
mdpi.com/journal/batteries

Special Issue Reprint

Lithium-Ion Batteries  
and Li-Ion Capacitors
From Fundamentals to Practical Applications

Edited by 

Junsheng Zheng 



Lithium-Ion Batteries and Li-Ion
Capacitors: From Fundamentals to
Practical Applications





Lithium-Ion Batteries and Li-Ion
Capacitors: From Fundamentals to
Practical Applications

Editor

Junsheng Zheng

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editor

Junsheng Zheng

Tongji University

Shanghai

China

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Batteries (ISSN 2313-0105) (available at: https://www.mdpi.com/journal/batteries/special issues/

5Z4W6K022F).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2419-9 (Hbk)

ISBN 978-3-7258-2420-5 (PDF)

doi.org/10.3390/books978-3-7258-2420-5

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Bo Jiang, Xuezhe Wei and Haifeng Dai

Development of a Fusion Framework for Lithium-Ion Battery Capacity Estimation in
Electric Vehicles
Reprinted from: Batteries 2022, 8, 112, doi:10.3390/batteries8090112 . . . . . . . . . . . . . . . . . 1

Zeyu Wu, Kening Sun and Zhenhua Wang

A Review of the Application of Carbon Materials for Lithium Metal Batteries
Reprinted from: Batteries 2022, 8, 246, doi:10.3390/batteries8110246 . . . . . . . . . . . . . . . . . 17

Xianzhong Sun, Yabin An, Xiong Zhang, Kai Wang, Changzhou Yuan, Xiaohu Zhang, et al.

Unveil Overcharge Performances of Activated Carbon Cathode in Various Li-Ion Electrolytes
Reprinted from: Batteries 2023, 9, 11, doi:10.3390/batteries9010011 . . . . . . . . . . . . . . . . . . 41

Umapathi Krishnamoorthy, Parimala Gandhi Ayyavu, Hitesh Panchal, Dayana Shanmugam,

Sukanya Balasubramani, Ali Jawad Al-rubaie, et al.

Efficient Battery Models for Performance Studies-Lithium Ion and Nickel Metal
Hydride Battery
Reprinted from: Batteries 2023, 9, 52, doi:10.3390/batteries9010052 . . . . . . . . . . . . . . . . . . 53

Xiaohu Zhang, Keliang Zhang, Weike Zhang, Xiong Zhang, Lei Wang, Yabin An, et al.

Carbon Nano-Onion-Encapsulated Ni Nanoparticles for Lithium-Ion
Capacitors

Reprinted from: Batteries 2023, 9, 102, doi:10.3390/batteries9020102 . . . . . . . . . . . . . . . . . 67

Junsheng Zheng, Guangguang Xing, Liming Jin, Yanyan Lu, Nan Qin, Shansong Gao

and Jim P. Zheng

Strategies and Challenge of Thick Electrodes for Energy Storage: A Review
Reprinted from: Batteries 2023, 9, 151, doi:10.3390/batteries9030151 . . . . . . . . . . . . . . . . . 83

Xiaofan Huang, Renjie Gao, Luyao Zhang, Xinrong Lv, Shaolong Shu, Xiaoping Tang, et al.

SOC Estimation Based on Combination of Electrochemical and External Characteristics for
Hybrid Lithium-Ion Capacitors
Reprinted from: Batteries 2023, 9, 163, doi:10.3390/batteries9030163 . . . . . . . . . . . . . . . . . 104

Wenting Liu, Xianzhong Sun, Xinyu Yan, Yinghui Gao, Xiong Zhang, Kai Wang

and Yanwei Ma

Review of Energy Storage Capacitor Technology
Reprinted from: Batteries 2024, 10, 271, doi:10.3390/batteries10080271 . . . . . . . . . . . . . . . . 117

Faizan Ghani, Kunsik An and Dongjin Lee

A Review on Design Parameters for the Full-Cell Lithium-Ion Batteries
Reprinted from: Batteries 2024, 10, 340, doi:10.3390/batteries10100340 . . . . . . . . . . . . . . . . 155

Yong Wang, Shaoxiong Fu, Xianzhen Du, Dong Wei, Jingpeng Zhang, Li Wang

and Guangchuan Liang

Enhanced Structural and Electrochemical Performance of LiNi0.5Mn1.5O4 Cathode Material by
PO4

3−/Fe3+ Co-Doping
Reprinted from: Batteries 2024, 10, 341, doi:10.3390/batteries10100341 . . . . . . . . . . . . . . . . 193

v





Preface

Lithium-ion batteries and lithium-ion capacitors, as representatives of energy and power

devices, have been widely studied and rapidly developed in recent years. Lithium-ion battery

is a kind of long-duration large-capacity energy storage device with a high conversion rate and

a high energy density, and it has a wide range of applications and is in high demand. In fact,

lithium-ion batteries are already widely used in consumer electronics, electric vehicles, and energy

storage. Lithium-ion capacitors are a new type of capacitor combining the advantages of lithium-ion

batteries and traditional supercapacitors, and they can effectively improve overall energy density on

the basis of maintaining the advantages of supercapacitors. Lithium-ion capacitors are expected to

solve the bottleneck problem of energy and power contradiction faced by power supply devices, and

realize the balance and customizability of the energy, power and life of devices. Therefore, the best

way to further improve the energy density of lithium-ion capacitors while maintaining high power

density has become a focus of research on lithium-ion capacitors. Due to their high power densities,

energy densities, and long cycle lives, the application of lithium-ion capacitors for automotive energy

recovery, electrochemical energy storage and power assistance, fast charging, and multi-functional

devices could be promising. However, there are still many problems that remain unsolved regarding

the basic research and application of lithium-ion batteries and lithium-ion capacitors. This Reprint

focuses on lithium-ion batteries and lithium-ion capacitors, including the rise of capacity, rate, and

lifespan of electrode materials; the increase in the ion transmission and storage capacity of anodes

and cathodes; and the improvement of the electrode/electrolyte interface and stability of the solid

electrolyte interphase. On the other hand, improvements in the surface densities of electrodes and

proportions of active substances have become key issues regarding research on lithium-ion batteries

and lithium-ion capacitors. Furthermore, pack design, stacking technology, equalization technology,

SOC estimation, operation, and monitoring are also crucial for the use of lithium-ion batteries and

lithium-ion capacitors as power supply equipment.

I would like to thank all the authors who helped me to write this Reprint. It is your efforts

and support that made this Reprint possible. I would also like to express my sincere thanks to my

colleague at MEDPI for their guidance and help.

Junsheng Zheng

Editor
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Abstract: The performance of a battery system is critical to the development of electric vehicles (EVs).
Battery capacity decays with the use of EVs and an advanced onboard battery management system is
required to estimate battery capacity accurately. However, the acquired capacity suffers from poor
accuracy caused by the inadequate utilization of battery information and the limitation of a single
estimation method. This paper investigates an innovative fusion method based on the information
fusion technique for battery capacity estimation, considering the actual working conditions of
EVs. Firstly, a general framework for battery capacity estimation and fusion is proposed and two
conventional capacity estimation methods running in different EV operating conditions are revisited.
The error covariance of different estimations is deduced to evaluate the estimation uncertainties.
Then, a fusion state–space function is constructed and realized through the Kalman filter to achieve
the adaptive fusion of multi-dimensional capacity estimation. Several experiments simulating the
actual battery operations in EVs are designed and performed to validate the proposed method.
Experimental results show that the proposed method performs better than conventional methods,
obtaining more accurate and stable capacity estimation under different aging statuses. Finally, a
practical judgment criterion for the current deviation fault is proposed based on fusion capacity.

Keywords: lithium-ion battery; state estimation; battery capacity; adaptive fusion; estimation
uncertainty

1. Introduction

The rapid development of new energy vehicles benefits from the desire to reduce emis-
sions and pollution [1]. Among different new energy vehicles, electric vehicles (EVs) are
the most promising for mass commercialization, which gives credit to the excellent perfor-
mance of lithium-ion batteries (LIBs) [2]. LIBs have the superiority of high power/energy
density, light weight, and long life cycle [3]. However, their adaptability to the harsh
working environment, poor thermal safety, and inevitable degradation need scientific
improvements. The solution to the above challenges can be achieved through the battery
design, for example, improvements in battery electrodes [4,5] and efficient battery man-
agement technologies for battery systems [6,7]. High-performance battery management
technologies are an essential impetus for the development of EVs.

Among battery management technologies, LIB capacity is a vital parameter for charac-
terizing battery performance and is deemed a direct indicator of battery health level [8].
Battery capacity affects the uninterrupted driving range of EVs and is a prerequisite for
estimating some essential battery internal states. However, battery capacity is time varying
and decays as the battery ages [9], which will challenge the capability of state estimation;
hence, exact capacity information is essential for better management and utilization of LIBs.
The direct measurement method is the most accurate to obtain battery capacity; however,

Batteries 2022, 8, 112. https://doi.org/10.3390/batteries8090112 https://www.mdpi.com/journal/batteries1
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this method is time consuming and usually limited by the operating conditions, which is
unsuitable for real EV applications [10]. Therefore, accurate onboard estimation of battery
capacity is a research hotspot in battery management technologies in EVs.

1.1. Review of Existing Battery Capacity Estimation Approaches

Many studies have investigated indirect estimation methods of battery capacity for
EVs [11–13]. Generally, commonly used battery capacity estimation approaches categorize
into three classes: the method based on the state of charge (SOC), the method based on
incremental capacity analysis (ICA), and the data-driven method.

It can be found that SOC has a close relationship with battery capacity and the SOC-
based methods utilize the change in SOC and charge accumulation over a while to estimate
battery capacity [14]. Some researchers employed the measured or estimated open-circuit
voltage to obtain SOC and achieve battery capacity [15,16]. Considering that battery
capacity can be regarded as an unknown parameter, some joint estimation techniques for
battery SOC and capacity are springing up. A single state vector containing battery SOC,
capacity, and other parameters and corresponding state–space function was established to
estimate battery capacity [17,18]. Using two or more estimators is more flexible and has
been investigated by many researchers. Dual extended Kalman filter [19], dual sliding-
mode observer [20], dual nonlinear predictive filter [21], and Kalman filter together with
least squares [22] are common attempts to achieve the co-estimation. Battery SOC is
fundamental in battery management technology, so the SOC-based capacity estimation
method is accessible to implement. Some factors, including the SOC estimation error and
the different time-varying characteristics between states, shall be considered when using
this method [23].

The ICA method is another practical capacity estimation method, using the differ-
ential technology to transfer the battery charging capacity voltage (Q-V) curve into the
incremental capacity (IC) curve. The features of the IC curve indicate the battery’s internal
electrode behavior; therefore, this method can analyze the battery aging mechanism [24]. A
close relationship between IC curve features and battery health status can be established
and further used for online capacity estimation. A necessary procedure in ICA technology
is curve fitting/smoothing because the differential operation in ICA technology is sensitive
to measurement noise. He et al. [25] compared six commonly used voltage curve fitting
models in IC curve determination and the model in [26] was validated to be optimal for
different types of batteries. After numerical differentiation, Gaussian filtering has an ad-
vantage over conventional moving average filtering in terms of IC curve smoothing [24,27],
where low-frequency signals can be separated from high-frequency noise. An operating
condition with a monotonic voltage change is necessary for ICA technology, limiting the
application of this method.

The data-driven method has been widely employed in battery state estimation with
the development of artificial intelligence technology, allowing knowledge related to battery
aging to be learned from battery training datasets and further used for online capacity
estimation [28,29]. Feature engineering is the first step in a data-driven estimation method.
Compared with the discharging condition, the battery charging condition is more stable
and regular and is usually used to extract battery-capacity-related features. Five charging-
related features, including the initial and final charge voltage, the final charge current, the
constant current charge capacity, and the constant voltage charge capacity, were extracted
from charge curves [30]. After determining battery features, machine learning algorithms,
including kernel techniques [31,32] and neural-network techniques [28,33], are employed
to estimate capacity. The main concern during the online application of this method is the
high computational effort.

Except for the above typical capacity estimation methods, fusion technologies have
also been widely employed in battery state estimation. Zheng et al. [34] studied a novel
capacity estimation method with the help of fusion estimation of battery charging curves
and the Arrhenius aging model, which shows high estimation accuracy over the whole
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battery lifecycle. A multi-stage fusion method containing three battery models at different
aging levels was proposed by Xiong et al. [35] and then the residual error of each model
was employed to calculate the fusion weight. Moreover, Balasingam et al. [36] investigated
a robust capacity estimation fusion method, which can optimally utilize the estimates
from different approaches; however, only simulation data were used for validation in
this work. Owing to the effective utilization of more information from different sources,
the information fusion techniques can not only eliminate noise and outliers in the input
information but also achieve a complete description of the observed object through in-
formation complementarity [37]. The multi-source information represents the data from
different models [35], different approaches [34,36], and different operating scenes. Using
the multi-source information, the fusion techniques promise to improve the estimation
accuracy and enhance the estimation stability.

1.2. Existing Challenges and Original Contributions

The above overviews several typical capacity estimation methods and each approach
shows better performance under specific conditions. However, the following issues remain
to be addressed among current capacity estimation methods.

(1) The inadequate utilization of battery information. The attenuation of battery
capacity affects the dynamic trajectories of other battery states, including SOC, terminal
voltage, and open-circuit voltage. This inspires researchers to perform capacity estimation
using the variation in the above states combined with the battery current. However, one
primary shortage in the above approaches is that only a single battery information source
(except battery current) is utilized in capacity estimation. For example, the SOC-based
method only utilizes the battery SOC and current, while the ICA-based method only uses
the battery voltage and current. The inadequate utilization of battery information could
lead to difficulties in improving the estimation accuracy.

(2) The limitation of EVs’ operating conditions on estimation methods. As intro-
duced above, each method may only adapt to a specific operating condition. For the
ICA-based and data-driven methods, the EV charging condition is stable and suitable for
feature construction. In contrast, the EV discharging condition is random, not monotonous,
and not convenient for the online application of these two methods. The adaptive filters
offer advantages in SOC acquisition to the SOC-based method and battery model parameter
determination is an important step. In this situation, dynamic discharging will be helpful
because of adequate current excitation for parameter identification. Therefore, the battery
operating conditions may limit the above capacity estimation methods.

(3) The weak anti-interference ability to the system error. Another deficiency in
traditional capacity estimation is the weak anti-interference ability to system error because
only one estimation approach is employed. Battery current is the critical information in
capacity estimation and inaccurate current information affects the estimation accuracy. For
example, a micro-internal short circuit (ISC) is a severe battery failure and may cause a
thermal runaway of LIBs [38,39]. Supposing a battery has a micro-ISC fault (inaccurate
current information), the SOC-based method may obtain a smaller capacity estimate, while
the ICA-based method may get a larger capacity estimate. Hence, the weak anti-interference
ability to system error may lead to capacity estimation deviations.

Considering the above problems, this study proposes an adaptive fusion method for
battery capacity estimation under actual EV operation conditions, which takes advantage
of information fusion technologies. Concretely, the SOC-based and ICA-based capacity
estimation constitutes the fusion method, which can fully utilize battery information, in-
cluding the battery current, SOC, and voltage. Moreover, the two base estimators operate in
different working conditions, achieving the fusion framework during complete operating
conditions. Here, the complete operating condition means the combination of discharging
and charging conditions, which simulates the actual working conditions of EVs. The fusion
of different capacity estimations enhances the anti-interference ability against system error
because these two base estimators have different estimation characteristics under inaccu-
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rate battery current information. In our previous work, presented in VPPC 2020, Gijon,
Spain [40], this framework was initially introduced and verified with a fresh battery cell.
Significant extensions are provided in this study. Specifically, an improved estimation and
fusion framework is investigated, in which the noise-compensating method is employed
for capacity estimation during discharging. Moreover, the constructed fusion framework
is validated by experimental data of aged battery cells and with inaccurate current infor-
mation. The main work in this paper can be generalized as follows. Firstly, a general
framework for battery capacity estimation and fusion is proposed, then the SOC-based and
ICA-based capacity estimation approaches are revisited in different operating conditions
and the corresponding error covariance of the two estimates is obtained separately. The
acquisition of the fusion capacity is realized through the Kalman filter. Laboratory exper-
iments simulating the EV operating conditions are designed and performed to validate
the effectiveness of the proposed fusion method under different dynamic conditions and
aging statuses. Furthermore, a practical judgment criterion for the current deviation fault
is proposed based on fusion capacity.

1.3. Outline of the Paper

The remainder of this paper is organized as follows. Section 2 proposes the general
estimation and fusion framework and derives the uncertainties of capacity estimation from
two estimation approaches; further, the adaptive fusion of two estimations is constructed.
The test bench and designed battery experiments are shown in Section 3. Section 4 shows
the experimental results and discusses the accuracy and robustness of the fusion method.
Finally, Section 5 concludes this paper.

2. Multi-Dimensional Capacity Estimation and Fusion

2.1. Development of the Adaptive Fusion Framework

Aiming to realize the adaptive fusion for capacity estimation, a general framework for
battery capacity estimation and fusion is shown in Figure 1a. Three main procedures are
included in the general framework: multi-dimensional capacity estimation, determination
of estimation uncertainty, and fusion center.

 

φ

φ

Figure 1. Battery capacity estimation and fusion. (a) A general framework of multi-dimensional
capacity fusion. (b) The specific implementation in this study.

The multi-dimensional capacity estimation originates from the traditional methods
listed in the literature review. With the increment of onboard chips’ computing ability and
improvement in estimation algorithms, multiple estimation methods can run simultane-
ously and export estimated capacity from different dimensions. Multi-dimensional capacity
estimation brings opportunities for improving estimation accuracy because of the increase
in useful information. The second step is the determination of estimation uncertainty.
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Except for the estimated values, the estimated uncertainties are also essential knowledge
in capacity fusion. The estimated uncertainties reflect the estimation error characteristics
for estimated values and contribute to the adaptive filter-based fusion. The final is the
adaptive fusion center, which receives information from all the capacity estimators and
some adaptive fusion algorithms can be utilized for capacity fusion in the fusion center.
The framework shown in Figure 1a is a centralized fusion system and the weighted average
filter, least squares, and Kalman filter are common technologies in information fusion.

During the fusion process, a state–space function is established to describe the battery
capacity characteristics. Battery capacity is a slowly varying state and can be further
assumed to be disturbed by Gaussian white noise. The following equation is satisfied:

xl+1 = φxl + wl (1)

where xl represents the lth fusion state, φ is the system matrix, and wl is the system noise
during the fusion process and is considered a Gaussian white noise with covariance Ql .

Two structures are usually employed in the fusion center: parallel structure and
sequential structure. The parallel structure handles the independent estimated values from
the transmitting sub-system simultaneously, while the sequential structure successively
deals with the corresponding estimated values. The fusion measurement function can be
expressed as:

zl = Hxl + vl (2)

where zl estimated capacities and zi
l comes from the ith sub-system, H is the output matrix,

and vl is corresponding measurement noise with covariance Ri
l .

It has been approved that parallel structure-based and sequential structure-based
fusion have the same estimation accuracy [41]. Based on the constructed state–space
function, some adaptive filters can obtain the optimal fusion state. Finally, the capacity
fusion based on multi-dimensional estimation will be achieved.

According to the above general battery fusion methodology, together with the vision
of utilizing more battery information effectively and taking advantage of battery operating
conditions, a specific implementation is shown in Figure 1b. Inspired by Ref. [36], the
proposed method will utilize more battery information effectively by combining the char-
acteristics of battery operations. Generally, the implementation of capacity fusion is based
on the sequential structure. It contains three main parts: (1) the SOC-based estimation
during the dynamic discharging, (2) the ICA-based estimation under the stable charging
condition, and (3) the final adaptive fusion under complete operating conditions. The first
two parts have been preliminarily studied in our previous works [42,43]. This study will
further revisit these two methods and obtain the estimation uncertainties, which will be
used for adaptive fusion.

2.2. Revisiting Capacity Estimation at Different Working Conditions
2.2.1. SOC-Based Estimation during the Discharging Condition

The definition of battery SOC can be rewritten as

∑k=k2
k=k1

ikΔt = Cm × (SOCk1 − SOCk2) (3)

where k1 and k2 are different sampling points, Δt is the sampling time, ik is the battery
current, and Cm is the battery capacity. Defining SOC change as X = SOCk1 − SOCk2 and
charge accumulation as Y = ∑k=k2

k=k1
ikΔt, Equation (3) can be transformed to Y = CmX. If

N observations are performed for X and Y, the following equation in vector form can be
obtained:

Y = CmX (4)

where X = [X1, X2, . . . , XN ]
T and Y = [Y1, Y2, . . . , YN ]

T.
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The traditional least-squares method can be used for the solution of Equation (4), if
the system data are accurate enough. However, the system input X and output Y may be
noisy, for example, disturbed by the measurement and estimation noise. The noisy data
can be expressed as {

X = X̃ + εX
Y = Ỹ + εY

(5)

where X̃ and Ỹ are real values and εX and εY are supposed to be zero-mean Gaussian white
noises, respectively. The former noise mainly comes from the SOC estimation uncertainty,
while the current measurement noise and numerical computation error will lead to the
noise on Y. Under these circumstances, the conventional least-squares method is biased
and unsuitable for online capacity estimation.

The total least squares (TLS) is a useful technique for such a system with noisy
data [43–45]. In our previous study [43], co-estimation of battery SOC and capacity is real-
ized. The joint estimation consists of an adaptive extended Kalman filter (AEKF) and a
TLS estimator and uses a Thevenin model to describe the battery dynamic characteristic.
When the AEKF estimator outputs the battery SOC, the TLS algorithm can perform the
capacity estimation according to Equation (4). A Rayleigh-Quotient based TLS is employed
to realize the recursive running of capacity estimation. The minimum of the following
Rayleigh-Quotient function is the solution of the TLS estimator.

J(θn, Rn) =
θT

nRnθn

θT
nθn

(6)

where θn = [Cm − 1]T, Rn is the autocorrelation matrix of the augmented data matrix
H = [X Y]T. A gradient-based method is employed for recursively updating the Cm [45],
where Cm,n = Cm,n−1 + αnXn and αn is to minimize the gradient of Equation (6).

The above procedures realize the capacity estimation during EV discharging and will
be considered one of the essential inputs for capacity fusion.

2.2.2. ICA-Based Estimation during the Charging Condition

Employing differential technology, the ICA method can distinguish the voltage char-
acteristics influenced by battery degradation. The ICA technique is usually adopted to
investigate the battery aging mechanism [46]. For online capacity estimation, the ICA
equation can be rewritten in a discrete form as

IC =
dQ
dV

≈ ΔQ
ΔV

=
Q2 − Q1

ΔV
=

iΔT
V2 − V1

(7)

where ΔV and ΔT are the voltage interval and time interval to calculate the IC value,
separately. The problem is that the selection of ΔV and ΔT is not adaptive and the IC curve
will be susceptible to measurement noise. In our previous work [42], a filter-based method
was proposed to generate the IC curves and this method showed good effectiveness and
less computational cost.

Figure 2 shows the collected IC curves at different cycles under different aging con-
ditions. Therefore, “0.5C-0.5C aging condition” means the accelerated cyclic aging test
uses a 0.5C current for charging, followed by a 0.5C current for discharging. The IC curves
show similar shapes, even at different aging cycles with different aging conditions. During
battery charging, six noticeable features (noted as F1~F6, including peaks and valleys)
on the IC curves can be found. It should be noted that this is only one typical method
for extracting features from IC curves. Dubarry et al. [47,48] presented a comprehensive
summary of features of interest with battery SOH for different kinds of batteries, including
the area, position, and intensity of the IC curves. In this study, with the increase in aging
cycles, the battery IC curves shift significantly downwards and slightly towards higher
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voltage, which means that the IC curve features have a close relationship with battery aging
and can estimate battery capacity.

 
Figure 2. Battery IC curves at different aging cycles. (a) 0.5C-0.5C aging condition. (b) 0.5C-1C
aging condition.

In this study, the height of these features is used for relationship construction because
battery aging has less impact on the position of these features. Considering that when
the battery is seriously aged (aging cycle ≥ 600), F1 and F2 blend together, which is
difficult to identify and unsuitable for capacity, only F3 to F6 are taken into account in the
following discussion.

It has been confirmed that the height of the IC features is linearly correlated to battery
aging (Figure 3). The relationship between these features and battery capacity is constructed
based on linear regression (LR), as shown in the following equation

CICA
m = αi × HFi + βi + εi (8)

where HFi is the height of ith IC features; αi and βi are the regression coefficients; εi is the
error term with zero-mean and variance σ2

i .

 

θ θ

Figure 3. The linear relationship and prediction bands of the ICA method. (a–d) are the diagrams of
F3~F6, separately.
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2.3. Adaptive Capacity Fusion during Complete Operating Conditions

The above content discusses two capacity estimation methods, which mainly use
different information and operate under different EV operating conditions. Inspired by
the multi-source information fusion theory, this study investigates capacity fusion under
complete operating conditions to acquire a more accurate and reliable capacity estimate.

Equations (1) and (2) show the state–space function of the sequential structure-based
fusion. Either the estimated value from the SOC-based method or the ICA-based method
can be regarded as an “observation” of the battery’s actual capacity. Hence, two estimates
(CSOC

m and CICA
m ) can be considered as the actual capacity disturbed by noise. As shown

in Figure 1b, during the discharging process, zl = CSOC
m and, during the charging pro-

cess, zl = CICA
m . Correspondingly, Rl is selected from the uncertainties according to the

operating conditions.
For SOC-based estimation, CSOC

m is realized through the TLS method. Crassidis
et al. [49] derived that the error covariance matrix P of estimated parameters in the TLS
problem is the inverse of the Fisher information matrix F (P = F−1) and gave the approxi-
mate error covariance. Hence, in this study, the uncertainty of the SOC-based estimation is
shown as follows

RSOC =

(
1

θT
nRnθn

n

∑
i=1

XiXT
i

)−1

(9)

where RSOC is the error covariance of estimated CSOC
m ; other variables have the same

meanings as in Equation (6).
For the ICA-based method, CICA

m is realized through the LR method. Equation (8) can
be rewritten in a general form as y = αx + β + ε, where x and y are the regression input
and output. As shown in [50], the estimation of error variance σ2 can be calculated as

σ̂2 =
1

NLR − 2
(Syy − α̂Sxy) (10)

where NLR represents the number of points used for regression, α̂ is the estimation of
α; Sxy = ∑ (xi − x)(yi − y) and Syy = ∑ (yi − y)2, where Sxy is the sum of the deviation
product of x and y and Syy is the sum of the deviation square of y.

