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Abstract

As an intermediary between chemical and electric energy, rechargeable batteries

with high conversion efficiency are indispensable to empower electric vehicles

and stationary energy storage systems. Self‐discharge with adverse effects on

energy output and lifespan is a long‐existing challenge and intensive endeavors

have been devoted to alleviating it. Previous reports mainly focused on examining

key factors influencing the rate of self‐discharge, however, its origination has

rarely been revealed from the viewpoint of fundamental electrochemistry. The

Evans Diagram, which is a corrosion polarization diagram based on kinetics

(corrosion current density) and thermodynamics (potential), is an informative

method for analyzing the corrosion process of metals. In this perspective, after an

introduction to electrochemical fundamentals, as well as the identical origination

of battery self‐discharging and metal corrosion, we first transferred the concept of

the Evans Diagram to illustrate the origination and evolution of self‐discharge in
rechargeable batteries. The corresponding Evans Diagram has been proposed for

different key factors, which were eventually used as guidance to exploit

thermodynamical and kinetical solutions to alleviate the parasitic reactions

induced by self‐discharge. This contribution is believed to provide new insights

towards understanding and regulating self‐discharge problems, and promote the

establishment of feasible protocols for battery storage in practice.
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1 | INTRODUCTION

Rechargeable batteries with high conversion efficiency are
used as a reliable power source for portable electronic
devices, electric vehicles and grid‐scale energy storage
systems.[1–6] Advanced commercial batteries should hold
robust energy/power densities, prolonged lifespan, and
durable capacity retention whether in application or
storage.[7–13] Unfortunately, the inevitable parasitic
reactions in rechargeable batteries always frustrate the real
battery performance away from their initial designs due to
irreversible self‐discharge,[14,15] which refers to the progress
where a fully or partially charged battery gradually loses its
initial stored capacity as self‐discharge (Figure 1a,b).[16] The
reasons why self‐discharging occurs are associated with the
different reversible and irreversible situations. The revers-
ible self‐discharge can be attributed to the formation of
electron‐ion‐electrolyte complexes. For example, charge
carriers like Li+ stored in graphite galleries can slowly
diffuse to the electrode/electrolyte interface to interact with
negatively charged PF6

− anions, which sacrifices the
capacity and lowers the operation voltage. By recharging,
the metastable electron‐ion‐electrolyte groups would disso-
ciate and restore the capacity and voltage loss.[16] However,
the undesirable and spontaneous side reactions between
the interface of cathode/electrolyte and anode/electrolyte,
as well as corrosion of electrode materials cause irreversible
self‐discharge even without any connection between the
electrodes or any external circuit, and the lost capacity
during such process cannot be compensated during
recharge. Specifically, the degree of self‐discharge depends
on the electrode chemistry, electrolyte formulation, the
discharge/charge stages, and the storage temperature.
Table 1 summarizes the technical parameters for typical
battery systems.

Undoubtedly, irreversible self‐discharge is detrimen-
tal and undesired at both single cell and pack level. For
single cells, it would suppress the energy output due to
the capacity loss, and the accumulation of undesired side
reactions would result in excessive cation loss and
shorten cycle life. For larger battery packs, the self‐
discharge will result in inconsistent charging states
among cells during charge (Figure 1c). The unhealthy
cell will reach the end of charge earlier than its healthy
counterparts, bringing safety issues like dendrite growth,
gas emission, thermal runaway even explosions.[26,27]

Overcharging (Figure 1d) is another severe safety
concern for the battery system, which causes inferior
energy output and brings additional challenges to the
battery management system (BMS). For instance, for
lithium ion batteries (LIBs) using LiFePO4 cathode, the
overcharging rates of 105%–120% can immediately
induce rapid temperature increase and significant
capacity loss and brings an additional challenge for
BMS.[28] Therefore, understanding and developing useful
methods (Figure 2a) for self‐discharge induced by various
factors (Figure 2b) in batteries are essential in resolving
safety and capacity degradation concerns.

