells were then ready for half-

cell assembly.
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The goal of half-cell assembly was to assemble a complete cell that will be ready for
testing. The electrodes were punched using the hydraulic punch to ensure a precise
cathode size. The electrode tab was then be-scraped so that some of the active material that
was coated on the cathode could be removed. The electrode was pressed to the target
thickness and terminals were welded onto the tab. The separator was then be-prepared to
create a pocket so that the lithium metal anode electrodes could be placed in it. A pouch
was created that would hold the separator pocket, the electrodes, and the electrolyte. The
electrodes were then placed in a pouch. Solid-state electrolytes and some polymer
electrolytes require no separator (P.Arora and Z. Zhang, 2008). However, these cells used a
liquid electrolyte and after the electrolyte is injected, the cells were vacuum-sealed in a

pouch and were ready for testing in the Arbin.

Data analysis is an extremely important part in the

Electrol
SEl Layer Ly[ﬁfﬂm m

Dissolvedin

research and design of lithium-ion batteries. A Solid Ongic Soben

Anode Current Collector Cathode Current Collector
Copper Aluminium

Electrolyte Interface/Interphase (SEI) layer (Figure 4) was

formed fordata-analysis-by charging and discharging the
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cell so that the ions form passageways. Formation is a Pessivng Layr

Figure 4 - SEI Layer which
forms around the anode. Itis

passageways that the ions flow through. Formation tells both beneficial and
detrimental to the cell.

crucial step fora successful cell because it forms the

researchers the capacity and irreversible capacity of their

cell and these are very important for analyzing the cell’s viability in real-world applications
as well as overall efficiency. Discharging the cells at different C-Rates (charge and
discharge) tested rate capability. Some aspects of data analysis that were accomplished

were voltage versus specific capacity on charge and discharge. This relationship was very
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helpful because it let one know how steady the cell was on initial charge and discharge and
if the cell formed properly. For example, if measurements of voltage were taken at a steady
rate as the cell was charging, one could figure out the specific capacity of the cell because
the voltage would rapidly drop. The same measurements could be taken on discharge and
one would notice that the specific capacity on discharge should be slightly less. This is
caused by initial irreversibility, which some researchers theorize was caused by the SEI
layer that consumes lithium-ions. The first step in analyzing data was to calculate the
charge capacity and discharge capacity in terms of mAh/g. The Arbin computer, which tests
a multitude of attributes in the cells, returned data in terms of Ah. Then Ah was divided by
the active material weight for each sample (in grams) and was then multiplied by 1000 to
get mAh/g. The data was then organized into a graph so it can be analyzed. Irreversible
capacity is the result of subtracting the average discharge capacity (mAh/g) from the
average charge capacity (mAh/g). After the data interpretation for formation, the next step
was rate capability tests.

Data collection of rate capability was a crucial part in determining whether the
composite technologies are a viable option. All of the tests for rate capability were done in
the Arbin system. The Arbin is controlled by MITS pro software, which is a program that
inputs steps that the Arbin accomplishes. A wide variety of programs can be inputted into
MITS pro, but forrate capability, discharges at different C-Rates will be necessary. After the
cells were formed, they were-discharged-and-rested in the Arbin machine for two minutes
and data was recorded at thirty-second intervals. The cells were then charged at .2C until
the voltage reached 4.3V. There was a ten-minute rest and then the discharge cycle will

beginbegan. The Arbin was programmed to perform 0.1C, 0.2C, 0.5C, 1C, 2C, 3C, 5C, and 10C
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discharges. The MITS Pro program has a loop function, which enables the Arbin to test the
cells at multiple C-Rates. The 0.1C discharge takes 10 hours to perform and the cell has to
be charged slowly after the discharge so time was a factor when performing this
experiment. After the cell is-was discharged at 10C, it was charged and discharged once
more to ensure that the battery had not lost any capacity. After all of the tests in the Arbin

were finished, the cells were disposed of.
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Results/Discussion
’Wormation\\ Commented [mIp7]: Some dataintable has too many
significantfigures —since we weighto 0.1 mg, | think that4
sigfigs are appropriate
1st Cycle Formation
Material Charge Capacity (mAh/g) | Discharge Capacity (mAh/g) |Irreversible Capacity (mah/g) | Efficency (%)
LMO 102.94 100.25 .69 97.39
25% NMC + 75% LMO 121.12 109.13 11.99 90.10
50% NMC + 50% LMO 140.26 120.55 19.71 85.95
75% NMC + 25% LMO 157.15 133.41 23.74 B4.89
NMC 173.26 143.39 29.87 B2.76

Table 2: Charge, Discharge, hreversible Capacity during the first cvele of formation