The estimation error covariance of the LR method can be expressed as

RICA = [1 +
1

NLR
+

(x′ − x)2

Sxx
]σ̂2 (11)

where Sxx = ∑ (xi − x)2 is the sum of the deviation square of x. In the ICA-based method,
x = HF and x′ means the features obtained online.

Figure 3 shows the linear correlation between actual capacity and heights of IC features
and the 95% prediction band of the LR method is also shown. Here, the prediction band is
calculated based on Equation (11). It can be seen that the prediction band of F4 and F6 is
broader than that of F3 and F5, which means that the error covariance of F4 and F6 will be
larger than others.

The above obtains the estimation uncertainties of two methods and the complete
state–space function is constructed. Due to the simplicity of the state–space function, the
Kalman filter is utilized for state fusion, which has superior performance and is easy to
implement. For detailed procedures of the Kalman filter, refer to [8,22].

3. Experimental Setups and Design

The battery test bench includes a battery test system to implement charging and
discharging procedures, a thermal chamber to provide uniform environmental temperature
and humidity, and a host computer for data logging. A kind of commercial 18650-type
battery (the cathode is LiNi0.8Mn0.1Co0.1O2 and the anode is graphite) is used in this study.
The nominal capacity is 2.9 Ah and the charge/discharge cut-off voltages are 4.2 V and
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2.5 V, respectively. During the experiments, the battery temperature is maintained at 25 ◦C.
The battery experiment is designed to simulate the actual operation of the onboard battery
as much as possible and validate the fusion method, as shown in Figure 4.

Figure 4. The current profiles of the designed experiment.

The battery will discharge to cut-off voltage with a dynamic discharging condition
(DDC), followed by a constant current-constant voltage (CCCV) charging to 100% SOC,
where the constant charging current is 1.375 A and the cut-off current for the CCCV
protocol is about 60 mA. A DDC and a CCCV form a complete operating cycle and the
whole experiment contains five complete cycles (notes as complete cycle 1–5). To verify the
adaptability of the proposed method, three cells with different aging statuses are employed
in this study, as shown in Table 1. During the experiments, Cell 1 and 2 will discharge
with the new European driving cycle (NEDC) and Cell 3 will discharge with the Urban
Dynamometer Driving Schedule (UDDS). The detailed current profiles of NEDC and UDDS
can be found in Ref. [51]. Table 1 also shows the battery’s actual capacity. The battery SOH
is determined as the ratio of residual capacity to the nominal capacity [32,52].

Table 1. Cells used in the experiments.

Cell No. Capacity SOH DDC

Cell 1 2.881 Ah 99.34% NEDC
Cell 2 2.729 Ah 94.11% NEDC
Cell 3 2.537 Ah 87.48% UDDS

4. Results and Discussion

To evaluate the performance of the capacity fusion technique effectively, two general
error criteria, including the maximum absolute percentage error (MaxAPE) and the root
mean square error (RMSE), are adopted. The definition of these two criteria is shown as
follows. The percentage error is used when calculating the RMSE.⎧⎪⎨⎪⎩

MaxAPE = max(
∣∣∣ ŷi−yi

yi

∣∣∣)× 100%

RMSE =

√
1
m ∑m

i=1

(
ŷi−yi

yi

)2 × 100%
(12)

where ŷ and y are the estimated and actual battery capacity and m represents the number
of capacity estimates used for assessment.

4.1. Effectiveness of the Proposed Capacity Fusion

The effectiveness of the capacity fusion technique will be first verified based on the
experimental data for Cell 1. Figure 5 shows the estimation and fusion results.

9
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Figure 5. The capacity estimation and fusion results of Cell 1. (a) The estimated capacity and
uncertainty from SOC-based method during DDC 1. (b) The estimated capacity and uncertainty from
ICA-based method during CCCV 1. (c) The fusion results during 5 complete cycles.

When using the TLS estimator during DDC, the initial capacity is set to 2.9 Ah. Actually,
this initial value has little influence on capacity estimation. Moreover, to prevent the
influence of outliers on capacity estimation, the maximum value during recursion is set to
3.0 Ah. The estimation result during DDC 1 is shown in Figure 5a. The first several values
have large deviations from the actual capacity (the dashed line represents the actual battery
capacity). After convergence (about 2500 s for this condition), the estimated capacity
becomes stable and close to the actual capacity. In addition, the 95% estimation band
becomes narrower after convergence, which means the estimation uncertainties gradually
decrease. Specifically, the convergence time of TLS is set to 1h and the estimated values
before convergence will not be considered during fusion. After convergence, the MaxAPE
and RMSE during DDC 1 are 2.558% and 1.195%, separately, indicating the effectiveness of
the SOC-based method.

The estimation result of the ICA method during CCCV 1 is shown in Figure 5b. The
capacity estimated through the last feature (F6) has the biggest uncertainty. The MaxAPE
and RMSE are 2.747% and 2.135%, which shows insufficient accuracy compared to the
SOC-based method. Another shortcoming is that too few capacity values are updated
based on IC curve features.

For the capacity fusion, the initial parameters of the Kalman filter during fusion are
set to: P0 = 5 × 10−3, Ql = 10−4, and Rl is calculated according to Equations (9) and (11).
The capacity fusion result during the five complete cycles is shown in Figure 5c. It can
be found that most of the estimated values of the SOC-based and ICA-based methods
are smaller than the actual capacity. Through the Kalman filter, the trajectory of fusion
capacity has fewer fluctuations. In most cases, the fusion value follows the estimates from
the SOC-based method. However, when the uncertainty of the SOC-based method is
considerable or the observations come from the ICA-based method, the trajectory of fusion
capacity will change. Moreover, the ICA-based method has a larger estimation deviation
and the fusion method can endure these errors. The first ten values during fusion are
considered the Kalman filter’s convergence process and will be ignored when assessing
the performance. During five complete cycles, the MaxAPEs of SOC-based and ICA-based
methods are 2.328% and 3.278%, while the MaxAPE of the fusion method is 1.862%, which
is reduced by 0.466% and 1.416%, separately, compared with the above single method. It is
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noted that the ICA-based method has few estimates, which influences the performance of
the fusion method.

4.2. Adaptability to Different Aging Statuses

To validate the adaptability of the fusion method, another two cells with larger capacity
attenuation are employed to perform the capacity fusion, as shown in Figure 6. Figure 6a
shows the experimental results of Cell 2. The fusion capacity is closest to the battery’s actual
capacity. At the beginning of each DDC, the TLS estimator exports some outliers, which
results in a significant estimation error. On the contrary, the fusion method utilizes the
information from the ICA-based method and the uncertainty from the SOC-based method
and obtains a more accurate and stable estimation result. In addition, some inaccurate
estimates from the ICA-based method were also corrected. The MaxAPE is reduced by
1.478% and 0.985%, separately, compared with the SOC-based and ICA-based methods,
while the RMSE is reduced by 0.307% and 1.100%.

 
Figure 6. The estimation and fusion results of different cells. (a,b) are the results of Cell 2 and Cell 3.

The estimation results of Cell 3 are shown in Figure 6b. Unlike previous results for the
other two cells, most of the estimated values for the SOC-based and ICA-based methods are
larger than the actual capacity. Under such circumstances, the fusion method filters some
outliers generated from the ICA-based method and obtains a smoother capacity estimation
curve. During the five complete operating cycles, the MaxAPEs of the SOC-based, ICA-
based, and fusion methods are 2.876%, 4.542%, and 2.547%. Compared with the single
ICA-based method, the accuracy improvement in the fusion method is considerable.

Table 2 shows the estimation performance of different methods for cells with different
aging statuses. For these three cells, the maximum MaxAPE and RMSE of the SOC-based
method are 3.298% and 1.780% and those of the ICA-based method are 4.542% and 2.401%,
while for the proposed fusion method, the maximum MaxAPE and RMSE are 2.547% and
1.703%, separately. The proposed fusion methods show the highest estimation accuracy
from the capacity estimation results, indicating the adaptability to different aging statuses.
It has been mentioned in Section 2.1 that the average filter is also a common technology
in information fusion. Therefore, we compare the proposed fusion using the Kalman
filter and traditional fusion using the moving average filter, as shown in Table 2. The
window size for the moving average filter is 5. From Table 2, it can be found that moving
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average fusion also improves the estimation performance compared with SOC-based and
ICA-based methods. Nevertheless, it only uses the estimation value while ignoring the
estimation uncertainty. Comparatively, the proposed fusion method using the Kalman filter
still has a minor estimation error, indicating the effectiveness of the proposed method.

Table 2. The performance of different methods for different cells.

Method Criterion Cell 1 Cell 2 Cell 3

SOC-based
method

MaxAPE (%) 2.328 3.298 2.876
RMSE (%) 1.061 0.882 1.780

ICA-based method
MaxAPE (%) 3.278 2.805 4.542

RMSE (%) 2.300 1.675 2.401
Fusion method:
Kalman filter

MaxAPE (%) 1.862 1.820 2.547
RMSE (%) 1.144 0.575 1.703

Fusion method:
Moving average

MaxAPE (%) 2.239 1.823 2.698
RMSE (%) 1.141 0.751 1.788

4.3. Application with Inaccurate Battery Current Information

As discussed above, inaccurate current information will result in errors in capacity
estimation and different estimation methods may have different error scenarios. For a
battery with an early ISC fault, the measured current is larger than the battery’s effective
current during charging. In contrast, during discharging, the measured current is less than
the battery’s effective current. In this situation, for the SOC-based method, although the
SOC estimator may obtain relatively accurate SOC based on the feedback of measurement
voltage, the calculated charge accumulation is less than the actual value, which will further
result in a smaller capacity estimate. For the ICA-based method during charging, the
calculated IC value according to the measured current will be larger than its actual value;
thus, the capacity estimation based on IC features will be larger.

This section simulates two fault scenarios; one is with a 10 mA current deviation
(noted as Fault 1) and the other is with a 20 mA current deviation (noted as Fault 2). The
experimental data for Cell 1 are used for fault simulation. Figure 7 shows the capacity
estimation and fusion results.

 
Figure 7. The estimation and fusion results of different fault scenarios. (a,b) are the results of Fault 1
and Fault 2.
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With the influence of the current deviation, the SOC-based method’s estimates have a
downward trend, while the ICA-based method’s estimates have an upward trend, com-
pared with the results shown in Figure 5c. It should be noted that if the current deviation
becomes large, the estimates from the ICA-based method will continue to move upward
and the estimation error will become larger.

Compared with the single method, the estimation accuracy of the fusion method is
not much improved. The main reason is that the ICA method outputs too few capacity
estimates, which cannot provide continuous correction to estimates coming from the SOC-
based method. Compared with the SOC-based method, the MaxAPEs of the fusion method
under Fault 1 and Fault 2 are reduced by 0.392% and 0.474%, respectively, while the RMSEs
under two fault conditions are reduced by 0.181% and 0.356%.

It is noticed that the difference between the three methods’ estimation averages under
the above scenarios is different. The difference between the three methods’ estimation
averages is slight for the normal conditions and conditions with a small current deviation.
In contrast, for conditions with a large current deviation, the estimation average of the
SOC-based and fusion method is close, while there is a significant deviation from that of
the ICA-based method. To quantitatively describe the deviation between capacity estimates
caused by inaccurate current information, the following criterion is proposed:

DC = max(

∣∣∣∣∣CSOC
m − CF

m

CF
m

∣∣∣∣∣,
∣∣∣∣∣CICA

m − CF
m

CF
m

∣∣∣∣∣)× 100% (13)

where DC represents the capacity estimation deviation; CF
m, CSOC

m and CICA
m mean the

average during capacity fusion, SOC-based estimation, and ICA-based estimation.
Figure 8 shows the DC for different cells under different current deviations. Note that

with an increase in current deviation, the capacity estimation deviations both show a rising
trend. Moreover, the more severe the battery aging, the higher the rising rate. It can be
found that a threshold can be set to diagnose the fault condition of current inaccuracy. Here,
we set this threshold to TC = 2%. Although the normal conditions and the slight fault
conditions (10 mA deviation) of Cell 1 and Cell 2 cannot be distinguished from each other,
the DC of Cell 3 at the slight fault condition is larger than the set threshold. In addition, all
the cells’ DC values are large than the set threshold. It is noted that the difference between
the estimation averages will become larger with an increase in current deviation. Hence, it
can be confirmed that a fault of current deviation can be identified when DC > TC happens
during capacity estimation and fusion.

 
Figure 8. The capacity deviation for different cells.
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5. Conclusion and Future Research Trends

Accurate and stable capacity acquisition has vital importance to the battery manage-
ment technology in EVs. This study proposes an adaptive estimation–fusion method for
battery capacity, utilizing more battery information and operating under complete battery
operating conditions. The main conclusions of this study are drawn as follows:

(1) A general capacity fusion framework is proposed and then the SOC-based method
and ICA-based method are revisited and employed during different operating conditions;
further, the error covariance of different estimations is analyzed and derived.

(2) The adaptive battery fusion method is realized through the Kalman filter, which
intelligently combines two estimates and takes advantage of estimation uncertainties.

(3) The fusion method outputs more accurate and stable capacity estimates. Owing to
the utilization of more battery information, the maximum MaxAPE and RMSE are 2.547%
and 1.703%, separately, under different aging statuses, which are smaller than traditional
methods. Moreover, a judgment criterion based on capacity estimation and fusion for a
sizeable current deviation fault is proposed.

Based on this research, there are several trends to be explored in future studies:
(1) More capacity estimates involved in fusion and more adaptive noise-matching

methods in determining the process noise covariance will be helpful.
(2) Currently, the estimation during charging is the ICA-based method, which only

updates four capacity estimates. A capacity estimation method with timely updating will
continuously correct estimates from another method.

(3) The adaptability to different temperatures will be verified in further studies. More-
over, the estimation complexity caused by cell inconsistency shall be considered.

This study presents a detailed investigation of the application of information fusion
technology in battery capacity estimation. For complex electrochemical systems, such as
batteries, the information fusion technology will have more application scenarios, for ex-
ample, battery multi-state estimation and remaining-life prediction. With the development
of physical-based modeling and intelligent data-driven methods, as well as the availability
of advanced-sensing techniques, information fusion will have diverse implementations
and combinations to enhance the high-fidelity information acquisition from LIBs.
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Abstract: Lithium secondary batteries have been the most successful energy storage devices for nearly
30 years. Until now, graphite was the most mainstream anode material for lithium secondary batteries.
However, the lithium storage mechanism of the graphite anode limits the further improvement of the
specific capacity. The lithium metal anode, with the lowest electrochemical potential and extremely
high specific capacity, is considered to be the optimal anode material for next-generation lithium
batteries. However, the lifetime degradation and safety problems caused by dendrite growth have
seriously hindered its commercialization. Carbon materials have good electrical conductivity and
modifiability, and various carbon materials were designed and prepared for use in lithium metal
batteries. Here, we will start by analyzing the problems and challenges faced by lithium metal. Then,
the application progress and achievements of various carbon materials in lithium metal batteries are
summarized. Finally, the research suggestions are given, and the application feasibility of carbon
materials in metal lithium batteries is discussed.

Keywords: lithium metal batteries; carbon materials; composite anodes; current collectors

1. Introduction

The use of fossil fuels has made invaluable contributions to the development of
human society. However, problems such as resource depletion and environmental pollution
force human beings to develop new energy systems and adjust the energy structure [1].
New systems such as wind, hydro, solar, and fuel cells are expected to provide clean
and sustainable energy for human society. As an effective way to store and transfer
energy, electrochemical energy storage has gradually become an indispensable part of the
transformation of energy structure [2,3]. Since the advent of lithium-ion batteries in the
19th century, they have become an irreplaceable energy storage device in various fields [4,5].
With the unremitting efforts of researchers, the safety performance, specific energy, and
cycle life of lithium-ion batteries were greatly improved, but they are still far from meeting
the development needs of electric vehicles and portable electronic devices [6,7]. The human
pursuit of high specific energy, long life, and fast charging batteries has never stopped.
In the current commercial lithium secondary batteries, high nickel cathode materials can
provide a specific capacity of 220 mA h g−1 and an energy density of 800 W h kg−1 [8].
However, the intercalation cathode material is limited by the crystal volume and element
quality. Its specific energy is difficult to further improve. In this case, research to improve
the energy density of batteries has mainly focused on the anode side. Widely used graphite
materials have low specific capacity and energy density (specific capacity 372 mA h g−1,
energy density 300–400 W h kg−1). Lithium metal anodes with high specific capacity
(3860 mA h g−l or 2061 mA h cm−3) are considered to be the best choice for next-generation
lithium battery anodes [9–11]. In particular, Li-S and Li-O2 batteries assembled with
high specific energy cathodes such as S or O2 can provide specific energies as high as
650 W h kg−1 and 950 W h kg−1, respectively.
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Lithium metal anodes were extensively studied long before graphite anodes, but were
not effectively used until now. There are three main problems faced by Li metal anodes:
(1) The depositing/stripping of Li metal during cycling is accompanied by a huge change
in its volume, which leads to changes in the internal pressure and structure of the battery.
(2) The side reactions that occur continuously with the battery cycle consume the effective
components in the electrode and the electrolyte, resulting in a decrease in the coulombic
efficiency of the battery or even failure. (3) Lithium metal tends to grow dendrites in
liquid electrolytes. The formation of lithium dendrites has serious consequences: the
larger specific surface area leads to more reactions with the electrolyte; the fracture of
dendrites during cycling will cause part of the lithium metal to detach from the collector
and become “dead lithium”, resulting in a decrease in electrode capacity.; dendrites may
also penetrate the separator and contact the positive electrode to short-circuit the battery
and cause thermal runaway. The above problems have become the bottlenecks that limit
their commercialization [12,13]. Paul Albertus et al. [14] believe that the application of a
lithium battery needs to maintain an average Coulomb efficiency of 99.98% in 1000 cycles
to reach the commercial level, and the current lithium metal anode is still far from this goal.

After more than 40 years of continuous research and deepening understanding of
lithium metal electrodes, various strategies to control dendrite growth and improve the
efficiency of lithium metal electrodes were proposed. These strategies have made various
modifications and designs mainly from the perspectives of electrolytes, separators, SEIs,
current collectors, composite electrodes, and solid electrolytes.

Electrolyte regulation For the electrolyte development of the lithium metal battery,
the composition and structure of SEI are mainly regulated by changing the lithium salts
and additives in the electrolyte [15]. In recent years, high-concentration and localized
high-concentration electrolytes based on a solvated structure design have obtained lithium
metal batteries with high Coulombic efficiency by promoting the decomposition of anions
and reducing the reduction of free solvents [16–20]. However, expensive lithium salts and
diluents hinder its further application. In addition to forming SEI, the electrolyte can also
inhibit the growth of lithium dendrites by forming an electrostatic screen shielding layer
on the surface of the lithium metal electrode. Cs+, Rb+, and other cations can suppress the
formation of lithium dendrites by adsorbing on the surface of lithium metal to form an elec-
trostatic shielding layer, thereby enabling the uniform deposition of lithium metal [21,22].

Separator modification: In the design of the lithium metal battery separator, the main
purpose is to improve its Young’s modulus to suppress the growth of lithium dendrites and
to design the separator with uniform pores to obtain uniform lithium ion flux [23–26]. In
addition, immobilizing inorganic materials or organic groups on the separator can obtain
separators with specific functions, which can improve the safety and cycling stability of
lithium metal batteries [27,28]. Utilizing the pore structure of the separator can also assist
in adjusting the solvation structure of the electrolyte to obtain a functionalized separator
with a wide electrochemical stability window and a stable SEI structure [29].

Artificial SEI The composition and structure of the SEI film on the surface of Li metal
electrodes can be directly and effectively adjusted in situ by changing the composition
of the electrolyte [30]. Artificial SEI layers can also be constructed on Li metal surfaces
by ex situ methods [31,32]. Various organic polymers, inorganics, and organic–inorganic
composite SEIs can provide high mechanical properties to suppress dendrite growth, high
lithium ion conductivity to reduce polarization, and thus, improve the stability of lithium
metal electrodes during battery cycling [33–38].

Current collector design Electrodeposition of lithium metal is closely related to its
current density, and a large specific surface area can effectively reduce the local current
density to inhibit dendrite growth [39]. Adding lithiophilic or nucleation-inducing sub-
stances to the current collector can also reduce the nucleation overpotential or uniform Li
metal deposition. Metals and carbon materials such as Cu and Ni with excellent electronic
conductivity are the two most common current collector materials [40–42]. In addition,
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carbon materials have the characteristics of light weight, high electronic conductivity, and
easy modification and are one of the excellent current collectors for lithium metal anodes.

Solid-state electrolytes: Solid-state electrolytes mainly include organic polymer elec-
trolytes, inorganic ceramic electrolytes, and organic–inorganic composite electrolytes [43–48].
Solid-state electrolytes are considered to be the technical direction with the most potential to
enable lithium metal batteries to be applied. Solid-state electrolytes are believed to provide
high modulus and migration numbers close to unity without causing lithium dendrite
growth. However, in the research of organic and inorganic solid electrolytes, it is found
that short circuit or thermal runaway caused by dendrite growth is still inevitable [49–51].

Various new materials and technologies were tried to solve the problems faced by
lithium metal batteries, but the commercialization of lithium metal electrodes is still full of
challenges. Compared to other materials, carbon materials have excellent electrical and
thermal conductivity. Their structural plasticity and easy modification allow them to be
designed in a variety of shapes and have specific functions. With the rise in materials
science and nanotechnology, carbon materials of different dimensions (0–3D) and different
scales (nano-millimeter) were developed and played a huge role in lithium metal batteries
(Figure 1). In lithium metal batteries, carbon materials are mainly used as current collectors
to disperse current and heat. In addition, carbon materials can also be used as additives
or artificial SEI to participate in lithium metal electrodes to inhibit dendrite growth and
improve battery life.

Figure 1. Various strategies applied by carbon materials in lithium metal batteries.

This review will start from the inherent scientific issues of metallic lithium anodes
and introduce the problems and challenges of metallic lithium electrodes. Then, various
applications of carbon and its derivatives/composites in lithium metal batteries are sum-
marized. Finally, the research of carbon materials in lithium metal batteries is discussed
and suggestions for its development direction are provided.

2. Issues and Challenges of Lithium Metal Anodes

2.1. Nucleation of Lithium Metal

Lithium metal anodes undergo reversible plating and stripping during battery cy-
cling. In each charging process, lithium atoms go through a process from nucleation to
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growth. The nucleation state and growth pattern of Li metal have a huge effect on its
deposition/dendritic morphology.

The nucleation process of Li metal is controlled by the properties of the deposition
substrate, multiphysics, and SEI. Yan et al. [52] compared the nucleation process of lithium
metal on different metal substrates and found that there is an obvious overpotential when
lithium metal is deposited on the surface of a copper current collector, that is, the energy
used to overcome the heterogeneous nucleation (Figure 2a). In contrast, the deposition of
Li metal on the Au surface first forms a Li-Au alloy above 0 V, and then, there is almost no
nucleation overpotential during the deposition process below 0 V (Figure 2b). They also
verified the deposition process of lithium metal on more than ten current collectors and
proved that the properties of the current collector have a significant impact on the lithium
metal nucleation process (Figure 2c,d).

Figure 2. Voltage distributions of galvanostatic Li deposition on copper (a) and gold (b) substrates
(EWE is the potential of the working electrode) (c) Voltage distributions of various materials with
a certain solubility in Li during Li deposition, (d) Displacement voltage distributions for various
materials with negligible solubility in Li [52].

In addition to the properties of the deposition substrate, the presence of various
physical fields can have an effect on the nucleation of lithium metal. Han et al. [39]
observed the nucleation state of Li metal on copper substrates at different temperatures
and current densities by SEM (Figure 3a). At low temperature and high current density, the
nucleation density of Li metal is higher and the particles are smaller. Further, Pei et al. [53]
combined the analysis of the homogeneous nucleation equation and the SEM experimental
results to conclude that the size of the lithium metal nuclei is inversely proportional to the
overpotential, and the nucleus number density is proportional to the third power of the
overpotential (Figure 3b–d).
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Figure 3. (a) Nucleation states of Li metal on copper substrates at different temperatures and current
densities [39]. (b) Schematic diagram of the relationship between critical Li core radius and areal
core density and Li deposition overpotential. (c) Experimental voltage distributions of Li deposition
on Cu at different current densities. (d) Schematic illustration of the size and density of Li nuclei
deposited on Cu at different overpotentials [53].

The use of lithium metal deposition materials with low nucleation overpotential and
effective current density is an important way to regulate lithium metal nucleation. Carbon
materials with high specific surface area and conductivity can effectively disperse the
current density and, thus, make lithium metal deposition more uniform. Compared with
metals such as Cu and Ni, carbon materials are lithiophilic. The lithiophilicity of carbon
materials can be enhanced after doping or chemical treatment. Lithiophilic deposition
substrates can induce more uniform nucleation and growth of lithium metals.

2.2. Growth of Dendrites and Formation of “Dead Lithium”

In terms of material properties, Li metal has a low surface energy and a high diffusion
barrier (calculated about 0.14 eV [54]). During deposition, lithium metal tends to form
a larger surface area to reach the lowest surface energy state. At the same time, lithium
atoms have high diffusion energy on the bulk surface, which makes it difficult for atoms
formed by lithium ions to obtain electrons to diffuse on the surface and form a uniform
and flat structure. The natural properties of lithium metal determine that it tends to grow
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one-dimensionally, that is, to grow into dendrites [55,56]. The growth of lithium dendrites
is mainly affected by factors such as electric field strength, lithium ion flux, current density,
temperature, and pressure [56]. The widely accepted space charge model can well explain
the growth of Li dendrites in the liquid electrolyte. Chazalviel et al. [57] believed that the
space charge layer in dilute solution led to the formation of dendrites. Specifically, at the
initial stage of deposition, lithium ions on the electrode surface gain electrons and become
atoms. However, the lithium ions in the convection region cannot reach the electrode
surface quickly due to the slow diffusion rate, and a concentration gradient of lithium ions
is formed on the electrode surface at this time. The existence of the concentration gradient
resulted in the formation of a space charge layer on the electrode surface. At this time, the
uneven surface of the electrode leads to uneven distribution of electrons at the interface.
Under the combined action of the electric field and ion field, lithium ions will preferentially
deposit at the protrusions (lithium metal nucleation sites or dendrite tip), a phenomenon
also known as the “tip effect”. This growth mode is quantified by Sand and summarized as
Sand’s Time formula to predict the critical condition for dendrite growth [58]:

τs = πD(
C0ezc

2J
)

2
(

μa + μc

μa
)

2
(1)

D =
μaDc + μcDa

μa + μc
(2)

where e is the electron charge, J is the effective electrode current density, zc is the number of
cationic charges, and C0 is the initial concentration of Li salt. μc and μa are the anion and
cation (Li+) mobilities, D is the bipolar diffusion coefficient, Dc and Da are the cation and
anion diffusion coefficients.

