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The number of publications in electrochemical energy storage has increased exponentially in the past decades, focusing mostly on
materials science. The electrochemical process controlling the observed overall performances is often not well discussed. This
article highlights the importance of understanding rate-limiting steps in the electrochemical process which change dynamically at
different conditions and scales. Applying electrochemistry to identify and overcome those rate-limiting steps in the electrochemical
devices is the prerequisite to discovering effective solutions and designing different batteries to further advance electrochemical
energy storage systems for a broad range of various applications.
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A wide array of energy storage technologies has been developed
for grid applications and electric vehicles (EV). Lithium (Li)-ion
battery technology, the bidirectional energy storage approach that
takes advantage of electrochemical reactions, is by far still the most
popular energy storage option in the global grid-scale energy storage
market and exclusively used in EVs.' The importance of Li-ion
batteries triggered intensive research efforts and investments to
further advance Li-ion battery technology with improved energy,
power, charging rate and reduced cost. However, Li-ion battery, the
building block of storage systems for grid and EV, is intrinsically an
electrochemical device which means that it must obey the basic
electrochemical principles. Electrochemistry plays a critical role in
determining the performances of Li-ion batteries but is not well
discussed in electrochemical energy storage. The observed overall
electrochemical performances from a cell or a system are impacted
and/or controlled by the limiting step/component inside the cell or
pack. Since such rate-limiting steps are not only material related, but
also are determined by the engineering designs. This perspective
article aims to introduce some basic electrochemical principles to
first, identify such limiting steps and subsequently mitigate the
process through adequate cell designs.

Current Status

Understand the limiting steps in an electrochemical cell. —The
electrochemical process in any battery is a combination of multiple
steps. Electrons, after leaving the interfaces, flow through external
circuit, while ions migrate inside the electrochemical cell. Because
electrons move much faster than ions (assume the electronic
conductivity of electrodes is sufficiently high), the speed and
reversibility of ions transporting back and forth between two
electrodes largely dictate the performances of the cell. A further
look at the diffusion pathway of Li ions (Li*") in the electrochemical
cell found a series of connected and continuous steps (Fig. 1a) that
Li* need to go through from one electrode to the other. Accordingly,
the rate-limiting step, i.e., the slowest step, will determine the rate of
Li* transporting inside the cell.

For example, during charge, Li* departs (Path I in Fig. 1a) the
cathode lattice and diffuses through (Path II in Fig. 1a) the cathode-
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electrolyte interface (CEI), electrolyte (Path III in Fig. 1a), solid
electrolyte interphase (SEI) layer (Path IV in Fig. 1a) and then enters
the graphite lattice (Path V in Fig. 1a) in the anode. To design a fast-
charging battery, the first thing is to identify the slowest step and
increase Li" diffusion rate in that corresponding stage. Usually, Li*
can be extracted quickly from cathode lattice. If both electrodes in
Fig. 1a are sufficiently thin, Li* diffusion within both electrodes is
fast. If the electrolyte is not selected correctly and generates a thick
cathode electrolyte interface (CEI) on cathode surfaces, the depar-
ture of Li* from cathode could become sluggish. Similarly, a good
SEI on the anode surface is also a prerequisite for fast charging.
Otherwise, Li*, no matter how fast they can transport in the liquid
electrolyte, will always decelerate, and become “trapped” within the
CEI or SEI films with the worse one dictating the observed speed
and reversibility of Li*. When SEI and CEI are not a problem, the
charging rate can be accordingly increased but to a limit when
concentration gradients become dominantly impacting Li* transport.
During concentration polarization, Li* in the vicinity of the anode
surface will inevitably establish a strong concentration gradient of
Li* due to fast movement (disappearance) of Li" into graphite
structures. The higher current density applied, the stronger concen-
tration gradient profile will be developed (Fig. 1b). If the limiting
current density J3 (Fig. 1c) is reached, the surface concentrations of
Li* approach zero. That means the supply of Li* in the solution
discontinues when limiting current is reached. Beyond the limiting
current density, direct Li deposition over the graphite substrate will
happen and grow towards the bulk electrolyte (separator) where
more Li" ions are available. If the process of Li* diffusion into
graphite lattice becomes sluggish, i.e., the rate-limiting step, even
before reaching the limiting current density, Li plating over graphite
will also easily happen accompanied by Li* intercalation into
graphite. The electrochemistry principle that governs Li plating on
graphite is the same as the electrochemical deposition process.>* In
many cases, the limiting current density controlled by Li* concen-
tration gradient in the solution phase fundamentally determines how
fast a battery can be charged without forming dangerous dendritic
Li.* In other words, to enable extreme fast charging technology, the
limiting current density of the anode needs to be further increased
(Fig. 1c) in order to match the fast-charging requirements without
plating Li over the anode inside the cell. Increasing the concentration
of the electrolyte mitigates the concentration gradients at the same
high current density.” However, concentrated electrolyte increases
the viscosity of the electrolyte thus decreasing the diffusion rate of
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Figure 1. (a) Schematic of connected diffusion paths that Li" need to complete during a charging process. To simplify the process, only graphite and NMC
particles are shown on the current collectors. The thickness of anodes and cathodes are sufficiently thin so Li* diffusion within two electrodes will be fast and not
become the rate-limiting steps. (b) Development of concentration profiles following a current density (J) from a value where J = 0 to the one where the reduction
process of Li™ is diffusion controlled. J5 in (b) represents the limiting current density at which the concentration of Li™ on the electrode surface CS¥f2e is almost
0. If current density is further increased to above J3, dendritic Li will be induced to grow towards the bulk electrolyte (separator) where more Li* are available.
(c) Development of concentration profiles when the surface concentration gradient of Li™ is greatly smoothened. At the same high current density of J3, Ci‘;ﬂfﬁce is
not 0 in (c) thus no Li dendrite will be formed at J5 in (c). In other words, the limiting current density in (c), at which CSL“iSfa“e = 0, has been increased to J, to