1.1 | The significance of measuring self‐
discharge

1.1.1 | Predicting faulty cells for factory
inspection

Investigating the self‐discharge rate of commercial LIBs
indicates momentous significance in the industry.
During the manufacturing of LIBs, although the materi-
als and manufacturing process from the same batch are

FIGURE 1 Schematic illustration of self‐discharge from (a) sufficient to (b) insufficient capacity. The adverse influences to the pack
from the self‐discharged cell: (c) over‐charge to release undesirable heat and gas, and (d) over‐discharge leading to inferior energy supply.
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the same, individual battery may have micro‐short
circuits issues due to the reaction at the cathode/
electrolyte, anode/electrolyte, and from impurities in
the electrolyte.[29] In particular, the effect of micro‐short

circuits on the battery is unapparent but detrimental. In
the short term, the performance of faulty batteries
will not be significantly different from that of normal
batteries. However, the accumulation of internal

TABLE 1 Comparison of technical characteristics among typical battery chemistry.[17]

Cell
chemistry Power rating Discharge time

Self‐discharge
rate SSD Possible self‐discharge origination

Lead‐acid 0–20MW Seconds–hours 4%–6%/month Minutes–days PbO2 + 2H3O
+ + SO4

2−→ PbSO4

+ 3H2O+ 1/2O2↑
[18]

Pb +H2SO4→ PbSO4 +H2↑
[18]

Na‐S 50 KW–8MW Seconds–hours ~20%/day Seconds–hours 2Na + xS→Na2Sx (2 ≤ x ≤ 8)
[19,20]&

Dissolution and shuttling of Sx
2−[19,20]

ZEBRA 0–300 KW Seconds–hours ~15%/day Seconds–hours NaAlCl4 + 3Na→ 4NaCl + Al
NiCl2 + 2Na→ 2NaCl + Ni[21]

Li‐ion 0–100 KW Seconds–24 h 2%–3%/month Minutes–days Continuous SEI/CEI growth[22];
Dissolution of active materials,[23]

Side reactions from impurities[22,24]

VFB 30 KW–3MW Sec–10 h <0.1%/day Hours–months V2++ 2VO2
++ 2H+→ 2VO2++H2O

[25]

VO2
+ + 2V2+ + 4H+→ 3V3+ + 2H2O

[25]

Abbreviations: SSD, suitable storage duration; VFB, vanadium flow batteries; ZEBRA, sodium‐nickel chloride batteries.

FIGURE 2 (a) The schematic diagram of transferring Evans Diagram from corrosion to battery. (b) The self‐discharge issues of lithium
ion battery with the configuration of graphite/1M EC‐DMC/LiNi0.5Mn1.5O4 from irreversible electrochemical reaction at various sites (SEI/
CEI formation, dendrite growth, active materials dissolution, corrosion of current collector). (c) The concept of the Evans Diagram and its
application at a single electrode for the corrosion process of iron (different kinetics of oxygen reductive process are presented). (d) The
application of the Evans Diagram at coupled electrodes with lead‐acid battery as an example.
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irreversible reactions and micro‐short circuits will
amplify the unhealthy state of flawed batteries, endan-
gering the safety of battery packs. Therefore, pre‐
inspection of batteries is necessary to ensure their quality
before allowing them to enter the market.

1.1.2 | Matching consistency

Assembling cells into a battery pack needs high
consistency of capacity, voltage, internal resistance, and
self‐discharge rate of individual cells. Once they are
assembled into a module with configuration in a series,
parallel or a mixture of both, the cell voltage would drop
to different levels during shelving due to different self‐
discharge rates. Upon cycling, the battery performance
will gradually degrade and safety concerns like
Figure 1c,d will emerge. Therefore, pack matching
requires accurate measurement and screening of the
self‐discharge rate in advance.

1.1.3 | Monitoring the state‐of‐charge (SoC)
and state‐of‐health (SoH)

The self‐discharge rate is vital for SoC and SoH
estimation. The correction of measured currents by the
self‐discharge could improve the estimation accuracy of
SoC. The BMS is a key component in managing the
smooth operation of the battery pack based on instant
detective signals and algorithm, and with the correction
of accurate values modified from the self‐discharge test,
BMS will work under low complexity and increased
reliability, thereby guaranteeing the effective optimiza-
tion of remaining power and prolonging the battery life.

1.2 | The definition and application of
Evans Diagram

Evans Diagram, also known as the corrosion polarization
diagram, was proposed to interpret the metal corrosion
behavior scientifically by Evans in the 19th century, which
shows the relationship between current (kinetics) and
potential (thermodynamics) for redox reactions. As known
to all, corrosion is a spontaneously destructive process for
metals exposed to a corrosive environment. For instance, in
the presence of air and moisture, corrosion reactions occur
on iron by forming products like oxides, hydroxides or
sulfides. Fundamentally, as shown in Figure 2c, the
equilibrium potential of Fe would increase from φFe,e to
φcorr: this kind of deviation is called polarization because of
electrons over‐accumulation and the sluggish diffusion of Fe