It can be seen that reducing the current density can increase the onset time of lithium
dendrite growth so as to achieve the effect of inhibiting the growth of dendrites. Yoon et al. [59]
analyzed the relationship between the current density and deposition capacity of lithium
metal and the growth of lithium dendrites and showed that with the increase in current
density, the critical discharge required to form dendrites first increased and then decreased.
In addition to current density, compressive stress is also an important factor controlling
dendrite growth. Monroe and Newman predicted that shear moduli over 109 Pa could
inhibit dendrite growth [60]. Temperature can affect the growth process and morphol-
ogy of dendrites through the diffusion and surface reaction of Li ions. The study by
Hitoshi Ota et al. [61] found that dendrite growth is more serious at a lower temperature.

In different electrolyte systems, dendrites appear with different morphologies, indicat-
ing that the morphology of lithium dendrites is also controlled by the electrolyte and the
SEI derived from the electrolyte. The presence of defects induces Li metal deposition on
current collectors or SEIs at defects, dislocations, grain boundaries, and even contaminants.
Under the combined action of many influencing factors, lithium dendrites can appear as
needle-like, mossy-like or tree-like. The growth of dendrites mainly leads to three adverse
consequences: penetrating the separator and contacting the positive electrode, resulting
in a short circuit or even thermal runaway of the battery; the larger specific surface area
aggravates the reaction between the electrode and the electrolyte, which consumes the
electrolyte in the battery; lithium dendrites form “dead lithium” after fracture, resulting in
the loss of lithium inventory.

“Dead lithium” formed after lithium dendrites break cannot continue to participate
in the electrochemical process because they are separated from the current collector. The
loss of active material will lead to the decrease in battery capacity, and the large amount
of “dead lithium” wrapped by SEI on the electrode surface will also hinder the mass
transfer process and cause the increase in polarization. The composition of SEI and “dead
lithium” in pulverized lithium anodes can be quantitatively analyzed by titrimetric gas
chromatography [62] and nuclear magnetic resonance spectroscopy [63]. This study found
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that the “dead lithium” that loses activity due to detachment from the current collector is
an important factor leading to battery capacity decay.

In this case, the growth of lithium dendrites can be inhibited by reducing the effective
current density. Carbon materials with high specific surface areas can disperse the current
density, thereby reducing the local current density to obtain a dendrite-free lithium metal
anode. At the same time, carbon materials with good mechanical strength as artificial SEI
can also inhibit the growth of lithium dendrite.

2.3. Solid Electrolyte Interphase of Lithium Metal Anode

The solid electrolyte interphase (SEI) is a passivation interface layer formed by chemi-
cal and electrochemical reactions on the surface of the negative electrode. Similar to the
solid-state electrolyte, the SEI acts to conduct lithium ions and block further reactions
between the active material and the electrolyte. Lithium metal and the electrolyte will
form an SEI film through a chemical reaction at the moment of contact. This is because the
electrochemical window of general organic electrolytes is about 1–4.7 V (relative to Li metal
potential), and the electrode potential of Li metal is lower than the reduction potential of
electrolytes [64,65]. Goodenough et al. [2] explained this phenomenon using the molecular
orbital theory. As shown, the thermodynamic stability of the electrolyte is determined by
its lowest unoccupied orbital (LUMO) and highest occupied orbital (HOMO) (Figure 4).
When the electrochemical potential of the electrode is higher than the LUMO or lower
than the HOMO, the contact between the electrode and the electrolyte will no longer be a
thermodynamically stable state. At this time, the electrode will react with the electrolyte to
form SEI. The presence of SEI complies with the electrochemical potentials of the electrode
and electrolyte so that no further reactions can take place.

 

Figure 4. Schematic diagram of open circuit energy in liquid electrolytes. ΦA and ΦC are the anode
and cathode working potentials, respectively. Eg is the electrolyte thermodynamic stability window.
μA > LUMO and/or μC < HOMO indicate that the SEI layer needs to be formed to reach a kinetically
stable state [2].

The native SEI formed by chemical reaction is often not enough to maintain stability
during the electrochemical process, so the lithium metal electrode will also reduce the
electrolyte through an electrochemical reaction to form SEI. During the electrochemical
process, not only the new electrolyte is reduced to increase and thicken the SEI but the
structure and composition of the original SEI also change. In addition, continuous cracking
and regeneration of SEI also occurs due to the volume change and non-uniformity of
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plating/stripping of Li metal. As shown in Figure 5, Cohen et al. [66] believed that during
the deposition of lithium metal, the growth of lithium dendrites would also break the
SEI, and the fresh lithium metal would continue to react with the electrolyte to form the
SEI. When the lithium metal is peeled off, the brittle SEI film will rupture to expose the
fresh lithium metal. At this time, the exposed lithium metal will continue to react with the
electrolyte to form a new SEI.

Figure 5. Description of the morphology and failure mechanism of Li electrodes during Li deposition
and dissolution, with dendrite formation and heterogeneous Li dissolution accompanied by surface
film destruction and repair [66].

The ideal SEI is believed to have high insulating properties, high lithium selectivity,
and ionic conductivity; to be as thin as possible; with high strength and resistance to
expansion and contraction stresses; to be insoluble in electrolytes; over a wide range of
operating temperatures, and with stability under potential [67]. The active material and
electrolyte components consumed to form the SEI lead to a decrease in battery capacity
and even failure. The formation and evolution of SEI are affected by many factors, such
as electrolyte composition, current collector material, temperature, electrolyte salt concen-
tration, reduction current rate, side reactions, impurities, and uneven current distribution.
The low thickness, complex structure, heterogeneous composition, and dynamic properties
(spatial and temporal variations of morphology and composition) of SEI pose challenges to
a comprehensive understanding of SEI [30].

With the development and innovation of characterization techniques, people’s under-
standing of the structure and composition of SEI is constantly changing. Since SEI is an
insoluble substance formed by the in situ reaction of lithium metal with the electrolyte,
its chemical composition is dependent on the formulation of the electrolyte (salt anion,
solvent, additives, concentration, and solvation structure). In addition, factors such as
current density, cut-off voltage, capacity utilization, temperature, and pressure also have
certain effects on the composition of SEI [30]. In the classic carbonate electrolyte with
LiPF6 as lithium salt, SEI is mainly composed of organic alkyl lithium carbonate (ROCO2Li,
(ROCO2Li)2), inorganic lithium salts (LiF, Li2CO3, Li2O), and a small amount of fluorophos-
phate (LiPOxFy)) [68–70]. There are three main models for the structure of SEI: the bilayer
model [71], the mosaic model [72], and the mosaic pudding model [30,73] (Figure 6). Aur-
bach’s analysis based on Raman, FTIR and XPS found that the SEI is a mixture of various
organic and inorganic substances, and that the inorganic-rich inner layer (in contact with
Li) and the organic-rich outer layer (in contact with the electrolyte) constitute the two-layer
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structure of the SEI. The mosaic model believes that the SEI on the surface of lithium metal
is composed of different lithium salts with mosaic-like morphology and stacking, and its
inner layer is inorganic components, and the outer layer is mainly organic components.
In recent years, based on the application of cryo-transmission electron microscopy, more
researchers believe that the structure of SEI occurs when some single crystals of inorganic
lithium salts are dispersed in an amorphous structure, and the first-principles density
functional theory calculations and experiments have proven that amorphous regions and
grain boundaries are the main routes for lithium ion transport [74].

Figure 6. SEI model: (a) Multilayer model [71]; (b) Mosaic model [72]; (c) Raisin pudding model [30].

The regulation of the electrolyte directly affects the composition and structure of the
anodes’ SEI and is one of the simplest and most effective ways to improve the SEI. The
design and use of an artificial SEI can compensate for the shortcomings of natural SEI and
obtain a stable interface structure and dendrite-free lithium metal anode.

3. Recent Progress

3.1. Electrolyte Additives

The Fermi level of Li metal is lower than most common organic electrolytes, which
leads to the inevitable reduction in Li salt and solvent molecules on the anode surface to
form a solid electrolyte interphase (SEI). As an important component of the electrolyte, the
use of additives can improve the various properties of anodes by forming SEI, changing
the solvated structure, or changing the electric double layer structure [75–78].

Different from general electrolyte additives, carbon materials have electronic conduc-
tivity and can promote lithium metal nucleation when used as additives. Cheng et al. [79]
used octadecylamine-treated nanodiamonds as additives in lithium metal batteries. Nan-
odiamonds with low diffusion barriers provide nucleation sites for Li metal, inducing the
uniform deposition of Li metal. The nanodiamond-decorated electrolyte enables stable
cycling of Li|Li symmetric cells at 2.0 mA cm−2 and 1.0 mA cm−2 for 150 h and 200 h,
respectively. A Coulombic efficiency of 96% was obtained in Li|Cu cells. The addition
of surfactants is bound to affect the battery. Hu et al. [80] added graphene quantum
dots into the electrolyte to continuously control the growth morphology of lithium metal.
Graphene quantum dots with a smaller size can be uniformly dispersed in the electrolyte
without modification.

3.2. Separator Modification

In lithium batteries, the separator mainly functions to separate the electrodes and
allow the electrolyte to pass through. It is a simple and valuable direction to improve
lithium metal battery performance by modifying separators. Coating carbon materials
on the separator surface is a simple and effective strategy. Carbon materials with higher
mechanical strength has an inhibitory effect on dendrite growth. In addition, the porous
carbon material with high specific surface area can control the lithium ions passing through
the separator to be uniformly redistributed and, thus, deposit uniformly on the electrode
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surface. For example, Xu et al. [81] used carbon nanosheet coatings with cubic cavities to
suppress dendrite growth (Figure 7a,b). Connected cubic carbon channels enable stable
Li metal battery cycling by modulating Li deposition behavior. Li|Li symmetric cells
cycled for over 2600 h at 6 mA cm−2 and 2 mA h cm−2, while Li|Cu cells achieved an
average Coulombic efficiency of 98.5% at 2 mA cm−2 and 2 mA h cm−2. Li et al. [82]
coated a thin layer of ultra-strong diamond-like carbon (DLC) on the negative side of the
polypropylene (PP) separator (Figure 7c). The coating not only has a high modulus t to
inhibit the growth of lithium dendrites but also undergoes in situ chemical lithiation with
lithium metal in the battery, transforming into an excellent three-dimensional lithium ion
conductor to redistribute lithium ion flux. The dual role of the DLC/PP separator enables
the Li|Li symmetric cell to achieve stable cycling for over 4500 h at a current density of
3 mA cm−2. Wang et al. [83] coated carbon fibers on the surface of separators for lithium
metal batteries. The presence of carbon fibers improves the spatial electric field on the Li
metal electrode surface and effectively suppresses the tip effect during dendrite growth.
This study also provides new insights into the mechanism of action of carbon materials to
modify the separator.

There are a large number of functional groups on the surface of carbon nanomate-
rials such as graphene oxide, and chemical reactions can be used to modify or modify
these functional groups to obtain materials with specific functions. Li et al. [25] coated
polyacrylamide-grafted graphene oxide nanosheets (GO-g-PAM) on one side of a commer-
cial PP separator (Figure 7d). The robust GO backbone improves the mechanical strength,
and the brush-like PAM chains on the graphene oxide surface contain a large number
of polar groups such as C=O, N-H, etc., which provide functions for the efficient adhe-
sion and uniform distribution of Li ions at the molecular level. Furthermore, the gaps
between the stacked 2D molecular brushes provide a fast pathway for electrolyte diffusion.
Liu et al. [84] coated the surface of the separator with functionalized nanocarbons modified
with lithium p-benzenesulfonate groups and stabilized the deposition of lithium metal
by inducing the opposite growth of lithium dendrites from the current collector and the
separator (Figure 7e). In Li|LFP coin cells, this method can achieve long-term stable cycling
(800 cycles with 80% initial capacity retention and 97% Coulombic efficiency).

3.3. Artificial SEI

The native SEI on the surface of Li metal electrodes is often difficult to adapt to the
huge volume changes and electrochemical reactions of the electrodes during cycling. An
artificial SEI used in situ and ex situ was designed to obtain a more stable interface structure.
Carbon materials have good mechanical strength and good chemical/electrochemical
stability. Carbon materials with different structures and their composites are designed as
an artificial SEI to stabilize the electrode–electrolyte interface.

Cui et al. [37] used a monolayer of interconnected amorphous hollow carbon nanospheres
as an artificial SEI layer to cover the Li metal surface (Figure 8a,b). The highly insulating
top surface of the hollow carbon nanospheres promotes the deposition of metallic Li under
the carbon nanospheres. The carbon layer as SEI can easily adapt to the volume change of
Li metal during cycling. The Li|Cu half-cell assembled with ether electrolyte maintained a
Coulombic efficiency of 99% for 150 cycles at a current density of 1 mA cm−2 and an areal
capacity of 1 mA h cm−2.

Graphene has excellent mechanical properties. The presence of defects and functional
groups gives it excellent processability properties. Graphene and its derivatives or compos-
ites have received extensive attention as strategies for artificial SEI-stabilized lithium metal
anodes [85–87]. Zhou et al. [88] covered the Li metal surface with several layers of parallel
aligned graphene (Figure 8c). Flexible graphene films can adapt to the volume change of
lithium metal during cycling. The Li|Li symmetric cell with this artificial SEI can operate
for 1000 h at a current density of 5 mA cm−2 and a deposition capacity of 2.5 mA h cm−2.
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Figure 7. (a) Schematic illustration of Li-ion deposition in batteries with pristine separators or CNCC-
coated separators. (b) SEM and TEM images of the CNCC coating [81]. (c) Schematic illustration of Li
dendrite growth in pristine PP and LMB based on DLC/PP separator [82]. (d) Schematic illustration
of Li ion deposition on electrodes with microscopic surface roughness [25]. (e) Growth of dendrites
in blank cells and FNC cells [84].

Benefiting from the simple preparation process and good modification properties of
graphene, a graphene artificial SEI combined with three-dimensional current collectors
can provide higher Coulombic efficiency for lithium metal batteries. Xie et al. [89] grew
graphene on the surface of nickel foam by chemical vapor deposition(CVD), and lithium
metal was uniformly deposited between the nickel foam and graphene (Figure 8d). The
graphene-based artificial SEI layer can inhibit the growth of dendrites and improve the
cycling stability of the battery. On this basis, Wang et al. [35] composited graphene ox-
ide and P(SF-DOL) to form an artificial SEI layer. The addition of polymers with Li-ion
conductivity provides the artificial SEI with flexibility and Li-ion conductivity (Figure 8e).
Combined with the three-dimensional copper foam current collector, the lithium metal bat-
tery protected by this artificial SEI maintains an average Coulombic efficiency of 99.1% over
300 cycles at a current density of 4.0 mA h cm−2 and a deposition capacity of 2.0 mA cm−2

(Figure 8f). In addition, graphene can also be composited with Prussian blue [90], LiF [91],
etc. as artificial SEI layers to obtain dendrite-free Li metal batteries.

3.4. Current Collector Design
3.4.1. Lithium Metal Anode Using Carbon Material as Current Collector

As an important component of lithium batteries, current collectors not only play the
role of transferring electrons between active materials and external circuits but also diffuse
the heat generated inside the battery [92]. Meanwhile, the 3D current collector design
can not only tolerate the huge volume change of Li metal during cycling but also achieve
uniform Li deposition by reducing the current density. The properties of current collectors
play an important role in the nucleation and deposition morphology of Li metal. Compared
with metal materials, carbon materials have the advantages of low specific gravity and
high abundance, as well as excellent electronic conductivity and lithiophilicity [93]. Thanks
to their good plasticity and modifiability, various scales and various functionalized carbon
materials were designed as current collectors for lithium metal batteries [94–98]. The large
specific surface area can effectively reduce the local current density. At the same time, the
lithiophilicity of carbon materials can be improved through surface modification to induce
the uniform deposition of lithium metal. According to the morphological characteristics
of the carbon material monomer, it can be divided into several categories from 0D to 3D.
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Among them, 0D carbon materials mainly include carbon spheres, carbon nanoparticles,
carbon quantum dots, etc.; 1D carbon materials mainly include carbon nanotubes, carbon
nanowires, carbon fibers, etc.; 2D materials mainly include graphene, carbon nanosheets,
etc.; 3D materials mainly include porous carbon, aerogel, and three-dimensional structures
built from various carbon materials. Studies using carbon of different dimensions as current
collectors are summarized and listed in Table 1.

 

Figure 8. (a) Schematic illustration of the deposition of lithium metal in the presence of a stable SEI
layer created by the hollow carbon nanosphere layer-modified copper substrate. (b) SEM image of
hollow carbon nanospheres after initial SEI formation [37]. (c) Morphological changes and schematic
diagrams of graphene films on Li metal anodes [88]. (d) Schematic illustration of Li deposition on
bare copper foil, nickel foam, and 3D graphene@Ni foam. (e) Schematic illustration of molecular-level
design of polymer-inorganic SEI using reactive polymer composites [89]. (f) Efficiency of Li|Cu 3D
cells with RPC artificial SEI protection at a capacity of 4.0 mA h cm−2 [35].

Table 1. Performance of lithium metal batteries using carbon materials as current collectors.

Current Collector
Half Cell Performance
(Cycle Number/h, CE)

Operating Conditions
(Current Density/mA·cm−2,
Areal Capacity/mA h·cm−2)

Reference

0D

Au@hollow carbon sphere 300, 98% 0.5, 1 [52]

S-doped carbon nanospheres 220, −97.5 % 0.5, 1 [99]

Nitrogen-doped hollow porous carbon spheres 270, 98.5% 1, 1 [100]

hollow carbon spheres modified with evenly
dispersed Ni2P nanoparticles 400, 98.4% 1, 1 [101]

1D

graphitic carbon tubes 350, 99.3% 0.5, 1 [102]

hollow carbon fiber 350, 99.5% 0.5, 2 [103]

Lotus-root-like Ni–Co hollow prisms@carbon fibers 250, 98% 3, 1 [104]

Li/carbon nanotube hybrid 150, 95% 1, 0.5 [105]

hollow carbon fiber 350, 99.5 0.5, 2 [106]

oxygen-rich carbon nanotube 200, 99% 2, 1 [107]
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Table 1. Cont.

2D

layered reduced graphene oxide - - [108]

oxygen-codoped vertical carbon nanosheet arrays 325, 98% 0.5, 1 [109]

S-doped graphene 180, 98.23% 1, 0.5 [110]

3D fluorine-doped graphene 150, 98% 2, 1 [111]

3D

Nitrogen-doped amorphous Zn–carbon
multichannel fibers decorated with carbon cages 800, 98% 1, 1 [112]

Au nanoparticles@graphene hybrid aerogel 175, 91.2% 1, 1 [113]

Carbon nanofiber-stabilized graphene aerogel film 100, 98.5% 3, 1 [114]

Although different morphologies of carbon materials can be used as current collectors
for lithium metal electrodes, in order to obtain large specific surface area and porosity, most
strategies are to design materials into 3D structures. The 3D carbon structure provides a
larger specific surface area to reduce local current density, higher porosity, and mechanical
strength to accommodate the volume change in Li metal during deposition and exfoliation.
Infusion of molten lithium metal into 3D current collectors is the most common method,
but this also requires the current collector itself to have a certain lithiophilicity [115].
Lin et al. [108] obtained graphene oxide films with good lithiophilicity through Li-assisted
reduction vacuum filtration and then injected molten lithium into the uniform nano-gap
of the graphene films (Figure 9a). The layered graphene can not only adapt to the huge
volume change of Li metal but also stabilize the deposition and interface structure of Li
metal. The mass fraction of graphene in the electrode is only 7%, which ensures the high
specific capacity of the electrode.

In addition to the simple use of carbon materials to build 3D conductive frameworks,
the modification of carbon materials and their surfaces can obtain current collector materials
with special functions. Modification methods mainly include: doping, deposition, and
chemical group modification.

Doping is a common means of modifying carbon materials. Elements such as N, O,
and S can be doped into carbon materials to improve their lithiophilicity. Zhang et al. [116]
designed a N, S co-doped ordered mesoporous carbon nanospheres as a deposition sub-
strate for Li metal electrodes. The experimental and computational results show that the
synergistic effect of N/S double doping enhances the surface electronegativity of the carbon
spheres and lowers the nucleation energy barrier of Li-Au on the surface of the carbon
spheres, enabling uniform nucleation in the initial stage, thereby inducing branch-free
crystalline Li deposition. At the same time, N and S elements also help to form a more
stable SEI layer, which prolongs the cycle life (400 h) of lithium metal symmetric batteries
at high current density (20 mA h cm−2).

In addition to doping, loading lithiophilic metal materials on the surface of carbon
materials can induce nucleation and reduce overpotential [117,118]. Li et al. [119] and
Tian et al. [120] coated the carbon cloth with Au and Ag layers, respectively, and then
placed the metal-coated side away from the separator when assembling the battery. Lithium
metal preferentially nucleates and grows at the metal coating during deposition. At the
same time, the upper part of the porous skeleton of the carbon cloth also provides enough
space to buffer the volume expansion of metallic lithium.

There are a large number of active functional groups on the surface of carbon materials
such as graphene oxide and carbon nanotubes. Using these active sites to design chemical
reactions can obtain carbon materials with specific functions. For example, Gao et al. [121]
introduced benzenesulfonyl fluoride molecules on the surface of reduced graphene oxide
aerogels (Figure 9b). During the metal deposition process, the labile molecules not only gen-
erate metal-coordinated benzenesulfonate anions to guide homogeneous metal deposition
but also introduce lithium fluoride into the SEI to improve the SEI composition on the Li
surface. High-efficiency lithium deposition with low nucleation overpotential is achieved
at a current density of 6.0 mA cm−2. Niu et al. [106] designed a lithium anode structure
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based on an amine-functionalized mesoporous carbon fiber framework (Figure 9c). The
introduction of amine groups enhanced the wettability of carbon fibers to lithium metal,
which enabled the smooth deposition of lithium metal on the surface of carbon fibers.
The full cell assembled with this anode can maintain stable cycling for 200 cycles at a low
N/P ratio (< 2).

 

Figure 9. (a) Preparation of the layered Li-rGO composite film [108]. (b) Schematic illustration
of the stabilized lithium deposition interface using the active organic molecule benzenesulfonyl
fluoride (BSF) [121]. (c) Schematic illustration of the self-smoothing behavior of the lithium–carbon
anode [106].

It is worth noting that either excess Li metal or excessively heavy current collectors
will weaken or even offset the advantages of Li metal’s high specific energy. Therefore,
the design of thin and light and lithium-lean/lithium-free anodes has practical application
value. The design of the 3D current collector is one of the most widely used and promising
solutions for carbon materials in lithium metal batteries.

3.4.2. Graphite–Lithium Metal Composite Electrode

In recent years, a graphite-lithium metal composite electrode was proposed to simulta-
neously obtain the intercalation capacity of the graphite anode and the conversion capacity
of the lithium metal by depositing a certain amount of lithium metal on the graphite
electrode [122]. The use of 3D porous graphite hosts is expected to alleviate the volume
expansion and dendrite growth problems of Li metal. Compared with the general lithium
metal anodes using metal or carbon materials as current collectors, LiC6 formed by graphite
intercalation is considered to have good lithiophilicity [123]. Lithium metal can obtain
lower nucleation overpotential on the surface of LiC6, resulting in more uniform deposition.
In addition, the current collector material occupies more mass and volume in the electrode,
which weakens the advantage of the high specific volume of the metal lithium electrode.
The use of graphitized carbon materials with lithium intercalation ability combined with
lithium metal is expected to break the capacity limitation of graphite anodes and provide
electrodes with higher effective capacity. It is worth noting that ordinary lithium metal
batteries often use an excess of lithium metal as the negative electrode, thereby ignoring
the volume/mass ratio of the negative electrode in the battery. The lithium-free design
of the composite anode is expected to improve the specific capacity of the full cell. From
a practical point of consideration, the graphite–lithium metal composite electrode uses
a commercial graphite anode as the lithium deposition substrate without changing the
existing production process. Graphite has the advantages of high abundance and low cost,
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and the use of graphite as the deposition substrate of lithium metal has high application
feasibility. The design of the composite electrode is actually a compromise between the
advantages and disadvantages of graphite and lithium metal. The specific capacity of
graphite is improved while maintaining the stability and safety.

Although graphite-lithium metal composite anodes have many advantages compared
with graphite anodes or lithium metal anodes, they also face many difficulties and chal-
lenges. Graphite was intensively researched and widely used as a mature lithium-ion
battery anode. After Li metal is deposited on the graphite surface, the excess Li coating
quickly fails in common carbonate-based electrolytes, resulting in a rapid decrease in
battery capacity [124].

Graphitized carbon materials with various structures and functions have begun to
be used as active substrates for lithium metal. These graphitic materials mainly function
as 3D current collectors in electrodes [125]. A composite electrode with a higher capacity
was obtained by depositing lithium metal into the voids of artificial graphite by Cui et al.
(Figure 10a) [126]. Wan et al. [125] deposited Li metal on a 3D framework wrapped by
graphitized carbon spheres, and the full cell assembled with LiFePO4 achieved a lifespan of
1000 cycles using an anode with 5% Li pre-deposited by electrochemistry. Zuo et al. [127]
reported that the graphitized carbon fiber electrode can be used as a multifunctional 3D
current collector to enhance the lithium storage capacity. Intercalation and electrode-
position reactions can provide areal capacities up to 8 mA h cm−2 without significant
dendrite formation.