enable the extremely fast charging capability of Li-ion batteries.

Li* in the liquid electrolyte. That is, the rate-limiting step may be
altered if a good balance cannot be met. Localized concentrated
electrolyte may be a good approach for further exploration.®

Electrochemical steps that control power and energy of Li-ion
batteries.—The above discussion of electrochemistry underneath
fast-charging batteries assumes that the electrodes are sufficiently
thin. Otherwise, Li* diffusion in those thick electrodes will easily
become the rate-limiting step before any strong concentration
gradient forms, decreasing the maximum limit of charge rate. For
power-type Li-ion batteries capable of high-rate discharge, the
diffusion direction of Li* in Fig. 1a is reversed. But the principle
is the same. Therefore, similarly, thin electrodes need to be used in
power-type Li-ion batteries.

To develop high-energy Li-ion batteries, higher mass loading of
cathode (and anode) is needed. However, beyond a certain range of
thickness, depending on the specific active materials, further
increasing electrode thickness reduces the utilization rate of the
entire electrode.” In Li-ion batteries, both cathode and anode are
porous electrodes. Real current density (and overpotential) decays
from electrode surface towards current collector. The interior part of
a thick electrode will not be fully utilized especially at high rate,
leading to the reduced overall specific capacity. The thicker the
electrodes, the more active materials are underutilized. In addition,

for high-energy batteries, the porosity is usually minimized in order
to reduce electrolyte intake. For EV, the porosity of
LiNiy;3Mn;3Co0,,30, (NMC) cathode and graphite anode is about
20%-30%," which means they are dense electrodes. One can
imagine the diffusion of Li* become quite challenging within very
thick and dense electrodes because Li* diffusion across the whole
electrode relies much on the continuity of pores filled by electrolyte.
How well those “wet” pores are connected to the bulk electrolyte
determines how quickly Li* can be replenished before a strong
concentration gradient forms. Modification on the architectures of
thick electrodes, e.g., aligned structures will help electrolyte
percolation into thick electrodes if the porosity still can be
minimized for high-energy purpose.”™"!

To improve the rate performance, thinner electrodes with
increased porosity help but they will sacrifice the cell-level energy
because of the reduced active mass loading and increased parasitic
weight from electrolyte in order to fill all of those pores. This is one
of the reasons that one cannot achieve simultaneous power and
energy from the same electrochemical cell. A good balance among
electrode mass loading, porosity, tortuosity, and utilization rate of
active materials at different current densities needs to be firstly
identified for designing different types of Li-ion batteries.'*"?
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Electrochemistry in designing different types of Li-ion bat-
teries.—The design of Li-ion batteries based on different specifica-
tions of power, energy, or cycling is not often discussed in
literature.'*!'> However, the amounts of cathode, anode and electro-
Iyte in realistic batteries reside in a narrow range for practical
applications. It is very critical to understand the key parameters in
the practical batteries for academic research because the dominant
electrochemical and chemical (side) reactions always change when
the relative amounts of cathode, anode and electrolyte change.'® A
few representative designs of Li-ion batteries for various applica-
tions are discussed below to help understand the role of electro-
chemistry and its involution at different conditions to accelerate
battery research towards practical applications.