containing side‐products. Whereas the continuous supply of
oxygen consuming the electrons will reduce the polarization,
and this is the reason why oxygen is called the depolarizer of
iron corrosion. The kinetics difference for the same reaction
but a different process could be easily depicted by the slope
of the Evans Diagram. For instance, the process by routine 1
(possibly by continuous supply of oxygen or certain catalytic
impurities with lower oxygen reduction overpotential) has
lower slope value than routine 2, resulting in severe
corrosion in routine 1. Conventionally, to capture the
complete corrosion‐polarization curve, two sets of parame-
ters including corrosion current (icorr) and corresponding
corrosion voltage (φcorr) should be obtained for various
voltage steps. However, the Evans Diagram as an approxi-
mation to the real case could be fulfilled for the same given
system only by depicting the relationship from two groups of
icorr and φcorr. In which intercept voltage is the metric of
thermodynamics, while the current density is related to
kinetics. The rationality of applying the Evans Diagram to
self‐discharge batteries is adequate. In essence, as summa-
rized in Table 2, both corrosion of metals and self‐discharge
of batteries are irreversible electrochemical reactions on a
certain interface.

Therefore, the theory and methodology of Evans
Diagram can be feasibly transplanted into self‐discharge in
rechargeable batteries. Besides at single electrode, as
illustrated in Figure 2d where the lead‐acid battery was
taken as an example, we could further disclose the electrode
features on double electrodes. Electromotive force (EMF) is
the range between the equilibrium potentials of PbO2/Pb

2+

and PbSO4/Pb. Since EMF is larger than water's stability
window, at least two pairs of coupled reactions are possible
to occur, on the cathode side of the oxygen evolution
reaction (OER) and the anode side of the hydrogen evolution
reaction (HER), even overpotential is considered. The two
side reactions will exhaust the system energy and render a
gradual drop of EMF to open circuit voltage (OCP), which is
also called terminal voltage. That is, the distinction between

TABLE 2 Identical kinetics and thermodynamics between
corrosion of metals and self‐discharge of batteries.

Items
Corrosion of
metals

Self‐discharge
of batteriesa

Spontaneous ✔ ✔

Requesting depolarizer ✔ ✔

Electrochemical reaction ✔ ✔

Reaction at interface ✔ ✔

Irreversibility ✔ ✔

Depolarization ✔ ✔

aOnly the irreversible type of self‐discharge is considered.
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OCP and EMF is the result of irreversible electrochemical
reactions at the electrode/electrolyte interface.

2 | BRIEF ON ELECTROCHEMICAL
FUNDAMENTALS

2.1 | Thermodynamics of self‐discharge

It is well‐known that rust will form when iron is placed in
the air. The root cause is a corrosion micro‐battery formed
between the oxygen and the iron. From the viewpoint of
thermodynamics, self‐discharge is also a spontaneous
reaction with negative Gibbs free energy, incurred by certain
impurities (depolarization agents) satisfying the ΔG<0
condition toward electrodes, similar to that of oxygen as
the depolarizer to iron. For instance, ethylene carbonate is
the cornerstone to form SEI in commercial LIBs, the
driving force of Reaction I, ΔrG is below zero due to
φ φ>EC/[ECR],equilibrium Li /Li,equilibrium+ :





2(CH ) CO + 2e + 2Li (CH OCO Li) + CH

= CH . (Reaction I)

2 2 3
− +

2 2 2 2

2

The relationship between Gibbs free energy of ΔrG
and potentials is given by:

G nFEΔ = .r r (1)

We have to point out that Er in Equation (1) is not the
electromotive force (EMF) of a designed battery but the
driving force of the so‐called micro‐corrosive battery at anode
side following E φ φ= −r EC/[ECR],equilibrium Li /Li,equilibrium+ .
Accordingly, for self‐discharge originating from
cathode side, there will be another micro‐corrosive
battery. For instance, in Figure 2d Er can be decided
by E φ φ= −r O H OPbO /Pb ,equilibrium / ,equilibrium2

2+
2 2

at cathode
side. During the charge process (SoC become larger
gradually), φcathode,equilibrium will rise while φanode,equilibrium

will drop. As a result, the corrosive driving force (Er) at
both sides will be enlarged, leading to much more
severe self‐discharge, thus the elimination of reactants
or reducing the state of charge will be the thermo-
dynamic solution to suppress self‐discharge, which will
be discussed in details below.

2.2 | Kinetics of self‐discharge

If we designate O and R as oxidative and reductive
substances, respectively, then the redox reaction can be
expressed by the general formula:

⟶
⟵

O R+ ne ,
k

−

kb

f

(2)

where kf and kb are the respective forward and backward
rate constants. So the corresponding reaction rates (υf
and υb) are:

υ k C t
i

nF
= (0, ) = ,f O

c
f (3.1)

υ k C t
i

nF
= (0, ) = ,b b R

a (3.2)

where CO (0, t) and CR (0, t) are the corresponding
concentrations of O and R on electrode surfaces at the
time of t, ic and ia are corresponding cathodic and anodic
current densities.