Figure 10. (a) Voltage variation of Li metal deposition in bulk artificial graphite [126]. (b) Schematic
and specific energy of the hybrid Li-ion/Li-metal battery [122]. (c,d) Characterization of the morpho-
logical evolution of lithium intercalation and electroplated graphite electrodes. (e) Electrochemical
performance of the lithium–graphite composite battery with localized highly concentrated elec-
trolyte [128]. (f) Schematic illustration of the effects of NG and BMG structures on Li deposition and
carbon structure evolution [129].
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However, the research on graphite–lithium metal electrodes often ignores the capacity
contribution of graphite itself, which also makes the volume-specific energy advantage
of composite anodes not effectively utilized. In recent years, Dahn et al. [122] proposed
the concept of lithium ion–lithium metal composite batteries. They believe that the use
of graphite–lithium metal composite anode can increase the volume energy density of
the anode from 530 W h L−1 to 890 W h L−1 (Figure 10b). However, the composite
anode used by Dahn mainly deposits lithium on the surface of graphite to form a double-
layer structure, and no further studies on the distribution of lithium were carried out.
Zhang et al. [128] explored the boundary values for Li plating on graphite (Figure 10c–e).
Combined with thermal monitoring, SEM, TOF-SIMS, and other characterizations, the
properties of graphite–lithium metal electrodes with different lithium contents were tested.
Their results show that the electrode surface has the most uniform lithium distribution
when depositing lithium metal with a graphite capacity of 25%. Of course, the boundary
value is affected by many conditions such as temperature, magnification, porosity, etc., and
more work is needed to verify.

From a material point of view, reducing the particle size of graphite is considered
to be more effective to obtain a more stable structure and a larger specific surface area
(Figure 10f) [129]. The study of Chen et al. [124] showed that the capacity attenuation of
graphite–lithium metal composite anodes mainly comes from the accumulation of dead
lithium and the decrease in graphite capacity. The results of in situ X-ray microtomography
analysis also confirmed this statement [130]: the main reason for the decrease in capacity
after lithium deposition from graphite is that the graphite under the lithium metal layer is
affected by mass transfer and cannot achieve the effective intercalation of lithium ions.

The focus of graphite–lithium metal composite anode research is on the construction of
stable SEI and the maintenance of battery capacity. In order to construct a more robust SEI,
Wu et al. [131] obtained a graphite–lithium metal composite anode with a longer cycle life
by coating PVDF on the surface of the graphite electrode. By changing the carbon matrix or
electrolyte, a uniform and stable in situ SEI can be effectively constructed. Wang et al. [132]
fluorinated the edge of mesocarbon microspheres to obtain an LiF-rich stabilized SEI.
Benefiting from the extensive research on lithium metal anodes in recent years, electrolyte
systems suitable for lithium metal anodes were also used in graphite–lithium metal anodes.
Lithium salts such as LiBF2(C2O4)- LiBF4 [122], LiFSI [124,133] were used in composite
electrodes and obtained more stable SEI and higher Coulombic efficiency. Zhang et al. [128]
used a localized highly concentrated electrolyte to promote more uniform Li deposition,
and the full cell matching NCM532 achieved a capacity retention of 80.2% after 500 cycles.

3.5. Carbon Materials in Solid-State Batteries

In lithium metal solid-state batteries, especially inorganic ceramic solid-state batteries,
the solid–solid contact between the electrolyte and the two electrodes is poor, and some elec-
trolyte materials have poor compatibility and affinity with lithium metal. In order to obtain
a stable structure, the use of carbon materials as interface layers or current collectors can
improve the interface stability and affinity of lithium metal anodes with solid electrolytes.
Feng et al. [134] obtained a pure air-stable surface on Li6.75La3Zr1.75Ta0.25O12 (LLZTO) by
thermal decomposition vapor deposition (TVD) (Figure 11a). Benefiting from the amor-
phous structure of low graphitized carbon (LGC), instantaneous lithiation is achieved,
and the impedance of the Li/LLZTO interface is reduced to 9 Ω cm−2. Chen et al. [135]
carbonized a mixture of phenolic resin and polyvinyl butyral on the surface of LLZTO to
obtain a porous hard carbon layer (Figure 11b). The multi-layered pore structure of the
hard carbon layer provides capillary force and large specific surface area, which, coupled
with the chemical reactivity of the carbon material with Li, facilitates the penetration of
molten Li with the garnet electrolyte. The Li/LLZTO interface exhibits a low interfacial
resistance of 4.7 Ω cm−2 and a higher critical current density at 40 ◦C. Lee et al. [136] mixed
silver and carbon nanoparticles to make anodes, and during the deposition and exfoliation
of Li metal, the silver and carbon nanoparticles moved away from the electrolyte and closer
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to the electrolyte, respectively (Figure 11c). The gradient electrode structure provides both
nucleation sites and interfacial protection layers for Li metal deposition. The pouch cells
assembled with silver pyroxene Li6PS5Cl exhibited high energy density (900 W h l−1) and
superior cycle life (1000 cycles, Coulombic efficiency 99.8%).

 

Figure 11. (a) Amorphous low graphitized carbon stabilized Li/LLZTO interface [134]. (b) Li/LLZTO
interface stabilized by the porous hard carbon layer [135]. (c) Schematic illustration of the role of the
Ag-C nanocomposite layer on the current collector to stabilize the Li coating during charging and
discharging [136]. (d) Comparison of the interfacial behavior of LLZTO with pure Li and Li-C [137].
(e) Schematic illustration of the deposition process on Li metal and 3D composite anode in an
all-solid-state Li metal battery [138].

In addition, graphite–lithium metal composite electrodes can also be designed using
the lithiophilic properties of graphite in solid-state batteries. Duan et al. [137] cast a mixed
slurry of lithium metal and graphite into a pole piece and applied it in an LLZO electrolyte
battery (Figure 11d). The graphite–lithium metal composite electrode can effectively
improve the affinity with the solid electrolyte and reduce the interfacial impedance.

Integrating graphite directly into solid-state electrolytes can utilize the interstitial
spaces between graphite and ceramic particles to store lithium metal. Furthermore,
the lithium-free negative electrode design can also obtain high specific energy batter-
ies. Ping Liu et al. [138] mixed graphite into the sulfide solid electrolyte, and the resulting
composite anode could effectively alleviate the infiltration of lithium metal in the lattice
gap and prevent short circuits (Figure 11e). The critical current density of the electrode
increases and the interface resistance decreases.

The main problem in organic polymer electrolytes is their low electrical conductivity.
Adding fillers can effectively reduce the crystallinity of the electrolyte and improve the
conductivity. Materials such as graphene [139,140] and carbon quantum dots [141] as fillers
added to polymer electrolytes can simultaneously improve the mechanical properties and
electrical conductivity of the electrolytes.
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4. Summary and Outlook

Compared with other materials, carbon materials are unique in the field of energy
storage due to their low cost, controllable microstructure, tunable electrical conductivity,
and modifiable surface structure. Diverse carbon materials have played a huge role in
lithium metal batteries. Lithium metal batteries using carbon materials as current collectors
can effectively reduce the current density and disperse heat. For the modified carbon
material, it will also have the effect of regulating the nucleation and growth of lithium
metal. In particular, graphitized carbon materials can be used as a deposition substrate to
effectively improve the coulombic efficiency of the anode. The use of carbon materials as
additives or artificial SEI in lithium metal batteries can achieve the role of stabilizing the
interface layer. In solid-state batteries, carbon materials as interface layers can improve
the wettability of lithium metal and electrolyte and increase the ultimate exchange cur-
rent density. We summarize the application and research of carbon materials in lithium
metal batteries in recent years. These works explore the possibilities of carbon materials
from various angles. Combined with our reflections on current research, we make some
empirical recommendations:

1. When introducing carbon materials into the design of lithium metal batteries, the neg-
ative effects of carbon materials, such as chemical/electrochemical stability, structural
stability, etc., should be considered at the same time.

2. When designing carbon-based three-dimensional current collectors, the effects of
porosity and specific surface area should be considered at the same time. The size of
porosity directly affects the mass transfer process of lithium ions: too large porosity
will weaken the advantages brought by the 3D structure, while too small porosity
will affect the mass transfer process of lithium ions in it. A large specific surface area
can achieve more uniform deposition by dispersing the local current density, but at
the same time, it will also increase the SEI film area and reduce the first effect and
Coulomb efficiency of the battery.

3. The lithium metal foil used in the laboratory test is generally thick. The excessive
lithium metal and electrolyte greatly prolong the failure time of the battery. When con-
ducting battery tests, the experimental conditions should be scientifically controlled
in order to truly reflect the role of materials in the battery.

4. Pay attention to the overall specific capacity of the battery. Excess lithium metal will
reduce the actual specific capacity of the battery. The use of carbon materials can
improve the cycle stability and battery life of lithium metal batteries to a certain extent.
However, the mass and volume of carbon materials themselves are often overlooked.
Controlling the lithium–carbon ratio is particularly important to ensure the specific
capacity of the battery.

5. The experiment is established on the basis of the full cell, and its feasibility is verified
with a pouch cell or a cylindrical cell.

With the advancement of materials science and the development of nanotechnology,
carbon materials are increasingly incorporated into various battery systems and are success-
fully applied. With the unremitting efforts of mankind, carbon materials will also provide
a strong boost to the development of lithium metal batteries.
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Abstract: Typically, the practical lithium-ion capacitor (LIC) is composed of a capacitive cathode
(activated carbon, AC) and a battery-type anode (graphite, soft carbon, hard carbon). There is a
risk of the LIC cell overcharging to an unsafe voltage under electrical abuse conditions. Since the
anode potential is usually quite low during the charging process and can be controlled by adjusting
the amount of anode materials, the overcharge performances of LIC full-cell mainly depend on the
AC cathode. Thus, it is necessary to independently investigate the overcharge behaviors of the AC
cathode in nonaqueous Li-ion electrolytes without the interference of the anode electrode. In this
work, the stable upper potential limits of the AC electrode in three types of lithium-ion electrolytes
were determined to be 4.0−4.1 V via the energy efficiency method. Then, the AC//Li half-cells were
charged to 5.0 V and 10.0 V, respectively, to investigate the overcharge behaviors. For the half-cells
with propylene carbonate (PC)-based electrolytes, the voltage increased sharply to 10.0 V with a
vertical straight line at the end of the overcharging process, indicating that the deposits of electrolyte
decomposition had separated the AC electrode surface from the electrolytes, forming a self-protective
passivation film with a dielectric capacitor behavior. The dense and compact passivation film is
significant in separating the AC electrode surface from the electrolytes and preventing LIC cells from
volume expansion and explosion risks under electrical abuse and overcharging conditions.

Keywords: lithium-ion capacitors; energy efficiency; electrolyte; overcharge; gas evolution; passivation film

1. Introduction

The lithium-ion capacitor (LIC) is a type of novel asymmetric supercapacitor that
combines the lithium-ion intercalated electrode of Li-ion batteries (LIBs) with the electrical
double-layer electrode of supercapacitors [1–6]. In 2002, Kanebo Ltd. and Fuji Heavy Indus-
try developed practical LICs employing porous carbon cathodes, pre-lithiated polyacenic
semiconductor (PAS) anodes, and electrolytes using a laminated structure. After that, other
companies, e.g., the JM Energy corporation (Musashi Energy Solutions Co., Yamanashi,
Japan) and TAIYO YUDEN company (Tokyo, Japan), also pushed the commercialization of
LICs based on various technical routes [7]. After pre-lithiation treatments [8,9], the anode
potential reduces, and the stable working voltage of the practical LIC cell increases to
3.8 V [10,11].

However, sometimes LIC cells can be charged to a voltage higher than the rated voltage,
also known as overcharge, under electrical abuse conditions such as the malfunction of
charging equipment and/or the inappropriate design of the capacitor management system
(CMS) [12–15]. Oca et al. [12] examined the overcharge process of commercial 1100 F LIC
pouch and 3300 F LIC prismatic cells. When the LIC cell was charged to the high voltage of
4.6 V, the LIC cell revealed an exothermic reaction, accompanied by gaseous products and a
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remarkable swelling of the pouch cell. For the prismatic LIC cell, the endothermic process
was observed for a voltage lower than 4.4 V, and with the overcharge period continuing,
the cell temperature increased gradually. After the LIC cell voltage reached 5.0 V, the cell
voltage dropped, and the cell temperature could be as high as 76 ◦C. Due to a large amount
of gas products and the high pressure in the metallic case, the vent of the laminate cell
opened [12]. Bolufawi et al. [13] studied the overcharging performance of a 200-F LIC
cell manufactured by General Capacitor LLC. The LIC cell was charged from 4.0 V to the
maximum voltage of 6.7 V, and then the voltage dropped. Accordingly, the cell temperature
increased from the ambient temperature to about 37 ◦C, along with swelling and gassing.

Considering that the anode potential of the LIC full-cell is usually confined to a
relatively small range (e.g., 0.1–0.5 V vs. Li+/Li), and the anode potential can even be
ca. 0 V vs. Li+/Li in a fully charged state [16–18], it is presumed that the upper potential
of the cathode can exceed the oxidative decomposition limits of electrolyte in the case
of overcharging. Therefore, the overcharge behaviors of LICs mainly depend on the
activated carbon (AC) cathode [19,20]. Thus, it is necessary to independently investigate
the overcharge behaviors of AC cathode in nonaqueous Li-ion electrolytes without the
interference of the anode electrode. In this work, the stable upper potential limits of
AC electrodes in various electrolytes were determined through the energy efficiency (EE)
method, and the AC//Li half-cells were overcharged to 5.0 V to assess the overcharge
performances of the AC electrode. Furthermore, the AC//Li half-cells were charged as
high as 10.0 V, and a substantial self-protective passivation effect was observed.

2. Materials and Methods

The AC electrodes were provided by the Tianjin Planno Energy Technology com-
pany. Three common nonaqueous electrolytes were adopted in this study. 1 M lithium
bis(fluorosulfonyl)imide (LiFSI) solution in propylene carbonate (PC), denoted as PCE;
1 M lithium hexafluorophosphate (LiPF6) dissolved in the mixture solvent of ethylene
carbonate (EC), diethyl carbonate (DEC), and dimethyl carbonate (DMC) in a 1:1:1 volume
ratio, denoted as EDD; and 1 M LiFSI dissolved in the solvent mixture with EC, PC and
DEC in a volume ratio of 3:1:4, denoted as EPD.

The AC electrodes were cut into a suitable shape with a width of 35 mm and a length
of 40 mm, cold pressed under 6 MPa, and then dried in a vacuum oven for more than 8 h
at 80 ◦C. In this work, the pouch cell was employed, which consisted of one single-faced
AC electrode and one Li foil counter electrode. The AC electrode was separated with a Li
electrode by an FPC3018 composite cellulose separator composed of cellulose and polyester
(Mitsubishi Paper Mills, Ltd., Tokyo, Japan). In an argon-filled controlled-atmosphere
glove box (MBRAUN, Shanghai, China, H2O < 0.1 ppm, O2 < 0.1 ppm). After the Li-ion
electrolyte solution was injected, the aluminum-plastic package was hermetically sealed.

The AC//Li half-cells were galvanostatic charged and discharged using a Neware
battery charger (CT-4008T-5V10mA-164, Shenzhen, China) and overcharged to 10.0 V
using a VMP3 electrochemical station (BioLogic, Seyssinet-Pariset, France). The surface
morphologies of AC electrodes after overcharging process were observed by a CIQTEK
scanning electron microscope (SEM3100, Hefei, China) coupled with energy-dispersive
X-ray spectroscopy analysis (Element EDS, EDAX, Pleasanton, CA, USA). The released
gaseous products at high voltage were analyzed on a Thermo Scientific TRACE 1300 series
gas chromatograph (Shanghai, China).

3. Results

3.1. Stable Upper Potential Limits of AC Electrode

Energy efficiency (EE) variation can be adopted as a useful tool to determine the
stable upper and lower potential limits of AC electrodes in aqueous or nonaqueous elec-
trolytes [16,21–23]. According to the galvanostatic charging and discharging profiles of the
AC//Li half-cell, EE is defined as the ratio of the discharge energy to the charge energy,
which considers the impacts of the capacity loss and the voltage drop during the charging
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and discharging processes. In addition, the Coulombic efficiency (CE) is termed as the ratio
of the discharged capacity to the charged capacity, and the voltage efficiency (VE) is termed
as the ratio between the discharging plateau voltage and the charging plateau voltage of the
AC//Li half-cell. When the subtle redox reaction (charge transfer reaction) occurs at the
electrode/electrolyte interface on the AC electrode, the electrolyte decomposition reactions
can result in the deposition of insoluble products and the formation of passivation film
(cathode electrolyte interphase, CEI) on the surface or in the accessible pores of the AC
electrode. Here, EE is much more sensitive to irreversible redox reactions than CE due to
the cumulative effect of VE and CE [23]. Therefore, the sudden drop in EE can be used as
a basis for judgment of the stable upper potential limit of the AC electrode. The change
trends of CE and VE can be used as references.

The AC//Li half-cells with different Li-ion electrolytes were galvanostatic charged
and discharged from the potential of zero charge (abbreviated as pzc, about 3.08 V) [24] to
various cut-off voltages at 2 mA. The vertex voltage increased from 3.4 V to 4.5 V with a 0.1
V-step, as shown in Figure 1a. The EE, CE, and VE values as functions of vertex voltage
are shown in Figure 1b. According to the EE criterion to determine the cut-off voltage,
the stable upper potential limits of AC electrodes in EDD, EPD, and PCE electrolytes can
be determined to be 4.0 V, 4.0 V, and 4.1 V, respectively, which are consistent with the
experimental results reported in our previous publication [16].
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Figure 1. Galvanostatic charging and discharging curves of AC//Li half-cells upon the voltage
ranges from pzc to various vertex voltages in different Li-ion electrolytes: (a) EDD, (c) EPD, and
(e) PCE; the corresponding EE, CE, and VE values as functions of the vertex voltage: (b) EDD, (d) EPD,
and (f) PCE.
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3.2. Overcharge to 5.0 V

Considering that the high-voltage limits of LICs mainly depend on the oxidative
decomposition of Li-ion electrolytes on the AC surface, the overcharging behaviors of
AC//Li half-cells have been investigated. The AC//Li half-cells using EPD, PCE, and EDD
electrolytes were first overcharged to 5.0 V at a current of 0.5 mA. The voltage-versus-time
curves for the AC//Li half-cells are plotted and shown in Figure 2a. The voltage changed
with time almost linearly below 4.2 V for all the half-cells. When the half-cells were charged
to higher voltages of over 4.2 V, the upward trend became slow (knee point). Then the
voltage dropped at several voltage points, ascribed to the decomposition of electrolyte
components [25]. As shown in Figure 2b, the mutation points are 4.59 V, 4.69 V, and 4.94 V
for the EPD half-cell, 4.81 V, 4.89 V, and 4.95 V for the PCE half-cell, and 4.67 V and 4.94 V
for the EDD half-cell, representing the cathodic peaks of electrolyte oxidation reaction on
the interface between electrolyte and AC.
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Figure 2. Overcharged to 5.0 V of AC//Li half-cells using EDD, EPD, and PCE electrolytes, respec-
tively: (a) Voltage versus time curves, (b) dQ/dV versus voltage curves.

3.3. Overcharge to 10.0 V

Furthermore, the half-cells were set to charge to 10.0 V at a current of 25 mA using
the VMP3 electrochemical station. The voltage versus time profiles for AC electrodes
in EDD, EPD, and EDD electrolytes are depicted in Figure 3a. For instance, when the
voltage of the EPD half-cell reached 5 V, it decreased rapidly with the increase of charge
time and charged capacity. The half-cell voltage dropped to 4.4 V after being charged to
21.6 times the rated capacity (about 4.4 h). It stayed nearly unchanged for the subsequent
period, during which 28 times of rated capacity was additionally charged (5.6 h). Then, the
half-cell voltage increased to 6.8 V linearly after being charged an additional 22.5 times
the rated capacity (4.5 h). Finally, the half-cell voltage sharply increased to 10.0 V with
a vertical straight line after being charged for a total of 14.4 h, which indicated that the
deposits of electrolyte decomposition had separated the surface of the AC cathode and
electrolyte, revealing a dielectric capacitor behavior. The PCE AC//Li half-cell revealed
similar behaviors. The voltage rose to about 5 V voltage and dropped to 4.6 V, and then
reached the fully polarized state with less dwell time. During these processes, there was
only a very slight gas evolution. On the contrary, the voltage of the EDD half-cell only
rose to about 8 V, accompanying continuous electrolyte decomposition and huge volume
expansion. The photos of the half-cells with EPD, PCE, and EDD electrolytes after the
overcharging process are respectively illustrated in Figure 3b–d. For all three half-cells, a
less noticeable temperature rise was observed just by touching them. After the overcharging
processes, the voltage of half-cells rapidly dropped to 4.2–4.3 V upon rest period, which
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can be attributed to the large leakage current at a voltage higher than the stable voltage
range [26].
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Figure 3. Overcharged to 10.0 V of AC//Li half-cells: (a) voltage versus time profiles, and photos of
the half-cells after overcharging process with different electrolytes: (b) EPD, (c) PCE and (d) EDD.

3.4. Post-Mortem Analysis of Half-Cells

Since the AC//Li half-cell with PCE electrolyte can be overcharged to the high voltage
of 10.0 V, it is assumed that the deposits of electrolyte decomposition had separated the
AC electrode surface and electrolyte through the substantial passivation film. After the
overcharging process, three half-cells were disassembled in the glove box, and the AC
electrodes were thoroughly washed with DMC solvent and immersed in DMC overnight.
Then the electrodes were dried in an argon atmosphere. The SEM morphologies and the
compositions of the AC electrode surface were characterized. As reported in our previous
publication [16], after the AC electrode was charged to 4.5 V in the PCE electrolyte, a thin
film layer was formed on the electrode surface, which made the edges of the AC and
carbon black particles no longer clear. The AC electrode has been covered with thicker
electrolyte decomposition deposits after being cycled 2000 times between pzc and 4.5 V.
By comparing the SEM images of the fresh AC electrode (Figure 4a) and overcharged
AC electrode (Figure 4b), it can be found that a very thick passivation film covers the
overcharged AC electrode surface, which consists of two phases, i.e., sphere-like small
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particles (zone 1), and the amorphous deposits (zone 2). The EDS spectra illustrated that
the contents of O and S elements are high in zone 1, as shown in Figure 5a. On the contrary,
zone 2 has a large content of F and S elements, and it contains fewer O elements, as shown in
Figure 5b. From the cross-sectional view of the SEM images in Figure 4c, it can be observed
that the thickness of the passivation film is about 1 μm. Similarly, the thick passivation
films formed on the AC electrode surface, which was obtained from the AC//Li half-cell
with EPD electrolyte after overcharging, as shown in Figure 4c.

(a) (b)

(c) (d)

Figure 4. SEM images of (a) fresh AC electrode and the AC electrodes from the AC//Li half-cell
charged to the high voltage of 10.0 V with different electrolytes; (b,c) PCE; (d) EPD.

For the overcharged half-cell with EDD electrolytes, the gaseous products were col-
lected and analyzed through a gas chromatograph, as shown in Figure 6a,b. It was identified
that the emitted gas mainly consisted of H2, CO2, CH4, and CO, and the relative volume
ratio is 46.0%, 45.3%, 3.6%, and 5.1%, respectively. Other organic alkane gas is hardly
found. The relative volume ratio between N2 and O2 is 3.0, which is near the composi-
tion of air (78%:21%), and the two gas components are mainly ascribed to the mixed air
during sampling. The gas evolution of CO2 is attributed to the oxidative decomposition
of solvent on the AC electrode surface. CO, CH4, and H2 gas are mainly ascribed to the
reductive decomposition of solvent and trace amount of H2O/HF on metallic Li electrode
surface [27–29]. Since the linear solvents, e.g., dimethyl carbonate (DMC), are more prone
to degradation than those of cyclic solvents of ethylene carbonate (EC) and propylene
carbonate (PC) [30], the decomposition of DMC is taken as an example, and the possible
reactions are as follows [31,32]:
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Figure 5. EDS spectra of AC electrodes obtained from the AC//Li half-cell with PCE electrolyte after
overcharging to the high voltage of 10.0 V: (a) zone 1; (b) zone 2.

When the EDD half-cell was disassembled, the remaining electrolyte had turned from
the clear color of fresh electrolyte to brownish black, and the Li electrode was covered with
light black deposits. The SEM image indicates that the morphology of deposits on the AC
electrode surface for the EDD sample is different from the abovementioned samples, as
shown in Figure 7a,b. The deposits show a sheet-like shape, which tends to exfoliate from
the AC electrode surface due to the low adhesion. In some areas, there are fewer deposits
on the AC electrode surface. Moreover, the deposited layer seems to be not dense enough
to completely separate the electrolyte and AC electrodes. The EDS results illustrated that
the deposits have a large content of Al, O, and F elements, as shown in Figure 7c. The
composition of these light black deposits may consist of AlF3, Li2CO3, ROLi, and ROCO2Li.
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Figure 6. Identification and quantification of emitted gases: (a) gas chromatograph spectrum; (b) nor-
malized relative volume ratio of the released gas products.
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(a) (b)

(c)

Figure 7. (a,b) SEM image of AC electrode after overcharging, and (c) EDS analysis.

4. Discussion

From the above results, it can be found that the self-protective passivation film can
be formed on an AC electrode surface by EPD and PCE electrolytes. The mechanism of
passivation is still not very clear, as we need more advanced interface characterizations
to distinguish the contributions of lithium salt and organic solvent in this system, e.g.,
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), Fourier
transform infrared spectroscopy (FT-IR), and cryo-electron microscopy (cryo-EM). A possi-
ble explanation is that the passivation effects are due to the synergistic effect of both lithium
salt and solvent. It is noticed that the passivation film is rich in S elements, especially the
sphere-like small particles. This phase is thought to involve the inorganic compounds
containing Li, S, F, and O elements, which are derived from LiFSI salt and solvents. The
composition of the passivation layer is presumed to be composed of LiF, Li2CO3, Li2SO3,
ROLi, ROCO2Li, and RSO2Li. The dense and compact passivation film, called the solid
electrolyte interphase (SEI) or cathodic electrolyte interface (CEI), is of great significance in
separating the AC electrode surface from the electrolytes upon overcharging period. This
self-protective passivation effect is desirable, and its formation process can be illustrated in
Figure 8. Under electrical abuse and overcharging conditions, the superior overcharge en-
durance of EPD and PCE systems can prevent LIC cells from volume expansion, explosion,
and catching fire risks. In further work, the composition and the formation mechanism
of the passivation layer will be investigated in more depth. Accordingly, the electrolyte

49



Batteries 2023, 9, 11

composition is expected to be optimized to bring about the self-protective passivation effect
in a more reversible way.