Pouch cells.—For the same electrochemical couple, e.g., NMC
and graphite, energy-type and power-type Li-ion pouch cells are
designed (see cell design table in Fig. 2). In either design, three key
parameters need to be calibrated towards each other to optimize the
performances of cells, i.e., cathode loading, anode loading and the
electrolyte amount. Although in pouch cells, there are multiple
layers stacked together to deliver the targeted energy and capacity,
these three key parameters can always be extracted and used in coin
cell testing to ensure the testing results are relevant to realistic
systems.'”

For energy-type Li-ion batteries for EVs, a representative cell
design is listed in the table in Fig. 2. The cathode loading is
30 mg cm ™2 (on each side of current collector) corresponding to an
areal capacity of 4.1 mAh cm 2. Graphite anode loading is
13 mgem ™2 (4.5 mAh cm™?) leading to a representative N/P ratio
of 1.1, similar to in conventional Li-ion battery design. The slightly
higher areal capacity of graphite helps to avoid over lithiation during
charge which otherwise will cause safety concern.'® The amount of
electrolyte used in the cell is 2.5g Ah™' meaning for every Ah
capacity, 2.5 g of electrolyte is infiltrated. In Fig. 2, the capacity of
energy-type cell is 132 Ah, so the total amount of electrolyte used in
this single cell is 2.5 g Ah™" x 132 Ah = 330 g. To further increase
the cell-level energy, packing more active materials and less inactive
materials in the restricted volume is necessary. However, as
discussed earlier, the usable capacity from thick electrodes will get
saturated and the rate performance will be sacrificed. In addition, the
weight of the active materials, i.e., NMC and graphite are also
included in the denominator when measuring the cell-level energy
(Wh/kg) which does not increase linearly with the increase of the
total weight of active materials packed in the cell.

For power-type Li-ion batteries (table in Fig. 2), cathode mass
loading is designed to be only half of that in energy-type cell in order
to accelerate Li" diffusion within NMC. Accordingly, graphite
loading is also significantly reduced. As-designed power-type Li-
ion battery has a total capacity of 60 Ah, close to half of the energy-
type design because of the reduced active mass loadings in the
former. The significantly reduced amount of capacity in power-type
batteries allows the “energy” to be drained or refilled more quickly
compared to the energy-type design. However, the difference of cell-
level energies for energy-type and power-type designs is only
24 Whkg™', confirming that simply by increasing the mass loading
of NMC/Graphite (doubled from power-type to energy-type) is not
an effective approach to improve cell energy because the total
weight of the entire cell also increases. Additionally, the tab
(illustration in Fig. 2) of high power or extreme fast-charging
batteries needs to be much wider and thicker than those of energy-
type cells otherwise the current flow through the tabs will become
the “bottleneck” and significantly increase the impedances in the tab
area while generating/accumulating heat, which is another good
example of rate-limiting step at the entire cell level.

Cylindrical cells.—Design of cylindrical batteries, e.g., 18650
cells (Fig. 3), is more complicated than pouch cells, even though
only one cathode and one anode are wound together into a jelly roll
and inserted into the cylinder can. The cell capacity is only 2.59 Ah

because of the much smaller volume/dimension compared to the
pouch cells discussed earlier. With the same cathode areal capacity
and a similar overall N/P ratio of 1.15, the cell-level energy of as-
designed 18650 is 213 Wh kg ', lower than that of pouch cells even
with similar dimension and capacity (calculation is not shown here
for pouch cells with the same volume of 18650) due to the increased
parasitic weight e.g., cell can, center pin ,etc.