At equilibrium potential, there is no accumulation of
mass and charge, therefore,

υ υ υ= − = 0,f bnet (4.1)

i i i= − = 0.c a (4.2)

Equations (3.1) and (3.2) suggest that the reaction
rate (υf and υb) of a spontaneous reaction are jointly
determined by reactants' concentration (CO and CR) and
rate constant (kf and kb). Therefore, lowering either the
reactants' concentration or rate constant will alleviate the
self‐discharge issues. Regarding the rate constant k, it is
an experimental fact that lnk is always linear with 1/T as
the so‐called Arrhenius empirical equation pointed out
as early as 1889:



 


k A

ω
= exp −

RT
, (5)

where ω is the activation energy and A is the pre‐
exponential factor. Furthermore, it gives a clear
recognition that the rate constant is directly reliant on
activation energy and temperature. To make narratives
more understandable, an illustration based on reaction of

Li + e Li+ − is displayed in Figure 3a: the frequent the
ball swings, the greater the possibility (A) for the reaction
to happen, and this is the reason why A is also called as
frequency factor. Furthermore, ω could be expressed as
the change of standard internal energy of activation ( UΔ )
during the transition state or activated complex. The
standard enthalpy of the activation ( HΔ ) can be
decided by:

H UΔ = Δ + Δ(PV). (6)
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The second term could be neglected since the battery
is a condensed‐phase system. Meanwhile, the internal
energy is the sum change of inner microscopic kinetic
energy ( UΔ microkin) and the inner microscopic potential
energy ( UΔ micropot):

U U UΔ = Δ + Δ .microkin micropot (7)

UΔ micropot arises from interaction and in the electro-
chemical field, it is dependent on the SoC of the electrode.
Based on the above analysis, the self‐discharge rate is
affected by factors including SoC, temperature, activation
energy and concentration of regent. If we could manipulate
any factor to create a rate‐determining step, then the self‐
discharge can be decelerated from a kinetic perspective, and
there are three types of rate‐determining steps in the
electrochemistry field related to mass transfer and charge
transfer as follows.

2.3 | Reaction controlled by mass
transfer

The diffusion polarization is caused essentially by
the higher electron mobility than ionic conductivity.
As shown in Figure 3b, the diffusion current density
(id) at steady state can be calculated based on
Fick's first law related to surface concentration (Cs),
bulk concentration (Co) and diffusion layer
thickness (δ),

i n
C C

δ
= FD

−
.d

o s

(8)

When the surface concentration reaches zero, the
limiting diffusion current (iL) will be determined by the
bulk concentration and diffusion layer thickness, as
described below:

FIGURE 3 (a) Schematic display of activation energy and pre‐exponential factor (frequency factor) with Li + e Li+ − as an example.
(b) Reaction rate controlled by mass transfer: the reliance of diffusion current density on the mass concentration near the electrode surface.
(c) Effects of potential change on the standard free energies of activation for oxidation (above) and reduction with the enlarged box marked
area (below). (d) Reaction rate controlled by activation: overpotential required to deliver net current density in three types of kinds with
different exchange current densities (io).
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i n
C

δ
= FD .L

o

(9)

Therefore, if the self‐discharge results from
impurities, the reasonable way is to remove or reduce
their content to lower the id value. With mathematical
transformation, we have







C C

i

i
= 1 − .s o d

L
(10)

Thereby, the overpotential induced by diffusion can
be expressed by,







η

RT

nF

i

i
= ln 1 − .d

L
diff (11)

Equation (11) reminds us that the diffusion over-
potential will become much smaller when the concen-
tration or the limiting diffusion current decreases. In
other words, the polarization curve will easily enter the
diffusion‐controlled area in the Evans Diagram when
reactants decrease.

2.4 | Reaction controlled by charge
transfer

The voltage on an electrode by charge or discharge will
influence the Gibbs free energy as well as the activation
energy, and eventually the rate constant. The quantita-
tive relation among them is shown in Figure 3c, the rise
of potential from E0 to E will lower the anodic activation
energy (decrease of ωa), while rendering cathodic
reaction more difficult to happen (increase of ωc):

ω ω α nF E′ = − (1 − ) (E − ),a a 0 (12.1)