Figure 8. Schematic diagram of the decomposition of electrolyte on AC surface upon overcharging.

5. Conclusions

In this work, the stable upper potential limits of AC electrodes in three types of
Li-ion electrolytes were evaluated and determined to be 4.0−4.1 V through the energy
efficiency approach. Then, the AC//Li half-cells were charged to 5.0 V and 10.0 V to
study the decomposition of electrolyte components. It was noticed that the self-protective
passivation film could form on the AC electrode surface in EPD and PCE electrolytes,
mainly ascribed to the insoluble decomposition products of LiFSI salt and organic solvent.
The composition of the passivation layer is presumed to be composed of LiF, Li2CO3,
Li2SO3, ROLi, ROCO2Li, and RSO2Li, and the dense and compact passivation film is greatly
significant in separating the AC electrode surface from the electrolytes and restraining
further electrolyte decomposition. This self-protective passivation effect is beneficial for
preventing LIC cells from volume expansion and explosion risks under electrical abuse and
overcharging conditions.
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Abstract: Apart from being emission-free, electric vehicles enjoy benefits such as low maintenance
and operating costs, noise-free, easy to drive, and the convenience of charging at home. All these
benefits are directly dependent on the performance of the battery used in the vehicle. In this paper,
one-dimensional modeling of Li-ion and NiMH batteries was developed, and their performances
were studied. The performance characteristics of the batteries, such as the charging and discharging
characteristics, the constituent losses of over-potential voltage, and the electrolyte concentration
profile at various stages of charge and discharge cycles, were also studied. It is found that the
electrolyte concentration profiles of Li-ion batteries show a drooping behavior at the start of the
discharge cycle and a rising behavior at the end of discharge because of the concentration polarization
due to the low diffusion coefficient. The electrolyte concentration profiles of NiMH batteries show
rising behavior throughout the discharge cycle without any deviations. The reason behind this even
behavior throughout the discharge cycle is attributed to the reduced concentration polarization due
to electrolyte transport limitations. It is found that the losses associated with the NiMH battery are
larger and almost constant throughout the battery’s operation. Whereas for the Li-ion batteries, the
losses are less variable. The electrolyte concentration directly affects the overpotential losses incurred
during the charging and discharging phases.

Keywords: electric vehicles (EV); batteries; Li-ion; NiMH; concentration profile; losses

1. Introduction

Enlightened to create a green and safe environment for our future generations, humans
have started exploring ways to stop global warming. One-fifth of the total carbon dioxide
emissions contributing to global warming is from the transportation division. In addition,
this reveals to us the importance of moving toward greener transportation systems. With
this said, countries have started encouraging the research, development, and utilization of
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electric vehicles by funding researchers, reducing taxes and giving subsidies for electric
vehicles.

A varied range of research are being done on electric vehicles from the performance
metrics of electric drives used, charging station utilization, Electromagnetic Interferences,
testing of EVs., etc and a review of them is done with the objective of listing the recent
research areas in electric vehicle design. A finite element analysis is carried out on a
permanent magnet synchronous motor at different operating speeds in order to evaluate
its performance metrics in [1]. Optimized charge scheduling is a means of reducing traffic
jams at charging stations and with this objective an effective charge scheduling algorithm
is developed say Grey Sail Fish Optimization based on grey wolf and sail fish optimizers
in [2]. An emulator framework is proposed based on arduino UNO for testing of E-bicycles
in [3]. A switched reluctance motor design for high torque is proposed in [4] based on
the concept of slotting the stator’s periphery. The various electromagnetic interferences
that intrude an electric vehicle performance are studied and an LC filter design explained
in [5]. A simple electric vehicle model is created and analyzed in [6] whereas a fuzzy logic
based energy management technique is proposed in [7] for hybrid vehicles. A simulation
model of the electric drive system is carried out in [8] with the aim of improving the speed
torque performance of a BLDC motor drive system. A neuro-fuzzy based ANFIS controller
is proposed with the aim of improving the power quality of a PV powered system in [9]. A
deep learning based driver assistance and detection system is proposed in [10].

Most portable electronic devices, from smartphones to laptops to huge electric vehicles,
use Li-ion batteries, preferably due to their many benefits. The primary advantages of
using Li-ion batteries include their higher energy density, lower self-discharge rates, low
maintenance, higher cell voltage, constant load characteristics, and no priming required.
The major drawback of LIBs is that they are not robust and require a protection circuit
to keep the charging and discharging levels within safe limits and a cell temperature
monitoring circuit to prevent temperature extremes. Another drawback is the aging of the
battery with the number of charging and discharging cycles, and lithium-ion batteries are
40% more expensive than nickel-cadmium batteries. Li-ion batteries are still blossoming,
and many performance improvements are needed, creating much room for research and
development.

NiMH batteries exhibit a lower energy density than Li-ion batteries but can tolerate
overcharging and discharging, and environmental compatibility and safety, making them
suitable for portable power tools and hybrid electric vehicles. NiMH batteries are less
expensive than Li-ion batteries but are less durable than the others. A Li-ion battery
interacts with fabric properties to determine how depleted and charged it is. A developer
can examine the effects of various design factors such as separator length, electrode, charge
duration, and an initial electrolyte salt.

Modeling results for Li-ion batteries are made, and it is found that there is a good
agreement between simulation and experimental results [11]. Neglecting the diffusion
of nickel oxide active material, a NiMH battery model is explained in [12]. It is also
discovered to be sensitive to the material’s kinetic parameters. Comprehensive modeling
considering the kinetic parameters, Ohm’s law, and charge balances are explained in [13].
A 3D model of a Li-ion battery is created and used to investigate thermal behaviors. It
is found that overcharging of the battery leads to a massive rise in temperature and a
sharp gradient within the battery [14]. Ref. [15] introduced a 2D model of the NiMH
battery to study temperature variations. Results in [16] indicate that a nominally uniform
temperature profile can be achieved when the thermal conductivity increases. A planar
electrode approximation is used in modeling a NiMH cell, accounting for active species,
electrochemical kinetics, and ohmic effects. The predictions show results on par with the
experimental data presented in [17].

A fast-rechargeable NiMH battery model is presented in [18]. Online simulation is
used to model the high-capacity battery cell for plug-in HEV research [19]. The various
electrode materials used to improve battery performance are summarized in [20,21]. A thin-
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film lithium-ion battery design is presented in [22]. A model that helps find the operational
parameters for the battery is presented in [23]. A review of the effects of lithium deposition
in Li-cells is discussed in [24]. Efficient techniques for the characterization and detection
of battery degradation are explained in the references [25,26]. The effect of rapid battery
charging on the age of the battery is described in [27]. A detailed review of the literature
reveals that modeling Li-ion and NiMH batteries will be necessary for research. Thus, this
paper addresses the modeling of both batteries and highlights their various characteristics.

As the battery model based on the Adaptive Battery State Estimator (ABSE) is inac-
curate because load dependencies are eliminated, a new, improved ABSE-based model is
proposed in [28]. It estimates a battery’s state of charge and available power. A performance-
enhanced reduced electrochemical model along with a dual non-linear filter to obtain the
online parameters is suggested in [29] for the estimation of the state of charge (SoC) and
state of health (SoH). In [30], an electrolyte-enhanced composite single-particle model of
lithium-ion batteries is proposed, and the performance of the same is found to be better
than the standard single-particle model.

The non-linear behavior of the lithium batteries is accounted for by introducing the
Weiner structure into the traditional equivalent circuit model, and a 1.5% improvement in
SOC concentration is attained [31]. When modeling a battery, it is well known that reduced-
order models are faster and data-driven models are more accurate; thus, in [32], a two-level
model of a lithium battery is created by combining the two. In addition, it was demonstrated
that combining the two produced better results than operating separately.SOH estimation
using a 2RC model is proposed in [33] and has shown to be effective with lower root
mean square error when compared to the 1RC model. A convolutional neural network
that learns the temporal and conditional dynamics of the lithium-ion battery is used to
study the degradation trends of the battery [34] and such a model is found to predict future
conditions accurately. Ref. [35] conducts a study of the features and modeling of lithium-ion
batteries. A data model is described to predict the battery characteristics in [36] effectively.
A generic model that can be used for evaluating any battery cell is modeled and verified
in [37]. A finite element analysis is used to predict the thermal performance capability
of a NiMH battery, and this model is found to help simulate charging and discharging
cycles [38]. A non-chemical, partial non-linear model is developed for lead-acid batteries
and found to predict SOC accurately. This model described in [39] can also be applied to
other battery types by making proper modifications to parameter values. In [40], a simple
model independent of self-discharge, temperature, and the number of cycles of discharge
is developed for NiMH and Li-ion batteries, and it is found that the model build data is
less than 0.4% in error from the validated experimental data. In [41], battery models were
developed based on Thevenin’s equivalent circuit. It is found that the third-order model
matches the experimental data very well compared to the other lower-order models.

A mechanical analogy of an electrochemical battery is modeled in [42], and it was
found to produce near-experimental results for the time-domain response of the battery. An
ANN-based prediction model based on a dataset developed from Thevenin’s equivalent
model is described in [43] and found to work with an average error of 4%. The basics
of various parameters and characteristics to be studied for effective modeling of NiMH
batteries are explained in [44]. A temperature analysis model based on the finite element
method is detailed in [45]. It compared the temperature variation with the geometry
of the cell. A thermal model of a battery with embedded and distributed temperature
sensors is proposed to measure the real-time distributed measurement of lithium-ion
battery internal and surface temperature profiles [46]. An algorithmic framework based on
a deep reinforcement learning-based optimizer is introduced for the fast charging of the
lithium-ion battery [47].

2. Lithium-Ion Battery Model

The negative porous electrode domain dimensions of the Battery are 320 mm, the
polymer electrolyte domain dimensions are 52 mm, and the positive porous electrode
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domain dimensions are 183 mm. This model is built by having an electrolyte of 2 M LiPF6
salt with LiyMn2O4 for the anode and a carbon-based cathode. The parameters of Material
balance and Ionic Charge balance are modeled using a polymer matrix and a 1:1 electrolyte
of plasticized Ethylene Carbonate/Di-Methyl Carbonate. The total electrolyte volume is
the composition of the electrolyte in a liquid state that is available as a polymer.

The cell’s voltage while in a conducting state is calculated using ionic charge balance
and Ohm’s law. The charge transfer reactions result in high and low voltages. As the
electrodes are porous, while modeling their conductivities, porosity and tortuosity are
considered and are given by, σeff

s
σeff

s = σsε
γ (1)

γ is the Bruggeman co-efficient set to 3.3 when the diffusivity and electrolyte con-
ductivity are treated similarly. Spherical coordinates describe the diffusion equation. In
addition, Butler-Volmer equations introduce high and low terms.

2.1. Boundary Conditions

After generating the current density waveform with 0 V applied to the negative
electrode and a given potential at the positive electrode, it was discovered that the current
density discharged, went to zero for a brief period, and then entered the charging stage.
The boundaries are considered insulating for both material and ionic charge balance.

2.2. Material Properties

As said before, an electrolyte of 2 M LiPF6 salt with LiyMn2O4 for the anode and
carbon-based cathode. Moreover, the electrolyte of plasticized Ethylene Carbonate/Di-
Methyl Carbonate in the ratio of 1:2 is used. Significant variations in the electrolyte
conductivity and the equilibrium potential are noticed during the charging and discharging
phases of the battery’s characteristics. Figure 1 shows the interpolation of the parameter
ionic conductivity with the increase in electrolyte concentration whereas Figures 2 and 3
depicts the potential variations at the electrodes.

Figure 1. The Interpolation of ionic conductivity with electrolyte concentration.

56



Batteries 2023, 9, 52

Figure 2. Potential of the two electrodes at Equilibrium based on (SOC).

Figure 3. Potential Variation in the electrode at equilibrium.

2.3. Discharge Characteristics

The battery capacity is studied at different discharge rates by studying the behavior
of the battery at various current densities. When the cell voltage drops below 3 volts, it is
considered to be the end of discharge. It is found that the full theoretical discharge occurs
for 1 C, and the corresponding current density is 17.6 A/m2.
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Initial SoC values of 0.17 and 0.56 are assigned for the positive and negative electrodes
that contribute approximately 4.22 V at full charge, which is nothing but the open circuit
cell voltage. Figure 4 shows that the maximum discharge occurs for 1 C, which is 1.75 A/m2.
A charge density grows, discharge ends quickly, and for 4 C, the battery delivers over 50%
before 3 V, the end of discharge.

Figure 4. Discharge Curves for different rates of discharge.

2.4. Charging and Discharging Cycles

Figure 5 below shows the charge-discharge cycles of the model. The graph shows that
the cycle has the 2000 s of discharge, 300 s of open circuit, and then 2000 s of charging at
a relatively small current density before becoming an open circuit. At zero current, the
ohmic loss is around 100 mV, and the concentration increases over a potential of 50 mV. The
constituent losses due to overpotential at the start and end of discharging can be visualized
for further analysis. These variations can be brought into the same plot by varying the
bias values at the start and end of the discharge plot. The reaction over potential is shown
without bias to obtain the beginning of discharge (at 148 mV) and ending of discharge
(558 mV). This way, all the plots will be within the same range of potential.

Figure 6 is the plot that shows the details of the constituents of the over-potential
losses during the start and end of the discharge cycle, along with the reaction over-potential.
The charging and discharging curves for different electrolyte concentration profiles can be
used to investigate the cause of the steep voltage decrease.

Figure 7 depicts the electrolyte concentration profile (y-axis) across the cell’s width
(x-axis) at various stages of the discharging and charging cycles for the Li-ion battery model.
The electrolyte occupies a distance of 100 μm to 150 μm across the width of the cell, and
the electrolyte concentration across this distance remains almost constant. For simulation,
a discharge of 2000 s at nominal current density, 300 at open circuit, and 2000 of charging
at nominal current density is applied before the circuit is finally open-circuited. Thus,
the interval from the 2000 s to the 2400 s depicts the losses due to ohmic resistance and
concentration overpotential when a cell is in open circuit condition. Then it transitions to
the charging stage. These two losses are reflected as a drooping electrolyte concentration
profile across the cell width, whereas the charging cycle starts at 3000 s, increasing the
electrolyte concentration. Hence, at 3000 s, the concentration variation is reversed. The
reason for this concentration variation is the concentration polarization induced by a low
diffusion coefficient. These variations are studied to find the reason for the variation in
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over-potential losses during the discharging and charging periods, as depicted in Figure 6.
For lithium-ion batteries, over-potential losses are greater at the end of the discharge than
at the beginning.

Figure 5. V&I curve over the discharging and charging time.

 
Figure 6. Constituent losses of over potential loss in Battery.
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Figure 7. Concentration profile at various stages.

3. Nickel Metal Hydride Battery Model

The battery domain dimensions are 350 μm metal hydride for the porous cathode,
250 μm electrolyte separator, and 443 μm nickel oxide for the porous anode. This model
is built by having an electrolyte of KOH diluted in water to a 30% (wt) solution. The
parameters of material balance and ionic charge balance are modeled for a 1:1 binary
electrolyte. The electrode reactions involve both an ion (OH-) and a solvent (H2O).

The cell’s voltage while in a conducting state is calculated using ionic charge balance
and Ohm’s law. The charge transfer reactions result in high and low voltages. Because
the electrodes are porous, porosity and tortuosity are taken into account when modeling
their conductivities and are given by σeff

s (same as Equation (1)). the Bruggeman co-
efficient is set to 1.5, corresponding to spherical particles. Spherical coordinates describe
the diffusion equation. In addition, the Butler-Volmer equations define the charge density
in the electrodes by introducing high and low terms.

3.1. Boundary Conditions

The negative electrode is set to 0 V, the potential at the positive electrode is specified,
and then the current density waveform is generated. It is found that the current density
discharges, then becomes zero for a short duration, and finally enters the charging stage.
The boundaries are considered insulating for both material and ionic charge balance.

3.2. Material Properties

A metal hydride (LaNi5Hx)-based negative electrode, a nickel oxide (NiOHOHy)
for the positive electrode, and an electrolyte of KOH, diluted in water to 30%,wt., are
used. Figures 8 and 9 depicts the potential variations at negative and positive electrodes at
equilibrium based on State of Charge.
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Figure 8. Potential of the two electrodes at Equilibrium based on (SOC).

Figure 9. Equilibrium voltage of electrode materials.

Significant variations in electrolyte conductivity and the potential at equilibrium are
noticed during the charging and discharging phases of the battery’s life.
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3.3. Discharge Characteristics

Initially, the battery is assumed to be fully charged, and the discharges at two different
current densities are simulated to study its characteristics. When the cell voltage drops
below 0.99 V, it is considered the end of discharge. It is found that the full theoretical
discharge occurs at 1 C, and the corresponding current density is 430 A/m2.

Figure 10 shows that the maximum discharge capacity is obtained for a current density
of 43 A/m2 at 0.1 C. At 1 C, the battery reaches 90% of its theoretical capacity before it
reaches 1 V. As there is no side reaction in the model, the voltage is higher than normal as
discharge begins. Similar to the case with Li-ion batteries, the contribution of other losses
to total overpotential can be studied by introducing a bias of 0.91 V. Figure 11 shows other
losses contributing to the over-potential loss at 1 C discharge.

Figure 10. Discharge Curves for a different rate of discharge.

The causes of the steep voltage decrease can be studied by investigating the charging
and discharging cycles at different time intervals. As electrolyte transport has limitations,
the cell experiences little polarization due to concentration variations at different intervals.
The causes of the steep voltage decrease can be studied by investigating the charging and
discharging cycles at different time intervals. As electrolyte transport has limitations, the
cell experiences little polarization due to concentration variations at different intervals.

Figure 12 depicts the NiMH battery model’s electrolyte concentration profile (y-axis)
across the cell’s width (x-axis) at various discharging and charging cycle stages. The elec-
trolyte occupies a distance of 350 μm to 600 μm across the cell’s width, and the electrolyte
concentration across this distance remains almost constant. For simulation, similar to Li-ion
battery modeling, a discharge of 2000 s at nominal current density, 300 s at open circuit,
and 2000 s of charging at nominal current density are applied before the battery is finally
open-circuited. Because of electrolyte transport limitations, there is only little polarization;
hence, gradients are pretty low across the discharging and charging cycles. This results
in a more or less constant local charge transfer current density, but it is a considerable
over-voltage loss in the battery.
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Figure 11. Constituent losses of over potential loss in Battery.

Figure 12. Concentration profile at various stages.

4. Conclusions

This paper analyzes the behavior of the Li-ion and NiMH battery 1D models under
isothermal operating conditions. The advantage of using battery models is their ability to
predict the cell’s current, voltage distribution, and electrolyte concentration under operating
conditions. The uniqueness of this work is that it compares the electrolyte concentration
variation across the battery’s discharging, open circuit, and charging phases, i.e., from
0 to 2000 s, 2000 s to 2300 s, 2300 s to 3000 s, respectively, for a 1D model of Li-ion and
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NiMH batteries. The performance characteristics of the batteries, such as the charging
and discharging characteristics, the constituent losses of over-potential voltage, and the
electrolyte concentration profile at various stages of charge and discharge cycles, were also
studied. This work helps analyze and understand the variation in over-potential losses
associated with the different stages of battery operation. Voltage and current changes
during operation are analyzed, as well as the effect of electrolyte concentration on the
losses. These models help to understand the battery performance under different operating
conditions for electric vehicles. The results prove that the electrolyte concentration directly
affects the losses incurred during the charging and discharging of batteries. This model can
be integrated with a machine-learning algorithm for prediction in the future to improve its
performance.
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Abstract: Lithium-ion capacitors (LICs) feature a high-power density, long-term cycling stability,
and good energy storage performance, and so, LICs will be widely applied in new energy, new
infrastructure, intelligent manufacturing. and other fields. To further enhance the comprehensive
performance of LICs, the exploration of new material systems has become a focus of research. Carbon
nano-onions (CNOs) are promising candidates in the field of energy storage due to the properties
of their outstanding electrical conductivity, large external surface area, and nanoscopic dimensions.
Herein, the structure, composition, and electrochemical properties of carbon nano-onion-encapsulated
Ni nanoparticles (Ni@CNOs) have been characterized first in the present study. The initial discharge
and charge capacities of Ni@CNOs as anodes (in half-cells (vs. Li)) were 869 and 481 mAh g−1

at 0.1 A g−1, respectively. Even at a current density of 10 A g−1, the reversible specific capacity
remained at 111 mAh g−1. Ni@CNOs were used as anode materials to assemble LICs (full pouch cells
(vs. activated carbon)), which exhibited compelling electrochemical performance and cycle stability
after optimizing the mass ratio of the positive and negative electrodes. The energy density of the
LICs reached 140.1 Wh kg−1 at 280.2 W kg−1 and even maintained 76.6 Wh kg−1 at 27.36 kW kg−1.
The LICs also demonstrated excellent cycling stability with a 94.09% capacitance retention over
40,000 cycles. Thus, this work provides an effective solution for the ultra-rapid fabrication of Ni-
cored carbon nano-onion materials to achieve high-performance LICs.

Keywords: lithium-ion capacitors; carbon nano-onion; high energy density; high power density; long
cycle life

1. Introduction

Developing new energy storage technologies with high performance, low cost, and
high security have been the goal of researchers. In recent years, people’s awareness of
environmental protection has been intensifying and the scale of energy storage for new
energy vehicles has been expanding, making more individuals develop an interest in
environmental protection and energy efficiency. Various energy storage technologies
have been widely applied in our lives, such as electric vehicles, electric forklifts, and
electric heavy-duty trucks [1–3]. Among the various new electrochemistry energy storage
technologies, electrochemical energy storage devices are the most widely used in everyday
life, and relevant research is constantly being conducted to further enhance the overall
performance of products. LIBs possess a high energy density of about 80~300 Wh kg−1,
with a limited power density of less than 1 kW kg−1, a narrow temperature difference range
(−20~65 ◦C), and a short cycle life (~5000 cycles) [4]. In contrast, EDLCs are characterized by
their fast charge and discharge speed (high power density, ≥10 kW kg−1), wide temperature
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range (−40~65 ◦C), long cycle life (≥500,000 cycles), and high security, but poor energy
density (≤10 Wh kg−1) [5,6]. However, neither is suitable in some mechanical fields such
as machine instantaneous stop and standby power supply. Therefore, developing an
energy storage device with high energy, high output, and a long cycle life is of paramount
importance in the future.

Lithium-ion capacitors (LICs), as hybrid electrochemical capacitors, typically use
activated carbon and graphite as their positive and negative terminals [7–9]. LICs make
up for the defect between LIBs and EDLCs, which promote the energy density by several
times and increase the working voltage compared to EDLCs [10]. As a result, LICs have
a wide range of broad application prospects, especially in the fields of new energy, new
infrastructure, and intelligence [11–13]. Despite the many advantages of LICs, however,
recent studies have suggested that the non-Faradaic reaction limits the specific capacity of
LICs in cathodes, while the sluggish Li+ intercalation kinetics of the anode limit the interca-
lation/deintercalation of the device [14,15]. Therefore, it is key to improve this mismatch
phenomenon of the capacity and kinetics of cathodes and anodes which represent the
characters of the battery type and the double layer. To address this issue, the development
of electrode materials has accelerated in recent years. The capacitive-type cathode mate-
rials of LICs mainly include carbonaceous materials, such as activated carbon (AC) [16],
templated carbons [17], graphene [18,19], and graphene oxide (GO) [20]. The battery-type
anode materials mainly include carbonaceous materials [21], transition metal oxide [22],
Mxene [23], SiOx [24], Li4Ti5O12 [25], and polyanion and carbon composites [26,27].

Among the various carbon forms, carbon nano-onions (CNOs) are therefore promising
candidates for LICs applications, because CNOs exhibit controlled surface qualities, high
electrical conductivity (similar to carbon black), and nanoscopic dimensions (typically 2 to
600 nm) [28–30]. CNOs are zero-dimensional carbon nanoparticles with a cage within a cage
structure. They consist of smaller fullerenes nested within larger fullerenes and multiple
closed shells wrapped around each other and they resemble an onion in structure. CNOs
have been extensively investigated as electrodes for ultrafast charge/discharge devices
for energy storage. Permana et al. [31,32] studied onion-like carbon (OCL) prepared using
different synthetic routes towards LICs. Nanodiamond-derived OLCs can effectively
improve the electrochemical performance of LICs. LICs with OLCs reached a maximum
energy density (243 Wh kg−1), a high power density (20,149 W kg−1), and a stable capacity
retention of 78% after 1000 cycles. Aref et al. [33] fabricated symmetric LICs by using a
pre-lithiated coalesced carbon onion, whose energy density was 67 Wh kg−1 and the power
density was 14.5 kW kg−1. As anode materials of LICs, CNOs improve the energy density
of LICs. However, the synergistic enhancement of energy density, power density, and cycle
life is an important research direction for achieving CNOs’ application in LICs.