Formation is an essential part in the production of LIBs because it forms the passageways
that the ions flow through inside the cells even though NMC has high irreversible capacity,
it still has the charge highest and discharge capacity (173.26 mAh/g and 143.39 mAh/g,
respectively) of the materials tested. As displayed in Table 2, specific capacities were
calculated by taking the charge capacity of the cell in mAh and dividing it by the weight of
the active materials in grams. The weight of the active materials was calculated by
subtracting the weight of the current collector from the electrode and then multiplying the
result but the percentage of active material in the slurry. Formation also is an important
step because it tells researchers what the irreversible capacity of the cells is and how
efficient the cells are. Five different PEAMs (positive electrode active materials) were
tested in this experiment in an effort to compare composite and non-composite cathodes.
The two non-composite PEAMs that were tested were LiMn204 (LMO) and LiNiMnCoO>
(NMC) while the three composite PEAMs were 50% LMO + 50% NMC, 25% LMO + 75%
NMC, and 75% LMO + 25% NMC. The non-composite cathodes in accordance with previous
research; according to Table 2, LMO had a very low irreversible capacity of 2.69mAh/g

while NMC had a very high irreversible capacity, 29.87mAh/g. A high irreversible capacity
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Material Charge Capacity (mAh/g) Charge Capacity of Comp s (mAh/g) Difference (mAh/g) Percentage Gained/Lost (%)
25% NMC +

75% LMO 121.119 120.52 0.60 049
50% NMC +

50% LMO 140.260 138.10 216 1.54
75% NMC + -

25% LMO 157.154 155.68 148 0.94/

Material Irreversible Capacity (mAh/g) Irreversible Capacity of Comp s (mAh/g) Difference (mAh/g) Percentage Gained/Lost (%)
25% NMC +

75% LMO 11.993 9.48 251 2092
50% NMC +

50% LMO 19.706 16.28] 343 17.39]
75% NMC +

25% LMO 23.740 23.07] 067 281

Table 3. Comparisonbetween the calculated charge and irreversible capacities and the
theoretical charge and irreversible capacities of their components. The theoretical
components were calculated by multiplying the charge capacities of LMO and NMC by the
percentages of each in the composite electrodes

refers to the active material mass inside the cells that is “dead weight” or mass that doesn’t

aid_the transferifbnergyi} Commented [mIp8]: Again, 4 sigfigs are appropriate for
the datainTable 3.

LMO was the most efficient (97.39%) PEAM tested because it retained the most
discharge capacity during the first cycle. This occurs because LMO is a 3D spinel crystal
structure and it doesn’t trap ions from intercalating and deintercalating. On the other hand,
NMC has the highest specific capacity but it is the least efficient because ions get blocked

when intercalating and deintercalating. This occurs because NMC is a layered material

where ions can move in only two dimensions. In Table 32, efficiency was calculated by

dividing discharge capacity by charge capacity. Efficiency allows the interpretation of
specific charge and discharge on first cycle because it describes how much capacity was not

lost.
Second cycle formation data is crucial to the success of a half-cell because it is very

important that there is little or no new irreversible capacity. During second cycle
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formation, the cell is simply charged and discharged at very low C-Rates in the same way it
was during the first cycle. At this stage, the passageways should already be formed and the
structures of the materials should stop changing. If the structures continue to shift and
there is new irreversible capacity, it can be detrimental to the success of the cell. In the half
cells tested, second cycle irreversible capacity, which was low, meant that the cells had

been formed and the crystal structure were-holding pesitienwas stable.

The composite cathodes functioned almost proportionally to their components. The

A | oo
1 4 500
/ -—-- NMC 25% LMO

7 r: Yo

A\
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Specific Capacity (mAh/g)

Figure 5 Voltage Profile of 15 half cells. The irreversible
capacities can be calculated by subtracting the charge
capacity from the discharge capacities. The cells are very
consistent because there are no outliers.

composite cathode that contained 75% NMC active material and 25% LMO active material
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Second Cycle Formation

Material Charge Capacity (mAh/g) Discharge Capacity (mAh/g) Irreversible Capacity (mAh/g) Efficency (%)
LMO 101.613 100.055 1.558 0.985
25% NMC + 75%
LMO 110.074 109.042 1.032 0.991

50% NMC +50%
LMO 121477 120.291 1.186 0.990

75% NMC + 25%
Mo 134493 132,610 1883 0,986

NMC 145.527 144,165 1.362 0.991

Table 4: Second cycle formation is a crucial step to ensure efficiency in the cell. There are low
irreversible capacities, which show that crystal structures are holding position and the half-

had the highest discharge capacity of 133.41mAh/g because it contained the most NMC,
which has a very high capacity. This indicates that the crystal structures didn’t interact
with each other to produce a superior crystal structure. There was only a slight increase in
the capacity of composite cathodes than that of their components.