Comparing the internal structures of pouch and cylindrical cells,
an important difference is their tab designs. For pouch cells, each
electrode layer has a tab. All the cathode tabs are welded together
into one and so do the anode tabs. The current from external circuit
is “split” and “shared” by those internally connected tabs and the
current to each layer of electrodes is only part of the total current,
mitigating the impacts from very high current densities from external
circuit. For cylindrical cells, however, only one layer of cathode and
one layer of anode are wound inside. Only one tab is welded on each
electrode. All the current from/to the external circuit goes through
the single tab. Therefore, if current density is too high, heat and
impedance will be accumulated within the two tabs on cathode and
anode, causing safety concern. This is also why when making bigger
cylinder cells, e.g., 21700/4680 cell, tabs need to be redesigned'” to
promote large current flow through the tabbing areas. This is another
good example of understanding the rate-limiting step and designing
the cell structure by using electrochemistry.

Sometimes two anode and/or two cathode tabs are designed for
power-type cylindrical cells, which will allow fast charge and/or
discharge processes. Inside the power-type 18650 battery, the same
graphite/NMC couple is being used, but the mass loading (areal
capacity) of cathode and anode are only half of those in energy-type
18650 cylindrical cell and are therefore much thinner. Accordingly,
increased length of electrodes (cell table in Fig. 3) is wound into the
same volume of power-type cell. Therefore, the power-type cylind-
rical cell has a capacity (2.05 Ah) close to energy-type one (2.59
Ah). However, cell-level energy is now only 169 Wh kg™' for the
power-type design due to the significantly reduced amounts of active
materials inside the cylinder and increased relative amounts of
“dead” weight from current collectors and additional tabs.

Both pouch and cylindrical cells have been used for EV and grid
applications. A simplified summary and comparison for pouch and
cylindrical batteries are listed in the bottom of Figs. 2-3, respec-
tively. When the cells are connected in series and in parallel, the
performance of the module/pack is therefore negatively impacted by
the worst individual cell which now becomes the limiting step from
system point of view. Battery management system> is designed to
identify and monitor those malfunctioning cells from the system in
an early stage so the whole pack still functions appropriately. Again,
identification of the “limiting” step (cell in the system in this case) is
critical to maintain and improve system-level performances.

Conclusions and Prospects

Li-ion batteries will still dominate EV and grid-scale energy
storage markets for a long time due to the balanced overall
performances and cost. Innovations are critical to develop advanced
Li-ion batteries and beyond with superior performances to meet
different applications. Because Li-ion battery is intrinsically an
electrochemical device, applying electrochemistry in understanding
and improving the properties of materials, electrodes, cells and
systems plays an important role and cannot be overlooked when
implementing new concepts into realistic batteries.

From the electrochemical process occurring inside a Li-ion
battery to the design and operation of individual cell and even a
pack, there is always a rate-limiting or performance-limiting step/
component in the entire process/system. Because of the nature of
electrochemical reactions, when the slowest step is accelerated, the
second slowest step becomes the “bottleneck” of the electrochemical
process. It is not uncommon that the whole electrochemical reaction
sometimes is concurrently controlled by multiple steps as described
in classic electrochemistry. Therefore, when developing new
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Cross section view

100 mm Graphite/NMC Separstor I
I
— . —
330 mm (Coated on both .
sides of Cu foil) :
—_— mm,: L owertype 'm;:;hsfi e + Cathode Tab
. Energy type side of Al foil)
L I —
Gr/NMC Gr/NMC
(Energy) (Power)
Material NMC(C333 NMC(C333
The 1% discharge capacity / mAh g~' 140 140
Active material Loading 97% 97%
Coating weight (each side) / mg cm > 30 15
Cathode Areal capacity (each side) / mAh cm™ 4.1 2.0
Electrode press density / g cm > 33 33
Electrode thickness (each side) / pm 91 45
Number of double side Layers 69 63
Electrode dimension W*L / mm 89%264 89%264
Al foil Thickness / pm 10 10
Material Gr. Gr.
Specific capacity / mAh g 360 340
Active material Loading 96% 96%
ARIEE N/P ratio (cell balance) 1.1 1.1
Coating weight (each side) / mg cm 2 13 6.9
Electrode dimension W*L / mm 91*266 91*266
Cu foil Thickness / pm 6 6
Electrolyte E/C ratio / g Ah™ 2.5 3.0
Separator Thickness / pm 20 20
Packet Foil Thickness / pm 110 110
Average voltage (1* cycle) / V 3.6 3.6
Cell Capacity (1* cycle) / Ah 132 60
Cell Energy / Wh kg™ 264 240

» Safety: challenge to add on safety design directly

« EV application: convenient for cell-to-pack design and simplify BMS

« Grid application: Large size and capacity (e.g..>100Ah) is convenient
if safety is improved.