Carbon nano-onion-encapsulated Ni nanoparticles (Ni@CNOs) were modified and
prepared to improve their electrochemical performance as anodes in LICs. Ni@CNOs is a
kind of composite material with a special core/shell structure and embedded with metal
Ni. In this manuscript, fistly, the structure, composition, and electrochemical properties of
Ni@CNOs were characterized. Ni@CNOs were adopted as anode materials to assemble
LICs and test their performance. The electrochemical performance of Ni@CNOs as anodes
was evaluated between 0.01 and 3 V vs. Li/Li+. LICs exhibited excellent electrochemical
performance and cycle stability after optimizing the mass ratio of positive and negative
electrodes. The LICs achieved an energy density of 140.1 Wh kg−1 when the power
density was 280.2 W kg−1 and even maintained 76.6 Wh kg−1 when the power density
was 27.36 kW kg−1. At the same time, LICs demonstrated excellent cycling stability and
reliability with a capacitance retention of 94.09% over 40,000 cycles. Thus, Ni@CNOs are
highly attractive anode materials for practical LICs.
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2. Materials and Methods

2.1. Materials

The Ni@CNOs were prepared by a chemical vapor deposition (CVD) procedure. The
carbon source was CH4 which was gradually deposited on the nickel catalyst at 800 ◦C
until the Ni catalyst particles were all coated with graphite to form Ni@CNOs. The CVD
reaction took place in a horizontal atmosphere furnace with quartz tubes as the reactors.
The conversion reaction of CH4 was completed according to the following formula:

CH4→2H2 + C (carbon nano-onions) (1)

Catalyst preparation: Firstly, nickel acetate and ferric nitrate were weighed according
to a certain proportion, added into deionized water, and fully stirred until dissolved in a
constant temperature water bath at 60 ◦C in a magnetic agitator. Secondly, the configured
citric acid solution was slowly added with a certain concentration to continue stirring
for 20 min, and the mixed solution was transferred to the muffle furnace for calcination
for 5 h. Finally, the product was taken out and fully ground to obtain the Ni catalyst. It
should be noted that the catalyst was in the NiOx state at this time, and it needed to be
reduced to stimulate the catalytic activity before the methane cracking reaction. The Ni
catalyst consisted of a large number of particles with a diameter of about 100 nm, and the
morphology was mostly circular or elliptical.

Ni@CNO preparation: Firstly, a certain amount of prepared catalyst was uniformly
dispersed and paved in a quartz boat and placed into the middle of the furnace. After
sealing the pipes on both sides, nitrogen was injected into the air pipe to remove the air
and act as a protective gas. Secondly, a heating rate of 10 ◦C/min was set to increase the
temperature in the furnace to 800 ◦C, and the reducing gas H2 (N2: H2 as a carrier gas) was
introduced and kept for 5 h. Finally, after the catalyst was activated, the temperature was
raised to a certain temperature at the rate of 5 ◦C/min, and CH4 was injected for a constant
temperature reaction for a period of time. In the pyrolysis reaction, the Ni catalyst was
formed as a closed CNO coating. At the end of the reaction, when the reactor was brought
down to room temperature naturally, the Ni@CNOs were obtained.

Since methane cracking is an irreversible endothermic reaction, temperature is one
of the decisive factors that determines whether it can be carried out and whether the
reaction is complete. In order to explore the influence of temperature on the morphology
and structure of CNOs, the reaction temperatures were set as 700 ◦C, 800 ◦C, and 900 ◦C.
The productivity of the Ni@CNOs increased with the increase inof temperature, and the
maximum productivity was achieved at 900 ◦C, as shown Table S1. However, there were
a large number of carbon nanotubes and chain Ni@CNOs at 900 ◦C. In order to improve
the purity of the product, 800 ◦C was used for pyrolysis in the subsequent tests. The
experimental results show that the longer the time, the higher the utilization rate of the
catalyst, the more uniform the size of the Ni@CNOs, and the more spherical the morphology.
Considering the actual production and the deactivation of the catalyst, the reaction time
cannot be extended indefinitely, so the reaction time was set as 5 h. The different flow
conditions show that the higher the flow rate, the higher the productivity, as shown Table S2.
However, increasing the gas flow rate in the actual production will increase production
costs. In order to control the morphology, particle size, and costs, a 300 sccm flow rate was
adopted as the optimal condition in this manuscript.

The other materials used in this work were obtained from different suppliers. The
AC [activated carbon (YP-80)] was purchased from Kuraray chemical co, Japan. The
conductive carbon additive was obtained from TIMCAL Graphite and Carbon, and in
a dynamic vacuum, PVDF (HSV900, provided by Kynar) was dried at 80 ◦C for 12 h.
The N-methyl pyrrolidone (NMP) solvent was purchased from Macklin. The electrolyte
solution containing 1.2 M LiPF6 in EC/DMC/DMC (1:1:1 by volume) was purchased from
Dongguan Shanshan battery material Co., Ltd., and a cellulose paper separator (TF40-30)
was provided by Nippon Kodashi Corporation.
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2.2. Cell Preparation

For the Ni@CNOs electrode, the active material (Ni@CNOs), carbon black, and PVDF
were mixed in the weight ratio of 8:1:1. Then, the slurry was coated on 9 μm-thick Cu foil
and dried in an oven at 80 ◦C for 24 h. The performance of the Ni@CNOs was measured
using 2032-type coin cells with circular electrodes (1.1 cm diameter and mass loading of
1~2 mg cm−2). A half-cell was assembled into the 2032type coin cell, and the 1 M LiPF6 was
added into the EC/DEC/DMC (1:1:1 by volume) electrolyte. The coin cells were fabricated
in an inert atmosphere, which was in an argon-filled glove box (MBRAUN, H2O < 0.1 ppm,
O2 < 0.1 ppm).

2.3. LIC Pouch Cells’ Preparation

Preparation of the cathode electrodes: The AC (activated carbon), carbon black, and
PVDF were mixed in the weight ratio of 8:1:1. Then, the slurry was coated on 16 μm-thick
Al foil and dried in an oven at 110 ◦C for 12 h.

Preparation of anode electrodes: The active material (Ni@CNOs), carbon black, and
PVDF were mixed in the weight ratio of 8:1:1. Then, the slurry was coated on 9 μm-thick
Cu foil and dried in an oven at 80 ◦C for 12 h.

For this assembly, two electrodes were punched from the laminates, of which the area
was 14 cm2 (dimension 35 × 40 mm) with an additional coated tab area (wiped off with
alcohol later). Two porous electrodes were prepared by the drilling equipment immediately.
A cellulose paper separator was used between these porous electrodes. The lithium foil
was fixed near the anode as a reference electrode/auxiliary electrode. The cathode and
anode electrodes were welded by aluminum tabs and nickel tabs, respectively. In addition,
then, in order to completely remove the trace water in the electrode, the pouch cell was
dried at 120 ◦C for 24 h in a vacuum. Subsequently, a metal lithium auxiliary electrode was
added onto the side close to the negative electrode, an electrolyte was injected, and it was
sealed to obtain flexible packaging LIC pouch cells.

Pre-lithiation process: With the anode as the working electrode and the lithium foil
as the auxiliary electrode, discharge to 0.01 V at 0.1 A g−1 took place, which meant that
the lithium ions were electrochemically driven to migrate from the lithium electrode to the
anode, and finally, the pre-lithiation process was completed.

2.4. Material Characterization

X-ray diffraction patterns of the Ni@CNOs samples were identified by powder X-ray
diffraction (XRD, Bruker D8 ADVANCE). The patterns were scanned between 10 and 80 at
a scanning speed of 5 (◦) min−1. The morphology and microstructure of the Ni@CNOs
powders were characterized by using a scanning electron microscope (SEM, Hitachi S4800)
and LabRam HR-800 (Horiba Jobin Yvon). The HRTEM images were analyzed using a high-
resolution transmission electron microscope (JEOL JSM-2010). The nitrogen adsorption and
desorption measurements were carried out on a Micromeritics ASAP 2020 HD analyzer.
The specific surface area of the sample was measured and analyzed by the Brunauer–
Emmett–Teller (BET) theory and the pore size distributions were acquired using nitrogen
adsorption–desorption isotherms on the surface area to analyze and examine the surface
area and the porous structure of the materials. Raman spectroscopic analysis was performed
with a confocal Raman system (LabRam HR-800, Horiba Jobin Yvon) with an excitation
wavelength of 532 nm. The elemental analysis of the samples was conducted through X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific with Al Kα X-ray).

2.5. Electrochemical Measurements

The galvanostatic charge–discharge (GCD) and cyclic performance were measured
through the battery testing system (NEWARE, Shenzhen, China). The energy density
(E: Wh kg−1), power density (P: W kg−1), specific capacity (C: mAh g−1), and specific
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capacitance (F: F g−1) were calculated according to the following Equations (2), (3), (4), and
(5), respectively:

E =
I × ∫ t2

t1
Vdt

m × 3.6
(2)

P =
3600 × E

Δt
(3)

F =
3.6 × E

0.5 × (V2
max − V2

min)
(4)

C =
I × Δt

m × 3.6
(5)

where I is the current in A; it is also used to specify the discharging current. Δt is the
discharge time in s, m is the total mass of the cathode and anode, and Vmax and Vmin are the
maximum and minimum voltage, respectively. The discharge accumulated electric energy
represented in a watt-hour notation is calculated by dividing W by 3600. The specific test
method’s malicious reference standard is BS EN 62813:2015 “Lithium-ion capacitors for use
in electric and electronic equipment—Test methods for electrical characteristics”.

Electrochemical impedance spectroscopy (EIS) was conducted by applying a small am-
plitude of 10 mV under open circuit conditions in the frequency range of 0.01 Hz–100 kHz.
In order to further study the electrochemical properties of Ni@CNOs, by using Bio-Logic
VMP3, CV was performed at different scan rates of 0.1–2 mV s−1.

3. Results and Discussion

3.1. Morphology and Structure Analysis of Ni@CNOs

To investigate the composition and structure of Ni@CNOs, X-ray diffraction (XRD)
and Raman spectroscopy were performed. As shown in Figure 1a, the XRD of Ni@CNOs
exhibits the presence of high-intensity peaks centered at 2θ = 26.4◦ and 43.7◦, which
correspond to the (002) plane of graphite and the (111) plane of single-phase Ni [34]. In
addition, the absence of a NiO peak suggests that the Ni nucleus is not oxidized, and it can
be speculated that the inside of the Ni nucleus is embedded in the graphite shell layer. The
Ni nucleus is not carbonized or oxidized, which also shows that Ni@CNOs have a nuclear
shell structure. Compared with the Ni (111) plane, the intensity of the graphite (002) plane
is not very strong, indicating that the carbon shells are at a relatively medium graphite
degree. In addition, the graphitization extent (G) was determined by average d002 spacing
using the following equation [35]:

G =
3.440 − d002

3.440 − 3.354
(6)

where the graphitization extent (G) is the degree of graphitization (%), 3.440 is the interlayer
distance at the border to non-graphitic carbon, 3.354 is the interlayer distance of perfectly
stacked graphite, and d(002) is the interlayer spacing derived from the XRD (nm).

It can be seen that the degree of graphitization is calculated to be 58.7%, which also
indicates the medium degree of graphitization for Ni@CNOs.

Figure 1b shows two strong Raman peaks of Ni@CNOs, corresponding to the disor-
dered structure carbon (i.e., the D-band, 1340 cm−1) and graphite mode (i.e., the G-band,
1590 cm−1) with a ratio of ID/IG = 0.84, respectively. The structure of the sp2 hybridized
carbon can be described by the G-band, and the intensity ratio between the G- toD-bands
(i.e., IG/ID) can determine the extent of the graphite mode in carbon materials [36,37]. In
addition, the presence of more porous disordered structures contributes to enhancing the
diffusion of lithium-ion. The higher intensity of the G-band and the lower value of the
ID/IG also confirm the medium degree of graphitization for Ni@CNOs. Figure S1 shows
the XPS survey spectrum of Ni@CNOs, in which it can be seen that only C and O elements
were detected on the material surface, and there was no Ni element. This is due to the thick
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carbon layer; the X-ray cannot penetrate the sample, so the Ni element cannot be detected
in the XPS. In addition, different valence states of the C element in the composites can be
seen in Figure 2e. The binding energies at 284.7, 285.9, and 288.1 eV are consistent with the
Sp2 hybrid carbon (C-C), C-0 bond, and C=O bond, respectively.

−

Figure 1. Structural information on Ni@CNOs: (a) XRD pattern and (b) Raman spectra.

Figure 2. (a) TGA image of Ni@CNOs and (b) particle size distribution of Ni@CNOs.

The thermal gravimetric analyzer (TGA) for the Ni@CNOs is shown in Figure 2a,
where we recorded the relationship between the sample mass and the change in temper-
ature. The Figure 2a samples have an obvious weight-loss range at T > 540 ◦C with a
main weight loss of 90%. The remaining 10% of the residue should be NiO produced
by the reaction of the nickel core and oxygen in the air. The results of the TGA analysis
indirectly confirmed the prepared core–shell structure of the Ni@CNOs, which is consistent
with the results obtained by SEM and TEM. Figure 2b shows the particle size distribution
of Ni@CNOs. The average particle size of the samples is 9.04 um, which is bigger than
the size from the observed SEM image; this test result is caused by the agglomeration of
nanoparticles.

Figure 3a,b demonstrates the spherical morphologies of Ni@CNO powders in the SEM
image, which are rich in irregularly shaped nanoparticles with a wide size distribution.
Meanwhile, these spherical nanoparticles are agglomerated together to form carbon onion
clusters due to intermolecular and electrostatic forces. The TEM image of the Ni@CNOs

72



Batteries 2023, 9, 102

reveals a mostly shell/core structure, consisting of a crystalline core and a coating onion-
like shell, as shown in Figure 3c,d. The diameter distribution of the nickel core is 30 to
150 nm and the thickness of the carbon shell is 40 to 80 nm. As can be seen from the
HR-TEM image, the carbon structure is concentric with some degree of structural disorder,
indicating multiple layers of fullerene-like carbon, as shown in Figure 3e. Ten to twenty
graphitic layers are observed in the sample, with an average value of 0.34 nm for the
interplanar distances (D-spacing) between the graphitic layers, corresponding to the (002)
lattice plane of the graphite layers. Moreover, the selected area electron diffraction patterns
(SAED) suggest the different diffraction spots of Ni@CNOs, including the graphitic layers
(002) lattice plane and nickel (111) and (200) and (220) lattice plane, which is consistent with
the results of the XRD patterns, as shown in Figure 3f. Apparently, nickel is a neutral metal
atom in an onion-like shell, which means it is in a zero valence state. With these fullerene-
like layers, the possibility for the infiltration of lithium-ion electrolytes greatly shortens the
ion diffusion pathway in the Ni@CNOs anode. Carbon onion anode electronic conductivity
may also be affected by the coalesced microstructure. Obviously, Ni nanoparticles are
encapsulated in the onion-shaped graphite shell. In order to determine the content and
distribution of elements on the surface of the CNO composite electrode material, we have
carried out a spectroscopic analysis for the CNOs. The EDS pattern (Figure 3g–i) and the
energy spectra (Figure S3) of the Ni@CNOs reveals the existence of nickel and carbon.
Among them, the content of the C element (89.8 wt. %) is dominant, and the content of the
Ni element (9.9 wt. %) is less, which corresponds to the peak value of Ni in the XRD test in
Figure 3d, and their contents are consistent with the TGA test results.

Figure 3. SEM (a,b) images of Ni@CNOs. TEM (c,d) and HR-TEM (e) image of Ni@CNOs and (f) the
corresponding SAED pattern. (g–i) SEM-EDS images.
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Such structures provide good electrochemical stability and also increase the electrical
conductivity of electrode materials. By comparing several common carbon materials on the
market, as shown in Figure 4, Ni@CNOs show an electrical conductivity of 25.84 S cm−1

at 10 Mpa, which is higher than that of other carbon materials, such as commercial hard
carbon (14.93 S cm−1), soft carbon (20.22 S cm−1), commercial graphite (18.65 S cm−1), and
AC (2.56 S cm−1).

−

Figure 4. Ni@CNOs and other carbon materials’ conductivity comparison.

As shown in Figure 5a, the BET specific surface area (surface area determined by the
Brunauer–Emmett–Teller method) for Ni@CNOs is about 22.3 m2 g−1. The isotherm shape
reveals an IV-type isotherm shape with a distinct hysteresis loop, which indicates that
Ni@CNOs have porous structures. Furthermore, the pore size distribution calculated by the
BJH method indicates that there is a pore size mode around 1.8 nm in Ni@CNOs, as shown
in Figure 5b. Therefore, as anode electrodes for application in LICs, it is expected that
Ni@CNOs can form a wide range of electrochemical reaction interfaces, while additional
ion diffusion channels will reduce the interface resistance and enhance diffusion dynamics.

3.2. Electrochemical Performance of Ni@CNOs

Further investigations into the electrochemical performances of Ni@CNOs were evalu-
ated within the potential window of 0.01–3.0 V vs. Li/Li+. Figure 6a presents the cyclic
voltammetry (CV) profile of the Ni@CNOs electrode at a scan rate of 0.1 mV s−1. A pair
of obvious redox peaks were observed in the range of 0.001–0.3 V and a pair of weak
broad peaks were observed in 0.8–1.3 V. The obvious redox peaks are attributed to lithium
intercalation/de-intercalation and the weak broad peaks are caused by edge adsorption and
surface adsorption [38]. In addition, an additional peak located at around 0.6 V is attributed
to the formation of SEI. There is no redox pair of nickel in the CV curve, so Ni plays a role
in improving the conductivity of materials in Ni@CNOs [39,40]. The energy consumed in
the SEI film process leads to an initial irreversible capacity. According to Figure 6b, the
initial discharge and charge capacities were 869 and 481 mAh g−1 at 0.1 A g−1, respectively.
From the result, the initial coulomb efficiency of the Ni@CNOs electrode is about 55.35%,
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which can be attributed to the solid electrolyte interface (SEI) film. The subsequent charging
and discharging process was stabilized with a capacity of 480 mAh g−1 and a coulomb
efficiency of almost 100%.

Figure 5. Structural information of the Ni@CNOs. (a) N2 adsorption/desorption isotherms and
(b) pore size distribution on the BJH model.

Figure 6c depicts the CV curves of Ni@CNOs at scan rates of 0.1 to 2.0 mV s−1. It can
be seen that the sharp reduction peak appeared at the potentials of 0.75 V during the first
cycle, which is generally ascribed to the formation of solid electrolyte interface (SEI) film
on the Ni@CNOs surface. After the second circle, the peak becomes stable; it is gleamingly
obvious that there are a pair of obvious redox peaks in the range of 0.001–0.3 V and a pair
of weak broad peaks in 0.8–1.3 V. The obvious redox peaks are attributed to the lithium
intercalation/de-intercalation and the weak broad peaks are caused by edge adsorption
and surface adsorption. As shown in Figure 6d, the reversible specific capacity of the
Ni@CNOs anode at 0.1 A g−1 is 480 mAh g−1. Moreover, when the current density was
increased to 2 A g−1, the reversible specific capacity of the Ni@CNOs anode remained
at 242 mAh g−1 and especially when the current density was increased to 10 A g−1, the
reversible specific capacity of the Ni@CNOs anode remained at 111 mAh g−1. The reversible
specific capacity reached its initial value when the C-rate returned to 0.1 A g−1 after high-
speed measurements, implying stable electrochemical performance of the Ni@CNOs anode.
Thus, in general, because of the additional interface area and pore structure of the graphene
in the Ni@CNOs composite, reaction kinetics and ion transfer can be greatly improved. In
addition, the presence of metal Ni increases the electronic conductivity of the Ni@CNOs
anode. In addition, the cycling stability of the Ni@CNOs at a high current density has also
been investigated. As shown in Figure 6e, the Ni@CNOs exhibit an outstanding capacity
retention of 96.5% at 1 A g−1 and a coulombic efficiency approaching 100% after 1000 cycles
in the half-cells. As a result of incomplete activation of the anode, the specific capacity first
decreased and then gradually increased [41]. After about 1000 cycles, the device operated
stably, which can be owed to the highly stable SEI film formed on the Ni@CNO surface.

3.3. Performance of LIC Pouch Cells Based on an Ni@CNO Anode and AC (Activated Carbon)
Cathode

To deal with the low coulomb efficiency of the Ni@CNO anode materials in the first
cycle and to reduce the influence of the electrolyte ion concentration on device performance
during the formation of SEI film, the anode Ni@CNOs material was pre-embedded with
lithium and assembled into a complete battery with AC cathode material. The pre-lithiation
process of the anode is typically utilized, and therefore the working voltage window can
be enlarged to boost the energy density [42,43]. According to the conservation of electric
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quantity, the maximum capacity that can be released by the energy storage device is mainly
determined by the cathode material. However, at the same time, the surface load of the pole
plate cannot expand infinitely. In the actual operation process, excessively thick electrode
plates are prone to powder dropping, which does not adhere well to the collector and also
affects the conductivity of the electrode plate. Therefore, in order to maximize the material
capacity, the energy density and power density were balanced. Then, the LIC pouch cells
were assembled with three mass ratios of 1:1, 1:2, and 1:3 (anode vs. cathode) and the
electrochemical performance was measured to determine the optimal ratio of the anode
and cathode.

Galvanostatic cycling of AC//Ni@CNOs LIC pouch cell systems at current densities
of 0.1 A g−1 to 10 A g−1 was conducted to evaluate their rate performance. As shown in
Figure 7a, LIC pouch cells with a mass ratio of 2:1 provided highly specific capacities of
78.48, 75.42, 70.38, 66.96, 61.92, and 55.26 F g−1 at 0.1, 0.2, 1, 2, 5, and 10 A g−1, respectively,
within a potential range of 2.0–4.2 V, which is much better than the other two LIC pouch
cells. Based on the above experimental results, the optimized cathode/anode mass ratio of
AC [activated carbon (YP-80)]//Ni@CNOs LIC pouch cells is 2:1. Figure 7b shows the CV
curves of the LIC pouch cells at various scan rates from 2 to 20 mV s−1 in the voltage range
of 2.0–4.2 V. As expected, the LIC pouch cells display a rectangular shape, and no apparent
shape distortion was observed at a scan rate of 20 mV s−1, indicating good capacitance
behavior. Figure 7c shows the linear and symmetric voltage profiles of the AC [activated
carbon (YP-80)]//Ni@CNOs (the mass ratio of 2:1) LIC pouch cells within the voltage
range of 2.0–4.2 V, which clearly demonstrates its excellent capacitive behavior. This result
is again consistent with the CV measurements. Figure 7d reveals a comparison of the rate
capability of AC//Ni@CNOs LIC pouch cells and pure AC//SC LIC pouch cells in the
voltage range of 2.0–4.2 V, with the rate performance of the AC//Ni@CNOs LIC pouch
cells being much better than that of the AC//SC LIC pouch cells at current densities from
0.1 to 10 A g−1. This excellent electrochemical performance can be ascribed to the special
structure of Ni@CNOs. For the EIS analysis, EIS was employed to further explore the
electrochemical behavior of the LIC pouch cells. Figure 6e displays the Nyquist plot for
the LIC pouch cells device. In the corresponding equivalent circuit model, Rs represents
the e ohmic internal resistance, Rct is the charge transfer resistance, and Cdl denotes the
double-layer capacitance and capacity of the surface layer. The ohmic internal resistance
and charge transfer internal resistance of the capacitor are very small, which is attributed to
the coalescence and interparticle connectivity of the Ni@CNOs. According to the Nyquist
plot, the Rct value of SC is greater than Ni@CNOs. This result reveals that the reaction
resistance is decreased by the additional interface area provided by the Ni@CNOs network
in the composite. Figure 7f shows the long-term high rate cycling of the AC (activated
carbon (YP-80))//Ni@CNOs LIC pouch cells cell at a rate of 2 A g−1 in the voltage range
of 2.2–3.8 V. After a further 40,000 cycles, the LIC pouch cells maintain good cycle ability,
with 94.09% capacity retention and a coulombic efficiency close to 100% at full cycling.
The result clearly demonstrates the superior rate capability of the AC [activated carbon
(YP-80)]//Ni@CNOs system, which indicates that the Ni@CNOs anode remains stable
with cyclic stability against cycling, without li+ consumption and particle pulverization.

The porous structure of Ni@CNOs increases the electrode reaction interface, thus pro-
viding more favorable ion diffusion channels and a wider range of electrochemical reaction
interfaces. Ultimately this reduces the interface reaction impedance and internal resistance
caused by concentration polarization. Specifically, the presence of Ni in CNOs increases
the electronic conductivity of the electrode and improves the multiplier performance of the
device.
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Figure 6. Electrochemical properties of the Ni@CNOs anode. (a) CV curves of the Ni@CNOs anode,
(b) initial three charge/discharge cycles of the Ni@CNOs anode, (c) CV curves at scan rates of 0.1 to
10 mV s−1, (d) specific capacities of the Ni@CNOs anode at different current densities, and (e) the
cycling performance and its corresponding coulombic efficiency at a current density of 1 A g−1.

Figure 8 shows the gravimetric Ragone plot of the AC [activated carbon (YP-80)]//Ni@
CNOs and the LIC pouch cells reported in the reference. As expected, the AC//Ni@CNOsL
IC pouch cells reach an energy density of up to 140.1 Wh Kg−1 at 275 W kg−1. Even at
an ultra-high power density of 27 kW kg−1, the electrode can deliver an energy density
of 76.6 Wh kg−1. Compared to several representative LIC pouch cells systems, our AC
[activated carbon (YP-80)]//Ni@CNOsLIC pouch cells exhibit superior energy and power
performance, such as nitrogen-enriched mesoporous carbon nanospheres/graphene (N-
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GMCS)//pre-lithiated microcrystalline graphite (PLMG) [44], URGO (urea (H2N-CO-NH2)
RGO)//AC (commercial products) [45], HC (commercial products)//AC (commercial
products) [46], and HC (commercial products)//AC (commercial products) [47], with
more detailed information provided in Table 1. From the above discussions, this study
offers a promising platform for the Ni@CNOs anodes as prospective electrode materials for
electrochemical energy storage applications.
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Figure 7. Electrochemical properties of the LIC pouch cells. (a) Rate performance of three LIC
pouch cells with various mass ratios (anode vs. cathode) (b) CV curves of the LIC pouch cells with
different scan rates in the voltage range of 2.0–4.2 V, (c) charge and discharge profiles of LIC from 0.1
to10 A g−1 in the voltage range of 2.0–4.2 V, (d) comparison of rate capability of the AC//Ni@CNOs
LIC pouch cells and the pure AC//SC LIC pouch cells, (e) Nyquist plot of the LIC, and (f) long-term
high-rate cycling performance at 2 A g−1 in the LIC pouch cells in the voltage range of 2.2–3.8 V.
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Figure 8. Ragone plots comparison of AC//Ni@CNOs with other recently reported LIC pouch cells
systems (based on the mass of electrode materials).

Table 1. Literature comparison showing several reported LIC systems with carbonaceous anodes.