For example, according to Table 4, the 50% LMO + 50% NMC composite cathode had
1.54% more charge capacity (140.260mAh/g) than the average charge capacity of LMO and
NMC in a non-composite state (138.10 mAh/g). While charge capacity increased only
slightly, the irreversible capacity of the composite PEAMs was much greater than that of its

components. As a result there was lost capacity. For example, the 50% LMO + 50% NMC

Discharge at 5C

Cathode Retention % |Specific Capacity (mAh/g)

LMO 95.76 96.20
NMC 72.69 112.14
NMC 25% + LMO 75% 88.95 100.53
NMC 50% + LMO 50% 83.03 104.80
NMC 75% + LMO 25% 73.35 103.02

Table 5. At 5C NMC offers the highest specific capacity while it retains the lowest
percentage of its specific capacity. However, NMC should be used in all
applications under 5C because it retains the highest capacity.
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electrode had a 17.4% increase in irreversible capacity (19.706 mAh/g) when compared to
the average irreversible capacity of its components (16.28mAh/g). The increase occurs
because the NMC changes the crystal structure and disrupts the flow of ions throughout the
LMO when the two are combined, which in fact shows that the combination of NMC and
LMO has produced an inferior structure. The 25% LMO + 75% NMC mixture did not benefit
from the NMC in the composite composition as much as was expected. However, the 75%
NMC + 25% LMO cells did not have a major increase (0.67 mAh/g) in irreversible capacity
(when compared proportionally to its components) because the LMO did not greatly
interfere with the NMC. The high irreversible capacity also has a negative effect on rate
capability because ions have more material to move through. It is important to note that
the loading weights were lower than the desired loading weight. The desired loading

weight was 16 mg/cm?2 while the actual loading weights ranged from 10.2 mg/cm? to 13.9

[Commented [mIp9]: Make it acomplete sentence.

Commented [mIp10]: There is no experimental
Working voltage is an important characteristic of lithium-ion half-cells because, the justification forthis comment, soit’s probably best to
removeit.

Discharge at 10C

Cathode Retention % |Specific Capacity (mAh/g)

LMO 93.69 94.28
NMC 21.46 33.22
NMC 25% + LMO 75% 83.43 94.42
NMC 50% + LMO 50% 91.47 72.18
NMC 75% + LMO 25% 48.26 68.05

Table 6. At 10C NMC 25% + LMO 75% retain the highest specific capacity. NMC
cannot obtain a high specific capacity due to the crystal structure of the active
material.
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higher the working voltage, the more power a battery can deliver. During discharge, LMO
has the highest working voltage because it is a high power material that has low resistance
at high C-Rates. High working voltages are desirable because it means that the cells will
have high specific power. According to Figure 5, LMO clearly has the highest working
voltage while NMC has the lowest working voltage. LMO can discharge at higher voltages
and this weuld-may allow the manufacturer to use less-fewer cells in the series circuit to
meet the required voltage.
Rate Capability

Rate capability is a crucial aspect to the performance of half-cells because it is
closely associated with acceleration in vehicles. As found in previous research at EnerDel,
LMO was able to retain a high percentage of its specific capacity even at high C-Rates. In
this experiment, those results were validated because LMO was able to retain 96.3% of its
specific capacity at 5C. On the other hand, NMC was only able to retain 75.2% of its specific
capacity at 5C. While NMC retained most of its capacity, it was still significantly less than
LMO. This occurs because lithium ions are notable to deintercalate the cathode at the rate
exerted on the cell. Overall, NMC had the highest specific capacity at 5C, which makes it the
most viable technology for all applications at 5C or under. However, at rates above 5C, LMO
retained more capacity because of'its spinel crystal structure. While NMC has its
downsides, it is still useful in vehicles because it offers enough capacity at high C-rates to
offer the required range and acceleration specifications. Hence, it is more of an equilibrium
that may be useful to manufacturers. At 10C, NMC is no longer the best choice because ions
are blocked, which are greatly detrimental to the discharge capacity. The NMC 25% + LMO

75% cathode is in fact the best cathode at 10C because it is able to obtain the highest
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specific capacity. While LMO also retains approximately the same specific capacity at 10C it
retains less capacity at 5C. Therefore, the NMC 25% + LMO 75% cathode is the best choice
forall applications that require 10C or below. By combining two active materials into a
composite cathode, an alternative was found that is better than current options.
Conclusion

The results of this research are exciting because composite cathode technology has
a bright future. NMC 25% + LMO 75% shows improvement over current alternatives as it is
able perform as well as 100% LMO at 10C. However, at any rate below 10C, NMC 25% +
LMO 75% obtains up to 12% more capacity. Hence, this composite technology exceeds the
range capacity of 100% LMO and it is capable of operating with the same level of rate

capability performance at operating C-Rates.
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