ω ω αnF E′ = + (E − ),c c 0 (12.2)

where α is the transfer coefficient, n is electrons
transferred per formula and F is the Faraday constant.
These two equations describe that when the total
microscopic potential energy of the reductive product
increases nF EΔE(ΔE = E − )0 , then αnFΔE part will
hinder the continuation of the cathodic reaction, while
the remaining α nF(1 − ) ΔE portion will promote its
conjugated anodic reaction. Herein, the net current of ia
during anodic polarization (η φ φ= −a a a e,act , ) and ic
during cathodic polarization (η φ φ= −c c e c,act , ) on a

single electrode can be summarized into the well‐
known Butler–Volmer Equation:

i i α nfη αnfη= {exp[(1 − ) ] − exp(− )},a a a0 ,act ,act

(13.1)

i i αnfη α nfη= {exp( ) − exp[−(1 − ) ]},c c c0 ,act ,act

(13.2)

where io= exchange current density, f= F/RT. The
second term in Equation (13.1) (or Equation 13.2) can
be neglected when η η(or ) mVa c n

118 at 25°C. In this case,

the Butler–Volmer Equation will be simplified into the
famous Tafel Equation, which means there is only one
reaction processing, either forward or backward in
Equation (2) when potential shifts tremendously.

If the reaction rate is controlled by the charge transfer
process due to activation energy, the overpotential required
to deliver net current density will vary. Such kinetic
differences are illustrated in Figure 3d, where three types
of electrodes with different exchange current densities (io)
are included. For the ideal nonpolarizable electrode (INPE)
with the best kinetics as well as maximum exchange current
density, the polarization curve (curve 1) overlaps with the
current axis as the potential does not change from its
equilibrium state. Although nonpolarizable is a hypothetical
definition, some representative electrodes such as Pt|Hg(l)|
Hg2Cl2(s)|KCl, Ag(s)|AgCl(s)|KCl can be regarded as this
type at a certain extent, which is also the fundamental
reason why we use them as a benchmark of reference
electrodes in the electrochemical field. Another extreme
situation is the ideal polarizable electrode (IPE) with
minimum io of curve 3, this concept was first introduced
in the year 1934.[30] IPE is also a hypothetical electrode, the
reaction of the electrode itself is infinitely sluggish with zero
exchange current density when the potential shifted. The
typical application of IPE is polarography, where dropping
mercury electrode is used as working electrodes with
constantly renewable surfaces to measure unknown metal
elements. It's a useful electrochemical analysis method with
the lowest detection limit of 10−5mol L−1. However, in
general, most working electrodes (MWE) behave like curve 2
with medium exchange current density when polarization
occurs. If the reaction is accelerated, curve 2 will change
toward curve 1. Otherwise, curve 2 will change to curve 3
when kinetics decelerated, which could be reached by in‐situ
or ex‐situ at SEI/CEI.

2.5 | Reaction jointly controlled by
diffusion and activation

Although reaction rates controlled by mass transfer and
charge transfer were discussed separately in the above
parts, in fact, electrochemical polarization and diffusion
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polarization always coexist for most electrodes at
moderate current density: the reaction rate is both
influenced by diffusion and charge transfer. Electroche-
mical polarization determines the reaction rate at low
current density, while at high current density diffusion
polarization becomes dominating. Under these circum-
stances, the overpotential for the large cathodic polariza-
tion (ηc) as well as large anodic polarization (ηa) can be
expressed by,

η
RT

αnF

i

i

RT

αnF

i

i i
η η= ln + ln

−
= + ,c

c L

L c
c c

0
,act ,diff

(14.1)

η
RT

α nF

i

i

RT

α nF

i

i i

η η

=
(1 − )

ln +
(1 − )

ln
−

= + .

a
a L

L a

a a

0

,act ,diff

(14.2)

The overpotential can be divided into two parts, for
instance for the large cathodic polarization, the total
overpotential is the sum of electrochemical polarization
(ηc,act) in Equation (13.2) and diffusion polarization (ηdiff )
in Equation (11). Therefore, any measure suppressing
either the mass transfer process or charge transfer or
both of them could lower the self‐discharge rate
kinetically, which will be discussed in the next section.

3 | EVOLUTION AND ALLEVIATION
OF SELF‐DISCHARGE

Based on the principles of the Evans Diagram and
electrochemical fundamentals above, it's reasonable to
illustrate the evolution between kinetic and thermo-
dynamics through the Evans Diagram and propose
counter measures to alleviate self‐discharge issues induced
by side reactions.