Ref No. Anode//Cathode
Working Potential
Range (vs. Li/Li+)

Max. Energy
Density

Wh kg−1/Power
Density W kg−1

Max. Power Density
W kg−1/Energy

Density Wh kg−1

Cyclability Cycles @
Current Density A g−1

This work Ni@CNOs//AC 2.0–4.2 140.1/275 27,000/76.6

40,000 cycles (94.09%) @
2 A g−1

in the voltage range of
2.2–3.8 V

[30] OLC-B//AC 2.0–4.0 243 @ 211 20,149 @ 66 10,000 cycles (78%)

[44] Graphite//functionalized
graphene 2.0–4.0 106/84 4200/85 100% over 1000 cycles

[45]
Hard

carbon//activated
carbon

1.4–4.3 80/150 2350/65 83% over 10,000 cycles

[46]
Hard

carbon//activated
carbon

2.0–4.0 82/100 20,000/14 97% over 600 cycles

[47] Graphdiyne//AC 2.0–4.0 110.7/100.3 1000.4/95.1 1000 cycles @ 0.2 A g−1

[48]

Sisal fiber-derived
graphitic

carbon//Sisal fiber
AC

2.0–4.0 104/143 6628/32 3000 cycles @ 1 A g−1

[49]
N-doped hard

carbon//activated
carbon

2.0–4.0 28.5/348 6940/13.1 97% over 5000 cycles

[50]
Soft

carbon//activated
carbon

0–4.4 115/25 15,000/16 63% over 15,000 cycles

[51] Graphene//activated
carbon 2.0–4.0 95/27 222.2/61.7 74% over 300 cycles
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4. Conclusions

In this work, the effects of Ni@CNOs as pre-lithiated anode materials on the elec-
trochemical performances of LICs were investigated. Due to their large specific surface
area, high conductivity, and the presence of metal Ni increasing the electronic conductivity,
Ni@CNOs exhibit excellent electron and ion transport for rapid electrochemical interactions
with Li+ and a significant improvement in the rate performance of LICs. For the Ni@CNOs
as anodes vs. Li/Li+, when the current density was increased to 20 A g−1, the reversible
specific capacity remained at 111 mAh g−1. Furthermore, pouch-type AC//Ni@CNOs
LICs with a high energy density and a high-power density were successfully fabricated.
According to the experimental results, the AC//Ni@CNOs LIC achieves an energy density
of up to 140.1 Wh Kg−1 at a power density of 275 W kg−1. Even more, at an ultra-high
power density of 27 kW kg−1, the electrode can deliver an energy density of 76.6 Wh kg−1,
which is superior to the energy density of carbonaceous anodes and the power density of
commercial supercapacitors. These capacitors also demonstrate excellent cycling stability,
with a 94.09% capacitance retention over 40,000 cycles. Hence, the Ni@CNOs demonstrate
potential for application in practical LICs. In future work, Ni will be removed from the
CNOs, and then the pure CNOs’ electrochemical performance and their application in the
field of LICs will be tested.
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Figure S1. (a) The XPS survey spectrum and (b) high-resolution XPS spectrum of the C 1 s region in
Ni@CNOs; Figure S2. TEM image of Ni@CNOs; Figure S3. The energy spectra of Ni@CNOs.
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Abstract: In past years, lithium-ion batteries (LIBs) can be found in every aspect of life, and batteries,
as energy storage systems (ESSs), need to offer electric vehicles (EVs) more competition to be accepted
in markets for automobiles. Thick electrode design can reduce the use of non-active materials in
batteries to improve the energy density of the batteries and reduce the cost of the batteries. However,
thick electrodes are limited by their weak mechanical stability and poor electrochemical performance;
these limitations could be classified as the critical cracking thickness (CCT) and the limited penetration
depth (LPD). The understanding of the CCT and the LPD have been proposed and the recent works
on breaking the CCT and improving the LPD are listed in this article. By comprising these attempts,
some thick electrodes could not offer higher mass loading or higher accessible areal capacity that
would defeat the purpose.

Keywords: thick electrodes; critical cracking thickness; limited penetration depth; mass loading;
area capacity

1. Introduction

Over the past few decades, lithium-ion batteries (LIBs) have attracted more attention as
energy storage systems (ESSs) due to the drive for a greener future. LIBs are electrochemical
ESSs that supply energy by electrochemical reactions occurring in porous electrodes. The
introduction of LIBs into vehicles has required more demands for advanced batteries. A
typical areal capacity for hybrid electrical vehicles (HEVs) is about 2 mAh·cm−2, while for
typical electrical vehicles (EVs), it is 4 mAh·cm−2 for state-of-the-art LIBs [1]. Energy-to-
weight ratio is a critical issue for ESSs, and a battery-level specific energy of ~225 Wh·kg−1

is widely accepted; it combines the weight and driving mileage for EVs [2]. To offer
competitive advantages for EVs in market, the US Department of Energy (US DOE) and
the Advanced Battery Consortium (USABC) held that the EVs should provide a range of at
least 500 km, while batteries as ESSs need to possess high energy density of approximately
235 Wh·kg−1 and 500 Wh·L−1 at battery pack level [3,4].

For a greener future, the China Society of Automotive Engineers (CSAE) with the
guidance from the Ministry of Industry and Information Technology of China (China IIT)
publishes the Technology Roadmap of Clean and New Energy Vehicles 2.0. In addition,
a higher demand of 500 Wh·kg−1 is proposed for advanced batteries for EVs in 2035 [5].
The US DOE organized a Battery 500 Consortium that aims to achieve battery energy
above 500 Wh·kg−1, and some feasible strategies (see Figure 1a) are given for lithium
metal batteries. In general, advanced strategies proposed to obtain high energy storage
systems include: (1) to study the new electrochemical energy storage mechanisms [6];
(2) to broaden the cell potential window [7]; (3) to develop electrode materials with high
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specific capacity [8]; and (4) to design electrodes with high mass loading [9]. There are
lots of studies that focus on developing next-generation high-energy batteries, such as
Li-oxygen and Li-sulfur batteries. A high energy density lithium-oxygen battery based on
a reversible four-electron conversion to lithium oxide was reported [6]. However, most
studies have focused on energy density on materials level while the specific energy density
of the represented battery packs is nearly four times smaller than the energy density on
the material level (Figure 1b) [10]. Much non-active but indispensable components are
introduced into batteries due to the need for its operation and management. Therefore,
the improvement on the material or electrode level could not completely transferred to
the battery level. Narrowing the gap in specific energy density between the material layer
and the battery layer brings a brighter prospect for improving the battery energy density.
The fourth path of this paper is based on this idea. Furthermore, the first three ways make
efforts on the material or electrode level and need to put much energy on new mechanisms
while the fourth path does not. Additionally, the fourth path could further improve energy
density on the battery pack level based on the first three ways.

  

(a) (b) 

Figure 1. (a) Calculated cell−level specific energy based on different strategies [11]. (b) The specific
energy density based on a standard 52Ah pouch cell and state−of−the−art packs [10].

The fourth path to design electrodes with high mass loading is thick electrodes. The
principle of thick electrodes design is that higher mass loading could decrease the share
of non-active materials like current collectors and separators. However, it does not mean
that the thicker the electrodes’ thickness the higher battery energy density. Figure 2a gives
the advantage of thick electrodes, and the trend of curves supports that point. To further
vividly explain this principle, taking the commercial laminated batteries for example (see
Figure 2b), a repeating unit that contains electrode materials and current collectors and
separators could be extracted. When using thick electrodes to replace the conventional
electrodes in the repeating unit, the ratio of non-active materials in batteries is significantly
decreased. The strategy of thick electrodes is to minimize the use of non-active materials
to improve the battery energy density. Additionally, from Figure 2b, the use of non-active
materials in batteries constructed by thick electrodes is already too low, which means that
there is not more space for improving battery energy density from increasing electrode
thickness. It is agreed with the second half curves in Figure 2a. Therefore, there is an
optimal interval for the thickness or mass loading of the electrodes, as shown in Figure 2c.
However, the concrete values are related various factors and not given.
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(a) (b) 

 
(c) 

Figure 2. (a) The capacity of an electrode is positively proportional to the mass loading of active
materials on the electrode [12]. (b) A detailed explanation about thick electrode design. (c) The
opportunities for thick electrode design [13].

In presently commercial LIBs, the thickness of electroactive components including
the cathode and the anode are both limited between 50 and 100 μm [14,15]. The design
of thick electrodes is not a novel strategy, and its application is restricted by two serious
obstacles: weak mechanical stability in production and poor electrochemical performance
in working. It has been acknowledged in academia that there are two critical thickness
for battery electrodes with high mass loading. One is the critical cracking thickness (CCT)
about mechanical stability [16–19]; the other is the limited penetration depth (LPD) for
electrolyte transport in the electrode [2,20–22].

In past years, much of the studies were devoted to new electrode design with high
mass loading to boost the development of LIBs. To overcome the limitations of CCT,
the plentiful works draw the support of three-dimensional frameworks to offer mechan-
ical stability [9,23–27]. Electrodes with a thickness up to 850 μm and an aerial mass of
55 mg·cm−2 have been constructed with the aid of wood templates [28]. For improving the
limitation of LPD, to construct the ordered pores to decrease tortuosity is the most popular
choice [29–31]. Thickness-independent electrodes constructed by vertical alignment of
two-dimensional flakes could enable directional ions transport [32].

It is noteworthy that the limitations of ion diffusion in the liquid electrolyte deteriorate
the rate capabilities of thick electrode design [2,33]. Therefore, introducing thick electrode
design into all-solid-state lithium batteries (ASSLBs) could be helpful due to the uniform
transference number of inorganic solid electrolytes [34]. Moreover, the current ASSLBs are
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produced by expensive and multi-step processes based on thin-layer-deposition techniques,
and much efforts have been invested in increasing electrode thickness [35]. The combination
of the two concepts could offer higher energy density and power density for lithium
batteries. Hong et al. developed a new solvent-free dry technique to produce thick
electrodes for ASSLBs which uses a Li+-conducting ionomer as a binder to form fibrous
linear binding [36].

This paper will describe and discuss the latest advances in thick, porous electrodes
from various perspectives, including the understanding of the two critical thicknesses, break-
throughs in the two critical thicknesses, and the relevant comparison between these studies.

2. The Challenge of Thick Electrodes

To obtain high energy density of 500 Wh·kg−1 for advanced batteries is the shared goal
for China and US governments where are the largest automotive markets in the world. The
Battery 500 Consortium proposed pathways to 500 Wh·kg−1 practical cells and an essential
requirement is increasing the cathode thickness [11]. LIBs constructed by thick electrodes
with high mass loading can benefit both vehicular range and unit cost in the application
for EVs [37,38]. The superiority of thick electrodes design has been discovered formerly
and the electrode thickness has been increased to over 100 μm in commercial batteries.
Therefore, there must be some problems hindering the realization of thicker electrodes.

2.1. The Critical Cracking Thickness (CCT)

During the drying of wet films, cracks were observed in diverse systems such as
desiccated soil, concrete casting, ceramics slips and model colloidal dispersions [39,40].
Figure 3a give the diagram about the drying process [41]. It has been widely accepted that
the capillary stresses during drying process are the cause of cracking formation [16,42–44].
When the slurry containing suspended particles is dried, capillary stresses are generated
between particles in the air–solvent interface. If the particles are soft, they can remove
stresses. However, in reverse case, the stresses are released by cracks formation when the
particles are hard [16].

It has been observed that the CCT would increase with the increase of particle size and
be not affected by the drying speed [16,19,41]. It is noteworthy that lower drying speed has
positive effects on the fracture toughness but not the film thickness [43]. It has also proven
that the drying rate actually has no impact on the CCT but crack size [45]. Additionally,
decreasing film thickness and increasing particle shear modulus would increase the critical
capillary pressure for cracking formation. Singh et al. analyzed the influencing factors of
the capillary stresses and established a formula about the CCT:

hmax = 0.41

(
GM∅rcpR3

2γ

)1/2

(1)

where hmax is the CCT, G is the shear modulus of the particles, M is the coordination
number, ∅rcp is the particle volume fraction at random close packing, R is the particle
radius, and γ is the air–solvent interfacial tension [16].

The traditional technology in electrode manufacture is to mix active materials with
conductive additives and binders in organic solvents, and then to coat this slurry on
current collectors like Al or Cu film. Additionally, a requisite step in this manufacture is to
evaporate the solvents. The cracks also have been observed on battery electrodes, cracks
were generated in NMC electrodes (NMC811:PVDF:CB = 90:5:5, wt.%) at a thickness above
175 μm and any crack-free μ-Si electrodes (μ-Si:PAA:CB = 80:10:10, wt. %) could not be
fabricated at a thickness above 100 μm, as depicted in Figure 3b [46].

2.2. The Limited Penetration Depth (LPD)

High mass loading electrodes would increase the thickness of electrode films, which
increases the diffusion distance of charges in electrodes. In the electrochemical process, the
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longer the charge diffusion distance, the lower the mass transfer efficiency [21]. Addition-
ally, due to the sluggish ions transport kinetics, not all active materials in thick electrodes
could be used in high C-rates. It has been proven that the limited diffusion of Li+ inside the
porous electrode leads to the under-utilization of the active material [14,47–49].

 
(a) 

 
(b) 

   

(c) (d) (e) 

Figure 3. (a) Illustration of the drying process [41]. (b) Cracks in NMC electrodes
(NMC811:PVDF:CB = 90:5:5, wt.%) and μ−Si electrodes (μ-Si:PAA:CB = 80:10:10, wt. %) [46]. (c) First
cycle thickness−normalized specific capacity as a function of electrode thickness [47]. (d) DLi

+ as a
function of electrode thickness [47]. (e) An inhomogeneity in different thicknesses across an NMC811
electrode during the charging and discharging process [50].

When the LPD is greater than the designed electrodes thickness, mass transport in
the electrolyte would not be the limited factors of the full utilization of active materials
in electrodes [2]. To balance the migration of anions that do not participate in the electro-
chemical process, a lithium salt concentration gradient would form: that is what the LPD
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means [20]. The LPD is in inverse proportion to C-rates and tortuosity [22]. Additionally, a
simple analytical equation for the LPD for electrolyte transport in the electrode is given:

Ld =
ε

T
D0c0F

(1 − t+)I
(2)

where Ld is the LPD, ε is the porosity of the electrode, T is the tortuosity factor of the pore
matrix, D0 is the diffusion coefficient of the lithium salt species in the electrolyte, c0 is the
initial concentration of electrolyte, t+ is the transference number of Li+, I is the applied
current density and F is the Faraday constant [2].

From experiments on NMC622, electrodes with different thicknesses, their specific
capacities at C/50 rate were obtained and these values were normalized by their coating
thickness [47]. An obvious turn at ~200 μm was shown in the plot of the normalized
capacity as the function of thickness, as shown in Figure 3c. Moreover, the lithium diffusion
coefficient (DLi

+) that calculated from GITT is a related parameter of Li+ diffusion behavior.
The same turn at ~200 μm were observed in the plot of DLi

+ as the function of thickness (see
Figure 3d). Additionally, the operando studies about the depth-dependent inhomogeneity
are supported in this suspect, as shown in Figure 3e [50]. The same result has been proposed
that the maximum film thickness limited by ions diffusion is approximately 200 μm [32].

The ESSs for EVs are required in excellent performance in terms of energy and power.
To fabricate battery electrodes with high mass loading needs to break the limit of the CCT,
and the LPD is the obstacle that stands in the way of battery electrodes with high accessible
areal capacity. According to the understanding of the CCT and the LPD, various ways have
been developed to solve the problems.

3. Strategies for Increasing Electrode Thickness

Making thick electrodes a reality needs to break the limitations of CCT and LPD.
Additionally, how to fabricate crack-free electrodes is the first concern, which means the
solution could be two-step or one-step. The two-step solution is to solve those two problems
separately, for example, a thick and free-standing electrode was constructed with two-
dimensional nanomaterials that breaks the CCT and then a laser drilling technique was
adopted to fabricate a micro-hole array in this electrode to increase the LPD [51]. The
one-step solution is to solve those two problems simultaneously. For example, the ultra-
thick electrodes made of wood formwork improve the mechanical stability of the frame.
Additionally, the gap between the active materials and the carbon frames improve the
diffusion kinetics during the drying process [52].

3.1. Increasing the CCT

From the formation mechanism, the cause of cracking is generated stresses during the
drying process [16,19,41], and even is the traditional technology (the wet-slurry casting
technology) from a higher vision. Therefore, there are three strategies to construct thicker
electrodes. One is making efforts to decrease the generated stresses during the drying pro-
cess, and another is using three-dimensional (3D) frameworks to offer mechanical stability
while the other is taking new manufacture technologies beyond the traditional technology.

3.1.1. Decreasing Generated Stresses

According to hmax~(1/γ)1/2 from Equation (1), the CCT could be improved by de-
creasing the surface tension. Thus, making efforts to decrease the surface tension is a
straightforward method to alleviate or eliminate cracks. According to this point, Du et al.
have successfully constructed a NMC532 electrode with areal loading above 25 mg·cm−2

(~4 mAh·cm−2) by introducing isopropyl alcohol (IPA) into aqueous solvent systems to
decrease the surface tension, as shown in Figure 4a [41].
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(a) 

 

(b) (c) 

Figure 4. (a) Calculated surface tension of IPA–water mixture versus composition [41]. (b) Schematic
of the wet film and dry film [45]. (c) SEM and optical microscope images of aqueous-processed
cathode coatings (500 μm coating wet gap) on copper foil. Additionally, a simple ball and spring
model is given [53].

As shown in Figure 4b, the remaining particles are forced to fill a certain ratio of the
formed void when the solvent is evaporating during the drying process. Additionally,
cracking would occur when above a certain value. Therefore, the other way to reduce
mechanical stresses is to reduce the amount of solvent which needs to be inevitably evap-
orated during drying process [44]. By increasing the solid content of the electrode slurry
with using a new binder system to 65 wt.%, crack-free NMC111 electrodes have been
constructed with an active mass loading of up to 60 mg·cm−2 and an average dry film
thickness of (322 ± 9) μm [44].

Moreover, the observed results of NMC electrodes with different particle sizes are
contrary to the estimate of hmax~R3/2 [53]. There is no contradiction, since the stresses are
removed by the particles themselves when particles are soft, or by cracks when particles
are hard. Additionally, there are more than one kind of particle in the electrode slurry.
The NMC particles are hard, so the stresses are released by softer binders and conductive
additives and even cracks. Additionally, a simple ball and spring model is given in
Figure 4c, to reduce the size of active particles, which would decrease stresses in binders
and conductive additives. Therefore, the formation of cracks was reformed when NMC811
particles of smaller size were used.

3.1.2. Utilizing 3D Frameworks

The mechanical stability of thick electrodes could draw support from 3D frameworks.
Several thick and ultra-thick electrodes have been successfully fabricated with the aid of
carbon frameworks [9,23–25,27], metal foams [15,54–56], and 3D conductive textile [57].
Besides, some 3D frameworks could offer convenient ion and electron channels to improve
the limited diffusion kinetics due to the increased thickness.

Carbon nanotubes (CNT) and carbon nanofibers (CNF) are easy to form crosslinked
networks and provide features as both binders and conductive additives. Park et al.
constructed a high-performance electrode with the thickness of up to 800 μm through
segregated CNT networks, as shown in Figure 5a [46]. Due to the improved mechanical
robustness through these networks, the extremely thick electrodes could be constructed.
With the help of graphite fibers (GF) bonded with pyrolytic carbon (PC) and graphite
nanoplatelets (GNP), an ultra-thick electrode with the thickness of 17 mm performed the
reversible capacity of 11.63 mAh·cm−2 (as shown in Figure 5b) [24]. Additionally, some
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carbon networks could undertake the functions of binders and conductive additives. It
may be profitable for decreasing the ratio of non-active materials in battery electrodes.

 
(a) (b) 

 
(c) (d) 

Figure 5. (a) Tensile toughness of NMC811/CNT electrodes plotted versus CNT content [46]. (b) The
reversible capacity of the 3D thick all−carbon frameworks [24]. (c) Comparison of the impedance
curves for electrodes constructed by the metal foam and the foil [54]. (d) Comparison of the cyclic
voltametric curves for the electrodes using different cell size of metal foams [56].

Additionally, the adhesion properties between the active material and traditional cur-
rent collectors are constant when increase the mass loading of electrodes, so the possibility
of delamination at the current-collector/active-material interface became larger. 3D current
collectors could provide greater adhesion than the foil-type current collectors [54]. Thicker
electrodes could be constructed when all particles are not more than 50 μm from the nearest
current collector. Metal foams have attracted more attention since they are the most suitable
to introduce into the slurry casting process to fabricate electrodes. A graphite electrode
was constructed with the thicknesses of 0.6 and 1.2 mm by using Cu foams as the current
collector [15]. Additionally, Yang et al. fabricated a 450 μm thick graphene electrode with
mass loading of 10~15 mg·cm−2 by using Al foams [55].

The 3D current collector also could improve kinetics of electrodes. From the compari-
son of foam-collector-type and foil-collector-type electrodes with similar mass loading of
active materials, the charge transfer resistance was seven times less for the foam than for
the foil, at values of 15 and 110 Ω (as shown in Figure 5c) [54], respectively. Furthermore,
by comparing the cyclic voltametric curves for the cells using different sizes of metal foams,
as shown in Figure 5d, a remarkable result was that the peak became lower and wider
for the cell using 1200 μm size of metal foams [56]. It indicated that using a 3D current
collector to fabricate electrodes could settle mechanical, but not completely electrochemical,
problems in thicker electrodes.
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Other 3D frameworks are also used to fabricated thick electrodes. The 3D conductive
textiles have been introduced batteries electrodes due to its stable potential range in organic
electrolyte and electrodes have been fabricated with a thickness of ~600 μm through 3D
conductive textiles, which are 8–12 times higher of those on metal collector [57].

3.1.3. Taking New Technology

Since the cracks occur during drying process, taking some manufacture technologies
without the evaporation process are possible ways to construct crack-free thick electrodes.
Some technologies have been successfully introduced into battery electrodes like spray-
ing [58–60], sintering [61], 3D printing [62–65], powder extrusion moulding (PEM) [66–68]
and dry powder coating [69,70]. The solvent-free process is an ideal alternative solution to
replace the wet slurry casting process. The related stresses generated during the drying
process would no longer be considerations. Moreover, manufacture costs would be cut as
the elimination of using and removing solvents.

A solvent-free technology is spray deposition that has been used in coating industries
for over 30 years to create functional paints. Recently, this technology has been introduced
into producing battery electrodes. The main processes of this technology are mixing, dry-
spraying and hot-pressing. Figure 6a gives the optimized technology for using in battery
electrodes. The fabricated LTO electrode has interconnected particles that facilitate electron
and ion transport via shortened pathways within the electrodes [59]. Additionally, the film
thickness could be controlled just by adjusting the spraying time [58].

Another solvent-free technology is dry-coating technology that does not introduce any
solvents into the craft, as shown in Figure 6b. This technology maintains a liquid-free state
in the full process from the raw materials to finished products. Free-standing electrodes
with thicknesses between 50 microns to about 1 mm could be easily fabricated by this craft.
It has been proven that the bonding strength between dry-deposited particles and current
collectors could be greater than slurry-cast electrodes [70].

PEM is a cost-effective manufacturing method to produce battery electrode. The
main steps of PEM are mixing, extrusion, de-binding and sintering, as shown in Figure 6c.
Thick electrodes constructed by PEM technology shows better mechanical properties than
alternative technologies [66]. The Li4Ti5O12 (LTO) anodes and the LiFePO4 (LFP) cathodes
have been produced with the thickness as high as 500 μm through this method [66,67].
Additionally, a LIB was assembled with this LTO anode and this LFP cathode and possessed
mass loading of ~100 mg·cm−2 that is better than the current one [68]. Just as important,
this technology is also an environmentally friendly technology for electrode manufacturing.

Due to the low-cost and simple manufacturability, extrusion-based 3D printing is a
potential craft for electrode fabrication. The thickness of thick electrodes could be well
controlled thanks to the layer-by-layer additive technique [71]. Sun et al. constructed
an ultra-thick LTO electrode by using 3D printing with the thickness of 1500 μm [62].
Additionally, 3D-printed electrodes with highly interconnected networks could offer ion-
and electron-transport paths, which indicated a better electrochemical performance [63].

Additionally, a new design called fiber-aligned thick electrodes has been used to
construct thick electrodes. The composite membrane contained aligned carbon fibers that
could provide low tortuosity, high conductivity, and mechanically strong features for high
mass loading electrodes, and this novel design is shown in Figure 6d [9,72].

There are many attempts to improve mechanical stability for producing thick crack-
free electrodes. In this part, we mainly focus on the growth of thickness. Some technologies
also bring other gains, 3D current collectors could serve as both the support and the
collector that improve construction stability and electron conductivity. The thick electrodes
fabricated by 3D printing technology have advanced ion transport pathways due to their
highly ordered structure. Additionally, solvent-free technologies no longer need the using
and removing of solvents, as well the corresponding costs.
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. (a) A schematic of the dry spraying process [59]. (b) A schematic of the dry coating
process. (c) Schematic illustrations of powder extrusion moulding [67]. (d) Schematic fabrication of
fiber-aligned thick electrode [9].
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3.2. Increasing the LPD

Improving mechanical stability to fabricate crack-free electrodes is just the first step
to get the target on energy density of 500 Wh·kg−1. When the porosity of thick electrodes
is below 30%, it is found that ionic conduction within such a thick and dense electrode
becomes a main reason that causes poor rate performances [2,50,73]. For thick electrodes,
the ionic resistance in pores (Rion) is higher than the charge-transfer resistance for Li
intercalation (Rct), as shown in Figure 7a, so there are limited ion diffusion behaviors across
thick electrodes [74].

According to Equation (2) of the LPD, the LPD is proportional to the porosity of
the electrode and inversely proportional to the tortuosity of the electrode. The diffusion
coefficient of Li+ is directly related to the diffusion behaviors of Li+ in porous electrodes.
Additionally, a simplified expression could be inferred from Equation (2):

De f f =
ε

τ
DLi (3)

where De f f is the effective ionic conductivity, ε is the porosity of the electrode, τ is the
tortuosity of the electrode and DLi is the intrinsic ions conductivity [75–77]. Additionally,
the tortuosity reflects the ions diffusion length in the electrodes.