» Internal structure: stacking or wound electrodes

» Design flexibility: flexible, dimension by design

= Automatic production: good but very large pouch cells
may have issues

Figure 2. Top: illustration of a Li-ion Pouch cell consisting of graphite anode and NMC cathode. Middle: representative cell designs for energy-type and
power-type Li-ion batteries using the same Graphite/NMC electrochemistry. Down: summarized advantages and disadvantages of pouch Li-ion cells for practical
applications.
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+ top cross-sectional view ) oy =
- r e —
8 €5.0mm ‘3—» Anode(on Cu) o
g Cathode(on Al) ) M s om
L » Separator : Ir_i—.,,ff
v ay A central pin =
- = N
» Anode tab ‘ 1
18.0mm o -
Gr/NMC Gr/NMC
(Energy, 18650) | (Power, 18650)
Material NMC333 NMC333
The 1st discharge capacity / mAh g 140 140
Active material Loading 97% 94%
Cathode Coating weight (each side) / mg cm 2 30 15
Areal capacity (each side) / mAh cm 2 4.1 2.0
Electrode press density / g cm™ 3.3 3.3
Electrode thickness (each side) / pum 91 45
Al current Collector dimension W*L / mm 58.5*551 58.5*%913
Al foil Thickness / pm 12 15
Material Gr. Gr.
Specific capacity / mAh g ! 360 340
Active material Loading 96% 95%
Anode N/P ratio (cell balance) 1.15 1.15
Coating weight (each side) / mg cm 2 13.5 7
. . 59.5%995
Cu current collector dimension W*L / mm 59.5%620
(2 anode tabs)
Cu foil Thickness / pm 6 10
Electrolyte E/C ratio / g Ah™! 1.5 1.5
Separator Thickness / pm 20 20
Cylinder Case Thickness / pm 80 100
Average voltage (1% cycle) / V 3.6 3.6
Cell Capacity (1* cycle) / Ah 2.59 2.05
Cell Energy / Wh kg™! 213 169

* The weight of center pin in 18650 cells is about 0.4 g which is included for the calculation.

« Internal structure: wound electrodes

» Design flexibility: main model/size of 18650 and 21700; Tab
becomes an issue if cells become too big.

» Automatic production: Excellent reproducibility: Matured

automation process

that of pouch cells

for the same EV.

« Safety: Improved safety attributes: Easy to release gas e.g., current
interrupt device device
EV application: The number of cylindrical cells is much more than

» Grid application: The the number of cylindrical cells will be very
significant with complicated BMS.

Figure 3. Top: illustration of a typical 18650 cylindrical Li-ion cell consisting of graphite anode and NMC cathode. Middle: 18650 cell designs for energy-type
and power-type Li-ion batteries using the same Graphite/NMC electrochemistry. Down: summarized advantages and disadvantages of 18650 Cylinder Li-ion
cells for practical applications.
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materials, electrolytes, or a battery, it is very important to consider a
closed-loop of ions/electrons flow in the cell and apply electro-
chemistry to identify the slowest steps in the first place. Then
corresponding approaches can be proposed to effectively promote
specific electrochemical steps that dominantly control the overall
process. Simply proposing an “innovative” solution without
knowing the rate-limiting step probably will not work.

To accelerate the rate-limiting step and therefore performances in
an electrochemical cell, proposed approaches should also carefully
consider electrochemistry.?' For example, to reduce the strength of
concentration gradient, concentrated electrolyte™** without in-
creasing electrolyte viscosity or so-called localized highly concen-
trated electrolyte®® is a good approach. Pulse current plating®* may
also help “relax” the strong concentration gradients established near
electrode surface to mitigate Li plating on graphite anode during fast
charge. Li" transport (diffusion ecoefficiency) in the bulk electro-
lyte, rate of the electrochemical redox reaction (exchange current
density),”® SEI qualities and resistances, electrode architectures
(porosity and tortuosity), tab and current collectors, external and
internal pressures”®?’ of the cells and so on, all need to be
considered and fully understood from -electrochemistry aspect
when designing new materials and batteries for a variety of different
applications.
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