3.1 | Controlling the state of charge
(thermodynamic solution)

At the given temperature and storage time, cells at high
SoC have a greater tendency to reach the end of life than
those at low SoC. The reason behind this can be
understood in Figure 4a from the perspective of the
Evans Diagram that the potential‐axis represents ther-
modynamics. Thereby a huge potential disequilibrium
will occur when cells are charged from low SoC to high
SoC. According to Equations (12.1) and (12.2), when the
over‐potential for anodic reaction changes from ηLa,act to
ηHa,act, then the self‐discharge at cathode side only needs
to overcome reduced activation energy, thus the

corrosion will become severe. This is also applicable to
self‐discharge at the anode side. Assuming the kinetics
remain unchanged with constant slope values, the self‐
discharge current will increase from ILS,c to IHS,c (the
uppercase S stands for SoC while the lowercase c
represents cathodic reaction) at the cathode side, as well
as ILS,a to IHS,a at anode side. It was reported in
commercial LIBs that higher SoC causes severe degrada-
tion dominated by electrolyte decomposition and the loss
of active material at the solid electrolyte interface.[31]

Figure 4b shows the normalized capacity and resistance
aging time with different SoCs at 50°C. Aggravated
capacity degradation and impedance increasement were
observed as increasing the SoC degrees,[32] which is
consistent with our theoretical estimations. To conclude,
rechargeable batteries should be kept at a low SoC to
avoid severe irreversible reactions and thick SEI layers
growth from self‐discharge.

3.2 | Management of storage
temperature

As stated in Equations (3.1) and (3.2), the reaction rate of
a spontaneous reaction is determined by both reaction
concentration and rate constant. For the given commer-
cial battery systems, the impurities concentrations are
the same, then the temperature and activation energy
will dominantly affect the reaction rate. From the
perspective of the Evans Diagram shown in Figure 5a,
at a given charge state (or thermodynamic state)
indicated by the same intercept values, the currents will
increase from ILT,c to IHT,c (the uppercase T stands for
temperature while the lowercase c represents cathodic
reaction) at the cathode side, as well as ILT,a to IHT,a at the
anode side. Both changes are clear implications of
enhanced kinetics due to the decrease in the absolute
value of slopes. Indeed, the remaining total reversible
capacity in Figure 5b and the terminal voltage in
Figure 5c went through much severe deterioration with
the increasing storage temperature. Many literatures
argue Arrhenius' law is a feasible semi‐empirical
approach to quantitatively describe the relationship
between degradation and temperature, especially for
calendar aging.[34] However, we still need to keep in
mind that Arrhenius law can only be applied to parasitic
electrochemical reactions upon aging storage.[32]

High temperature also increases the activity of the
electrolyte and/or impurities since the enhanced rate is
constant. Meanwhile, there are other reasons why high
temperature aggravates self‐discharge. (1) Electrons
become more active and easier to penetrate the SEI layer
and participate in side‐reactions at the interface of the
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FIGURE 4 (a) The self‐discharge rates affected by SoC illustrated by the Evans Diagram. (b) Normalized capacity and resistance over
time for calendar aging tests at 50°C. Reproduced with permission: Copyright 2014, Elsevier.[33]

FIGURE 5 (a) The self‐discharge rates influenced by temperature elucidated by the means of Evans Diagram. (b) Rebuilt total capacity
evolution of LiCoO2 battery measured monthly at different storage temperature.[29] (c) Decrease in terminal voltages under self‐discharge
tests. Reproduced with permission: Copyright 2014, Elsevier.[35] (d) The percentage of capacity loss is plotted as a function of time1/2 relation
and corresponding linear fits. The cycle test conditions were at C/2 rate and 10% DOD. Reproduced with permission: Copyright 2014,
Elsevier.[36]
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electrolyte/negative electrode at high temperatures. (2)
SEI in rechargeable batteries always acts as the passiva-
tion layer. However, at high temperatures, it may rupture
and dissolve due to instability. After the SEI layer is
broken and decomposed, reconstruction of the SEI layer
will result in the loss of active materials and electrolytes.
At the same time, gases such as H2, CO2, CO, CH4, and
C2H6 are also generated, deteriorating mechanical
properties, and increasing the resistance. (3) High
temperature may cause the dissolution of elements with
3d configuration, especially when the cathode material
contains manganese, which also leads to performance
degradation and capacity loss.

Another factor affecting self‐discharge is the storage
time (t) because capacity loss (Qloss) is an accumulation
of self‐discharge current over time,

Q i= dt.
t

loss
0

self‐discharge (15)

Self‐discharge current is nonlinear to the storage time
since the growth of the interfacial layer and exhaustion
of reactants. In this field, many researchers propose a
universal formulation to describe Equation (15) by
blending temperature, SoC, as well as exponent‐sign γ( )

modified storage time together[36,37]:

    Q α β T β t= exp(− ) exp(− SOC) ,γloss 1
−1

2

(16)

Where α β β, ,1 2 are constants, and γ ranges from
0.5 to 1.0 depending on certain systems. For instance,
shown in Figure 5d, Verbrugge[36] predicted the degra-
dation of graphite//LiMn1/3Ni1/3Co1/3 + LiMn2O4 cell
upon time and temperature at a given SoC of 10%. Their
result suggested a strong reliance on self‐discharge
capacities to days0.5, and this t1/2 relationship indicates
the calendar loss is a diffusion‐controlled process.[36,37]

As a matter of fact, temperature rise comes from both the
outer and inner parts, thereby storing batteries at low
temperatures and with elaborate design on heat dissipa-
tion, for instance, the BYD Blade Battery, are feasible
methods to alleviate self‐discharge.

3.3 | Adjusting diffusion overpotential
(kinetic solution)

When the charge transfer process is electrochemically
favorable, a reasonable method to alleviate the parasitic
reactions in self‐discharge is to decrease the reac-
tants' concentration or enlarging the diffusion over-
potential to impede reactions from happening, which is

unintentional and can be elucidated by Evans Diagram.
As depicted in Equation (9), decreasing the concentration
of the depolarization agent will significantly lower the
limiting diffusion current (iL), which will suppress the
range of the corrosion polarization curve by rendering it
change from charge‐transfer limit into concentration
limit range quickly. As shown in Figure 6a, for the
diffusion‐controlled cathodic reactions at the anode side,
when the concentration of the depolarization agent
decreases from C2 to C1, the corrosion or self‐discharge
current will drop from IHC,c to ILC,c synchronously (the
uppercase C stands for concentration while the lowercase
c represents cathodic reaction). Similarly, for diffusion‐
controlled anodic reactions with different concentrations
at the cathode side in Figure 6b, the Evans Diagram can
be interpreted in the same way.

However, some depolarizers are unable to be
removed completely due to the low content. In such a
case, a feasible way is to add a sacrificing agent to capture
these impurities, and bring diffusion overpotential to
suppress the self‐discharge. For instance, trace water is
unable to be removed completely, and the existence of
fluorine is vital to the formation of SEI but excessive
content will lead to the loss of active lithium in the
electrolyte.[39] To cope with this problem, a multi-
functional sacrificing agent 3‐(trimethylsilyl)−2‐
oxazolidinone (TMS‐ON) was introduced. As shown in
Figure 6c, TMS‐ON could react with H2O to generate
TMS and ON. Additionally, as it has an N‐Si moiety, it
shows a high affinity toward HF since the Si atom
effectively takes up a fluoride anion to form a penta-
valent silane intermediate that subsequently produces
trimethylsilyl fluoride.[38] Consequently, the Evans Dia-
gram for the side reaction will change from C2 to C1 as
suggested in Figure 6b, and the self‐discharge current
will decrease from IHC,a to ILC,a simultaneously.

3.4 | Adjusting activation overpotential
(kinetic solution)

The principles of kinetically suppressing side reactions
through surface modification can be illustrated in
Figure 7a. In the relevant Evans Diagram, the above
curves are anodic control at the cathode side while the
bottom ones are cathodic control at the anode side: after
surface modification, the kinetics of the electrode will be
lowered, implied by a much steep slope value and
decreased modified corrosion current. Therefore, it's
reasonable to highlight that this kind of slope change is
different from the Evans Diagram in Figure 5a where
mainly the kinetics of reactants are shifted. Note that the
cathodic and anodic expressions here are opposite to

| 103

 27693325, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cnl2.106 by H

O
N

G
 K

O
N

G
 PO

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SIT

Y
 H

U
 N

G
 H

O
M

, W
iley O

nline L
ibrary on [26/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



those in Figure 6 above, because the modifications are on
electrodes instead of on the impurities in the electrolyte
as above. To date, many researchers argue there are only
two measures ex‐situ and in‐situ to modify the electrode
surface.[40,41] Regarding the recent reports on interface
modification, we propose that there are three ways as
follows:

3.4.1 | Ex‐situ passivation layer

LiNi0.5Mn1.5O4 (LNMO) with high average working
potential (4.7–4.8 V vs. Li+/Li) is an appealing candidate
to increase the energy density of Li‐ion batteries.
However, it suffers from low coulombic efficiency,
unignorably self‐discharge and poor cyclability in
carbonates‐based electrolytes mainly due to the increased
voltage gap between the equilibrium potential of cathode
and carbonate electrolyte. It's confirmed that the oxida-
tion of commercial EC‐based electrolytes on LNMO with
Tafel‐like behavior (temperature and potential activated)
is catalyzed on the active material surface (Figure 7b).[42]

Therefore, an effective approach to tackle this interfacial
issue is to build an artificial layer. The effects of
depositing ultrathin (<1 nm) Al2O3 coatings on LNMO

particles using atomic layer deposition (ALD) are
presented in Figure 7c. The electrochemical performance
of the Al2O3 ALD coated LNMO is demonstrated by not
only the significantly improved coulombic efficiency,
cycle retention, and rate capability, but also the
dramatically suppressed self‐discharge and dissolution
of transition metals.[43]

3.4.2 | In‐situ SEI/CEI

For the LNMO electrode, various borate additives
including lithium bis(oxalato)borate (LiBOB), lithium
4‐pyridyl trimethyl borate (LPTB), and lithium catechol
dimethyl borate (LiCDMB) were used to generate in‐situ
CEI on its surface (Figure 7d). Though the reaction of the
borates on the cathode surface leads to an increase in
impedance, the passivation layer on the surface could
alleviate the self‐discharge issue. The reason behind this
is lowered kinetics by in‐situ coating, and as shown in
Equations (13.1) and (13.2), the change of kinetics can be
estimated via the exchange current density (io), which
could be obtained from Tafel fitting when strong
polarization is applied. As unambiguously confirmed by
Amine and coworkers, the rule for solvation number of

FIGURE 6 Schematic illustration of the reaction inducing self‐discharge by the Evans Diagram: (a) cathodic diffusion controlled at
anode side and (b) anodic diffusion controlled at the cathode side. (c) HF and H2O scavenging mechanisms of TMS‐ON. Reproduced with
permission: Copyright 2020, Wiley.[38]
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fluoroethylene carbonate ≥1 will ensure the formation of
a stable SEI, and Tafel fitting results showed a decline of
exchange current density when the rule is reached,
indicating the suppressed kinetics.[46]

3.4.3 | Pseudo film

Besides the two steadily existing passivation layers to
suppress kinetics of self‐discharge, another feasible
approach is to introduce certain pseudo‐protective films
by cations or anions adsorption. Yang and colleagues pro-
posed ammonium acetate (NH4OAc) as a self‐regulated
Zn/electrolyte interface additive. Before being adsorbed
on the Zn surface, the NH4

+ induces a dynamic
electrostatic shielding layer around the abrupt Zn
protuberance to make the Zn deposition uniform, and
the OAc− acts as an interfacial pH buffer to suppress the
proton‐induced side reactions and the precipitation of

insoluble by‐products.[47] Similarly, a monosodium glu-
tamate electrolyte additive is introduced to reconstruct
the Zn anode/electrolyte interface and suppress Zn
dendrite growth as well as H2 evolution (Figure 7e).
The glutamate anions are preferentially adsorbed on the
active sites for Zn corrosion and H2 evolution, thereby
these side reactions inducing self‐discharge are largely
suppressed.[45]

4 | CONCLUSION AND OUTLOOK

For the first time, the self‐discharge of rechargeable
batteries induced by parasitic reactions is elucidated from
the sight of the Evans Diagram, which is an effective
method used in corrosion science for analyzing the coupled
relationship between kinetics and thermodynamics. From
the perspective of electrochemistry, self‐discharge is a
spontaneous reaction involved by both mass transfer and

FIGURE 7 The self‐discharge rates are influenced by various surface modification methods. (a) The principles of kinetics suppression
are interpreted by the Evans Diagram, in which the above is anodic control at the cathode while the bottom is cathodic control at the anode.
(b) The oxidation of commercial EC‐based electrolyte on LNMO with Tafel‐like behavior. Note catalysis on the active material surface rather
than the carbon. Reproduced with permission: Copyright 2020, Elsevier.[42] (c) Ex‐situ layer: Al2O3 ALD coated LNMO electrodes to
alleviate the EC aroused self‐discharge. Reproduced with permission: Copyright 2014, Elsevier.[43] (d) In‐situ: CEI generated from various
borate additives on LNMO. Reproduced with permission: Copyright 2017, American Chemical Society.[44] (e) Pseudo film: schematic of Zn/
electrolyte interface behaviors during Zn deposition in ZnSO4 and ZnSO4 electrolyte with MSG. Reproduced with permission: Copyright
2020, Elsevier.[45]
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charge transfer, thus inhibition or restriction of any step
will alleviate its deteriorating impact. Accordingly, four
factors and their corresponding Evans Diagrams were
first outlined point‐by‐point, followed by proposing four
solutions, including low state of charge, low storage
temperature, large diffusion overpotential and large activa-
tion overpotential to provide theoretical guidance for
decelerating self‐discharge issues. Overall, this perspective
article provides a novel and effective analysis method to
inspect the self‐discharge of rechargeable batteries from the
sight of coupled thermodynamic and kinetic, providing
guidelines for the battery community and industrial
manufacturers.
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