 
(a) (b) 

(c) 

Figure 7. (a) The changes of Rion and Rct and their magnitude show opposite trends with respect to
electrode thickness [74]. (b) Higher tortuosity is present in a thicker electrode [78]. (c) Illustration
about the value of the low−tortuosity design for thick electrodes [13].
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Therefore, there are two strategies to improve ion diffusion behaviors. One is to
optimize porosity of the electrode to get better rate performance, and the other is to
construct vertical pathways to current collectors for fabricating low-tortuosity electrodes.
However, a high porosity would reduce the ratio of active materials in electrodes, and it goes
against the design of thick electrodes. Additionally, the tortuosity reflects the ions diffusion
length in the electrodes. Additionally, Figure 7b clearly shows that the tortuosity of the
electrode increases with the growth of electrode thickness [78]. Therefore, the low-tortuosity
design with building ions transport pathways paralleled to the ion transport direction
has become a key principle for thick electrodes [29–31]. Additionally, the superiority of
low-tortuosity design in thick electrodes could be obtained from Figure 7c [13].

It is noteworthy that the low-tortuosity design would increase the porosity of the
electrode, but this increase would bring more effective promotion on ions diffusion behavior.
Moreover, there is an optimal design of the oriented porosity ε0 and matrix porosity
εm, which could balance the ion transport kinetics along the channels and in the matrix.
Additionally, it has been given an optimal value (ε0 ≈ 0.11 at ε0 + εm = 0.42) at which the
oriented-pore achieved the best rate capability without a sacrifice of the energy density [30].

3.2.1. Optimizing Electrode Porosity

When thick electrodes are discussed, not much attention has been paid to how dense
the electrode is, since most of the testing end at coin cell level. However, the practical
use of thick electrodes not only needs to consider their mass loading: porosity is equally
important [79]. Figure 8a revealed the role of the porosity in the evolution of the rate-
limiting step in thick electrodes [48]. The porosity is critical for performing electrochemical
properties of electrodes. Additionally, some studies have proven that the electrochemical
performance of thick electrodes could be improved through the porosity gradient [80,81].

To put kinetics into perspective, the porosity across the electrode showing a gradient
increase is beneficial from the region near to the current collector to the region close to the
separator. The reason is that electrodes with large porosity near separators could facilitate
fast ion transport while electrodes with small porosity close current collectors could ensure
optimum electronic contact [80,82–84]. Based on the electrochemical porous-electrode
model, two teams obtained the same results via distinct simulation methods. The result
is a higher porosity in the electrode near the separator, which can hold more electrolytes
and minimize resistance at the electrode [80,82]. Another report also supports this suspect,
but it puts forward that it is not much use to construct graded electrode beyond two layers
for reducing the resistance across the electrodes. Beyond simulations, the electrodes with
staged porosity in order to improve ions migration has been constructed by applying
the capillary suspension concept [84]. This strategy is under patent-pending protection
application [85].

However, an opposite viewpoint has been given. The highest stresses are located in
the electrodes near the current collectors and by increasing the porosity of this region the
maximum stress could be reduced. Furthermore, the lower porosity of electrodes near
separators would contribute to maintain a higher potential during discharge [81]. Moreover,
the comparison of electrochemical performance between directional ice templating with
low porosity nearest the separator (DIT LP-S) and directional ice templating with low
porosity nearest the current collector (DIT LP-CC) shows that the former performed better
rate capability (Figure 8b,c) [86]. Similarly, this strategy also has patent protection [87].
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(a) 

 

(b) (c) 

Figure 8. (a) The charge transport in electrodes with different porosity [48]. (b) Schematics of the
four electrode types fabricated for performance comparison: (i) directional ice templating with low
porosity nearest the separator (DIT LP−S); (ii) directional ice templating with low porosity nearest
the current collector (DIT LP−CC); (iii) isotropic ice templating (IIT); and (iv) slurry casting (SC) [86].
(c) Reversible capacities of the four types of these electrodes at different current densities [86].

3.2.2. Decreasing Electrode Tortuosity

Figure 8c also gives other sights that both DIT LP-S and DIT LP-CC electrodes per-
formed better rate capability than isotropic ice templating (IIT) electrodes and the IIT
electrodes also had poorer rate performance than the traditional slurry casting (SC) elec-
trode. Combining with Figure 8b, these sights indicate that the increased thickness of
electrodes would deteriorate the rate performance and decreasing electrode tortuosity
could improve electrochemical performance in thick electrodes. Furthermore, more general
and sustainable approaches are highly desired to fabricate uniformly aligned microchannels
in the electrode.

Nature provides many templates and inspirations for improving electrode perfor-
mance and building hierarchical microstructures [88]. The wood has open channels to
transport water, ions and other components along the growth direction. Additionally, the
structure provides guidance for making ordered electrodes. Thick electrodes constructed
via wood template inherit directional porous structure where it provides pathways for
easy ion and electron transport across the entire electrode [25,28,89–91]. As shown in
Figure 9a, the interconnected carbon framework could provide a conductive network for
electron transport while the gap between active materials and frameworks could offer
low-tortuosity pathways for ion transport [52]. To further illustrate the value of wood-
template, Lu and coworkers constructed the traditional LiCoO2 cathode (control LCO)
and the wood-template LiCoO2 cathodes (LCO-1 and LCO-2, the LCO-2 for higher mass
loading underwent the double processes of LCO-1) and measured their related proper-

95



Batteries 2023, 9, 151

ties [92]. The results are given in Figure 9b,c, and the tortuosity of wood-template cathodes
is approximately close to 1 due to ordered microchannels and smaller than the control LCO.
The ion conductivity and electron conductivity of wood-template cathodes are larger than
the control LCO. Through comparing the porosity and ion conductivity between LCO-1
and LCO-2, a larger porosity is not always positive to improve ions diffusion or the LPD.

The ice-template technique is also used to build orientational pores for ion migra-
tion [64,86,93]. The ordered pores could be well controlled by adjusting the freezing and
sintering parameters. This technique creates electrodes that combine the energy and the
power [93]. Moreover, Miller et al. successfully constructed thick electrodes with the
thickness-independent electrochemical performance by aligning vertical two-dimensional
flakes [72]. Additionally, Figure 9d gives a scheme of thick electrodes constructed by this
guidance, and approximately 200 μm is the maximum thickness of each film due to the ion
transport limitations [32]. It is another proof of the LPD.

Commercial availability is also a critical factor for building directional aligned pores
in electrodes. Additionally, a simple, up-scalable and inexpensive technique to construct
pathways parallel to the direction of the Li+ migration has been proposed by applying
a magnetic field during the electrode fabrication (Figure 9e) [94–99]. A magnetic control
method based on sacrificial features was reported, magnetized nylon rods or magnetic
emulsions were used as a template to fabricate directionally aligned pore arrays in the
thick electrode [95]. Additionally, it is noteworthy that the aligned pore structure performs
higher areal capacity under the same conditions (at constant thickness and total porosity)
and smaller pore spacings are superior, as shown in Figure 9f,g.

Moreover, Figure 9f,g give a critical viewpoint that the pore parameters (like diameter
and spacing) play a pivotal key on rate performance of electrodes. Therefore, a more
precise technique for constructing vertically aligned pores is requested and essential. The
laser-based manufacturing process attracts more attention in the low-tortuosity design
for thick electrodes. This concept involves high-precision ablation of a small fraction of
the active material from the initial coating and generating additional diffusion pathways
(Figure 9h) [10,100]. The laser processing on electrodes is inevitably accompanied by slight
capacity loss but significant improvements in rate performance [101–103]. By using 200
ns-laser radiation and a pitch distance of 200 μm, the loss in active material can reach
values of about 30 wt.%, while a pitch distance of 600 μm would reduce the material loss
below 10 wt.% [104]. Additionally, the rate performance in different pitch distances were
given in Figure 9i [105].

Furthermore, the ultrashort pulse duration in the femtosecond (fs) or picosecond (ps)
range is less than the heat diffusion time. Additionally, the ablation volume is emitted
before any heat diffusion or thermal damage occurs and side effects are significantly
reduced [106]. Additionally, due to the cold nature of fs-laser ablation, a high-aspect ratio
of approximately 15 could be reached, which related to the capacity loss. Therefore, it can
construct fine and accurate alignment hole array. Additionally, the ideal pore parameters
for maximizing the rate capability could be identified by evaluating the ions distribution
in electrodes [107]. Furthermore, the surface on laser-generated structures leads to an
accelerated and homogenous wetting of the electrodes with liquid electrolyte [103,104].
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Figure 9. (a) Graphical illustrations of the ion and electron transportation behavior occurring in
the wood-templated electrodes [52]. The comparison of LCO-1, LCO-2, and control LCO in terms
of (b) tortuosity and porosity, (c) Li-ion and electron conductivities [92]. (d) Schematic illustration
of ion transport in vertically aligned Ti3C2Tx MXene films [32]. (e) Cross-sectional SEM image
of a low tortuosity LCO electrode constructed by magnetic method [94]. Areal capacity versus
C-rate for LCO electrodes with pore channels: (f) 310-μm-thick electrodes with 39–42% porosity and
(g) 220-μm-thick electrodes with 30–32% porosity [95]. (h) SEM images for laser-structured electrodes
(thickness ≈ 210 μm) [101]. (i) Specific discharge capacity of cells containing 250 μm thick electrodes
with different pitch distances [105].

3.3. Summary

This chapter gives the recent efforts on improving the CCT and the LPD to construct
thicker electrodes. It must be emphasized again that the first law of thick electrodes is
to obtain high performance electrodes with high mass loading and high accessible areal
capacity, not thicker electrodes. Some thick electrodes constructed by the above methods
show lower volumetric specific capacity that have no competition with the traditional
electrodes. Additionally, some design of thick electrodes cannot be transferred directly
to state-of-the-art large-scale cell manufacturing processes in industry. Table 1 gives the
summary of the thick electrodes. Additionally, the volumetric specific capacity of thick
electrodes is not below 400 mAh·cm−3 which is the current level of traditional electrodes.
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Table 1. Summary of recently reported thick electrodes.

Active Materials Thickness/μm
Mass

Loading/mg·cm−2
Areal Capacity/

mAh·cm−2@mA·cm−2
Volumetric

Capacity/mAh·cm−3 Reference

NMC622 154 37.6 6.58@0.38 427.3
[2]Graphite 182 23.4 7.84@0.82 430.8

LFP 1000 128 19.6@1 196 [9]
Graphite 1200 50 17.25@0.93 143.8 [15]
NMC532 240 30 5.84@1.15 228.3 [30]
NMC111 320 72 9.86@1.12 308.3

[33]Graphite 320 43 11.23@1.62 352.1
LCO 600 115.4 15.7@0.5 261.7 [34]

NMC111 322 60 5.1@1.8 158.4 [44]
NMC811 740 155 29@1.47 391.9

[46]2 μm Si 210 15 45@1.79 2142
LFP 800 60 5.7@1 71.3 [52]

LFP/C 240 12 1.86@1.02 77.5 [54]
LFP 430 46.5 7.2@1 167.4 [56]
LTO 600 168 26.5@1.68 441.7 [57]
LTO ~1500 30 4.74@1.06 31.6 [62]
LTO 475 138 15.2@1.02 319 [66]
LTO 550 110 11.11@1.6 202

[68]LFP 500 90 11.07@1.23 221.4
Graphite 240 16.5 3.79@1.23 158.1 [84]

LCO 1500 206 24.5@1.44 163.8 [92]
NCA 600 73.8 13@1.48 216.7 [93]
LCO 440 100.5 13.6@1.41 309.1 [94]

S 300 6 6.9@1 230 [97]
LCO 700 172 20.1@1.21 287.1 [102]

NMC622 250 51.7 8.79@0.93 351.6 [105]

4. Conclusions and Outlook

Recently moving towards carbon neutrality has become a global consensus and green
transportation attracts more attention. The EVs with the driving range of above 500 km
could become more competitive to survive in the market for automobiles. Additionally, a
practicable way to reach this value is to adopt thick electrodes with high mass loading and
high area capacity. The obstacles that stand in the way of using thick electrodes are weak
mechanical stability and poor electrochemical performance, or are limited by the CCT and
the LPD. Here, the understanding of these mechanisms and the recent efforts on breaking
the limitations are given.

The design of thick electrodes is aimed at obtaining higher energy density of LIBs at
battery-pack level, but not larger thickness for electrodes. Some thick electrodes with large
porosity show lower volumetric specific capacity that go against the original intention of
this design. Therefore, two corresponding parameters to evaluate the thick electrode is
needed, such as thickness and porosity, areal capacity and volumetric capacity.

The design of thick electrodes is aimed at applications for practical use like EVs,
and the preparation process must be suitable for a large-scale use. Some methods for
fabricating thick electrodes are only for a laboratory scale. Some technologies with drying
process may cause the microstructural heterogeneity in the electrodes due to the drying-
induced migration of the binder to the electrode surface. Additionally, combining with
the requirement of low-cost solution, some solvent-free manufacturing technologies are
appropriate, like the dry-coated technique, which is suitable for mass manufacture and
cuts the cost of using and removing the toxic solvents. Additionally, an environmentally
friendly industry is more easily accepted by local government and residents.

The electrochemical performance is the most basic requirements for thick electrodes.
Decreasing the tortuosity of thick electrodes by fabricating ordered microchannels paral-
leling the diffusion of Li+ has been considered as the most effective ways to help thick
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electrodes in performing better properties. Because the low-tortuosity design resulted in
active mass loss, it is essential to precisely construct vertical channels. From the studies
on constructing aligned pathways, the laser-ablation process could be better controlled to
precisely adjust parameters of the vertical channels.
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Abstract: Hybrid lithium-ion capacitors (HyLICs) have received considerable attention because
of their ability to combine the advantages of high-energy lithium-ion batteries and high-power
supercapacitors. State of charge (SOC) is the main factor affecting the practical application of HyLICs;
therefore, it is essential to estimate the SOC accurately. In this paper, a partition SOC-estimation
method that combines electrochemical and external characteristics is proposed. The discharge process
of the HyLICs was divided into three phases based on test results of electrochemical characteristics.
To improve the estimation accuracy and reduce the amount of calculation, the Extended Kalman
Filter (EKF) method was applied for SOC estimation at the interval where the capacitor energy
storage characteristics dominated, and the Ampere-hour (Ah) method was used to estimate the
SOC at the interval where battery energy storage characteristics dominated. The proposed method
is verified under different operating conditions. The experimental results show good agreement
with the estimation results, which indicates that the proposed method can estimate the SOC of the
HyLICs accurately.

Keywords: SOC estimation; electrochemical characteristic; hybrid lithium-ion capacitor

1. Introduction

Hybrid Lithium ion Capacitors (HyLICs) are a new type of devices combined with
the battery-type negative electrodes and capacitor-type positive electrodes [1–3]. HyLICs
have the characteristics of traditional lithium-ion batteries and supercapacitors [4]. State of
charge (SOC) is a significant parameter that indicates the level of charge in the HyLICs [5,6].
However, the SOC is an inner state of the HyLICs that depends on temperature, material
degradation, electrochemical reactions and aging cycles [7,8]. In addition, HyLICs have typ-
ically nonlinear and time-varying characteristics [9]. Consequently, based on the traditional
SOC estimation method, it is difficult to estimate SOC for HyLICs [10].

The methods for the estimation of the SOC can be mainly classified into three categories:
direct-measurement methods, data-driven methods and model-based methods [11,12]. Direct
measurement methods include the ampere-hour counting method and the open-circuit
voltage (OCV) method. The ampere-hour counting method is easy to implement, but the
initial value is difficult to find and the error may accumulate [13,14]. Considering the
relationship between OCV and SOC is simple and straight; the OCV method can meet the
requirements [15]. However, this highly depends on the temperature, chemistry, state of
health (SOH) and other factors that can easily affect how their relationship works, and it
also varies when batteries age [16].

The data-driven method, such as neural networks [17], extreme learning machine [18]
and support vector machine [19], takes advantage of advanced machine learning algo-
rithms to achieve SOC estimation with available historic data, and it is not dependent
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on a model featuring degradation-dependent parameters [10,20]. Hussein et al. [21] pre-
sented two artificial neural networks (ANNs) for SOC estimation of an Li ion battery.
However, the implementation cost rises due to the strictly necessary advanced hardware.
Malkhandi et al. [22] estimated the SOC of an Li ion battery using the fuzzy logic with-
out thoroughly eliminating the impact of incomplete charging. Yang et al. [23] proposed
a stacked Long Short-Term Memory (LSTM) network for SOC estimation that can cap-
ture the nonlinear relationship among measured current, voltage, temperature and SOC.
Xia et al. [24] proposed a hybrid intelligent method based on a Wavelet Neural Network
(WNN) to estimate the SOC of lithium-ion batteries. The discrete wavelet transform and
Levenberg–Marquardt are used in the data-training operations.

Nowadays, more work has focused on developing the SOC estimation methods to
improve their accuracy based on different models. The model-based method usually
starts with the construction of the battery degradation models. Input parameters such
as load current, terminal voltage and temperature were taken into calculation for the
equivalent model to estimate the SOC of a lead battery [25]. The electrochemical and
equivalent circuit model are common equivalent models for batteries [26,27]. They are
used to simulate the dynamic characteristics of batteries. Based on various types of battery
models, some filtering algorithms derived from control theory are used to estimate the
SOC [28]. Pan et al. [11] used the grey prediction model (GM) combined with an OCV model
based on the piecewise cubic-Hermite interpolation to build a grey extended Kalman filter
(GMEKF) for the SOC estimation of an Li ion battery. However, the estimation accuracy
and robustness of these methods still mainly depend on the type of battery model [14].

The above methods are based on the external characteristics of the battery [29], and
rarely take the internal electrochemical reaction of the battery into account. Therefore, the
accuracy of the estimation results depends heavily on the model or algorithm selection.
As a newly developed energy equipment, the property investigation of HyLICs is still
at the very beginning compared to the broad study on the Li-ion battery or lead battery.
When it comes to the SOC estimation performed in HyLICs, it is certain that our work
is not the first time to complete it; previous work was not discussed but spent quite a
quantity of space to analyze the characteristics of HyLICs. Based on their nonlinear and
time-varying characteristics, existing SOC estimation methods that were mainly performed
on the external characteristics of the equipment, as well as the previous little research on
HyLICs, are not suitable for our work.

In this paper, we conduct our research based on the internal characteristics of the
research object and take the electrochemical impedance of HyLICs, which can be obtained
by an electrochemical characteristics test, as the key parameter of the study. The voltage of
HyLICs was divided into three intervals based on the linearization result of the HyLICs’
electrochemical impedance. The extended Kalman filter method and the ampere-hour
integral method are used in the different intervals to estimate the SOC of HyLICs. The
method is applied to different operating conditions, and the experimental results show that
the method has higher estimation accuracy and stronger reliability.

2. Experiment and Electrochemical Characteristic Analysis

2.1. Hybrid Pulse Power Characterization (HPPC) Test

The hybrid pulse power characterization was recorded on battery tester BTS-60V20A
produced by Neware Ins., Shenzhen. The specific procedure is as follows:

Step 1: The HyLICs were fully charged with constant voltage and standard current.
Step 2: The fully charged HyLICs were left to rest for 5 h until they reached the

equilibrium state.
Step 3: The HPPC sequence was loaded before the constant current discharge was

conducted. The HPPC discharge cycle was repeated at every 10% drop in SOC until the
cycle ran at 10% SOC. The time interval of resting was 1 h.

Step 4: The test procedure stopped when the voltage of HyLICs reached its discharge
cut-off voltage.
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HPPC test data will be detailed in the following analysis of Section 4.1.

2.2. Electrochemical Characteristic Test

The electrochemical characteristic test mainly consists of two parts: cyclic voltammetry
(CV) test and electrochemical impedance spectroscopy (EIS). The cyclic voltammetry (CV)
profiles at different voltage ranges and scanning rates were recorded on the electrochemical
workstation CHI660 produced by CH Instruments Ins., Shanghai. The EIS was tested
at the open circuit voltage (OCV) within the frequency of 10−1–106 Hz on CHI660. The
galvanostatic charge and discharge test was conducted on Neware battery tester. The
specific procedure is as follows:

Step 1: The HyLICs were fully charged and discharged for 8 times with a constant
current of 1.6 C.

Step 2: A CV test was performed on the HyLICs. A triangular wave voltage was then
applied to the HyLICs. After that, the HyLICs were scanned forward with a scanning rate
of 10−4 V/s from 2.2 V to 4.1 V at both charge and discharge periods.

Step 3: The HyLICs were tested with the interval of 0.1 V during the cycle from 2.2 V
to 4.1 V and back to 2.2 V, to obtain the EIS of charge and discharge for each voltage state.

2.3. Electrochemical Characteristic Analysis

In order to obtain more detailed electrochemical information inside HyLICs, the Zview
software was used to identify the parameters at the equivalent circuit diagram as shown in
Figure 1, where R1 represents the ohmic impedance generated by the contact of electrolyte
diaphragm; R2 represents the transfer resistance; C1 represents the electric double layer
generated at the boundary between the electrolyte and the electrode; R3 and C2 connected
in parallel represent the impedance of the solid electrolyte interface membrane on the
negative electrode of the battery; W1 represents the ion diffusion resistance of the battery.
The kinetic parameters of the reaction process were calculated by an EIS test, and the EIS
test results are shown in Figure 2. Based on the results, the electronic impedance, ion
impedance and total impedance can be further fitted into curves.

Figure 1. Electrochemical impedance equivalent circuit model.

Figure 2. Electrochemical impedance spectroscopy of HyLICs.
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The electronic impedance, ion impedance and total impedance of the HyLICs changed
with terminal voltage are shown in Figure 3. It can be seen that for the total impedance
of the HyLIC, its nonlinear and time-varying characteristics are quite obvious and it is
inappropriate to adopt one method to estimate its SOC during different energy storage con-
ditions. The standard Levenberg–Marquardt method [30] and general global optimization
algorithm are used to perform piecewise linear fitting to the total impedance of the HyLICs,
and the mathematical relationship is shown in Equation (1).

y =

⎧⎨⎩
0.0357x + 34.125, x < 2.8875

−16.9x + 83.23, 2.8875 ≤ x < 3.3355
−1.2976x + 30.7036, x ≥ 3.3355

(1)

Figure 3. Capacitor impedance changes with terminal voltage of HyLICs.

After fitting, the mean square error MSE = 0.3025, the residual sum of squares
RSS = 1.8308 and the correlation coefficient R = 0.9969 indicate that the model fits the
data well. Intervals are separated by blue and green dotted lines in Figure 4. When the
HyLICs voltage is between 2.2 V and 2.90 V, the corresponding SOC interval is 3–20%,
the slope of the discharge OCV–SOC curve is large, and the OCV of the HyLICs changes
drastically with the SOC value. The total impedance curve remains basically stable. In
this interval, the capacitive energy storage characteristics of HyLICs occupy a dominant
position. When the terminal voltage rises to 2.90–3.35 V, the corresponding SOC range is
20–80%, with an obviously smaller slope of the discharge OCV–SOC curve. As the SOC
value increases greatly, the OCV value changes less and the total impedance curve drops
sharply in this interval. They all show that the energy storage characteristics of lithium
batteries dominate in this interval of HyLICs. When the terminal voltage reaches 3.35–3.8 V,
the corresponding SOC interval increases to 80–100%, the slope of the discharge OCV–SOC
curve increases again, and the total impedance of the capacitor is reduced and becomes
stable. The above results prove that the capacitive energy-storage characteristic of HyLICs
takes control again.
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Figure 4. Classification results based on electrochemical characteristics of HyLICs.

3. SOC Partition Estimation Method Based on Electrochemical Characteristics

3.1. Battery Model and Parameter Identification
3.1.1. Equivalent Circuit Model

The equivalent circuit model [31] is a circuit network that can quantitatively describe
the working characteristics of power batteries. Compared to other equivalent models [32],
the equivalent circuit model has the advantages of strong applicability, high precision and
easy quantitative analysis. Considering the real-time requirements of the Battery Manage-
ment System for state information estimation and the computing ability of microprocessors,
it is necessary to establish a lithium-ion capacitor model with as low complexity as possible
on the premise of meeting the accuracy requirements. Comparing its model accuracy,
complexity, computational complexity and other factors to the Rint model and Partnership
for a New Generation Vehicles (PNGV) model, the first-order RC equivalent circuit model
(Thevenin model) was selected for the establishment of an equivalent model of HyLICs [33].
The circuit diagram is shown in Figure 5, and the circuit equation is:{ .

Ud = iL
Cd

− Ud
RdRd

Ut = Uoc − Ud − Ri·iL
(2)

where Uoc is the OCV, iL is the load current, Ut is the terminal voltage, Ri is the ohmic inter-
nal resistance, and Rd and Cd are the polarization resistance and polarization capacitance of
the RC network, respectively.
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Figure 5. The first-order RC equivalent circuit model.

3.1.2. Parameter Identification

The parameters of the HyLICs change with the influence of factors, such as operating
temperature and working conditions. The accuracy of the fixed parameter model will
inevitably decrease with the change of battery life-cycle parameters, so that the battery state
cannot be accurately estimated. Therefore, it is necessary to introduce an online update
mechanism for battery-model parameters. According to the characteristics of rapid changes
in battery-system status and slow changes in parameters, it is necessary to reduce the
influence weight of old data on parameter estimation, while increasing the influence of
new information on system-parameter identification, and the newer the data, the greater
the weight [34]. For this reason, the Recursive Least Squares method with Forgetting Factor
(FFRLS) [11] is used to identify the parameters of the first-order RC model of lithium-ion
batteries Rd, Ri, Cd.

3.2. The EKF Method for SOC Estimation

The EKF [35,36] method is applied to estimate the SOC of the HyLICs. The terminal
voltage sequence UT,0, UT,1, UT,2, . . . , UT,k is the system input and the terminal current
sequence IL,0, IL,1, . . . , IL,k is the system output. The model of the system is as follows:⎧⎪⎨⎪⎩

[ .
SOC

.
Ud

]
=

[
1 0
0 − 1

RdCd

][
SOC
Ud

]
+

[
− 1

q0
1

Cd

]
IL + W

Ut = OCV(SOC)− Ud − Ri IL + V
(3)

where UOC = OCV(SOC) represents the nonlinear function between open-circuit voltage
UOC and the SOC of the HyLICs; W and V are white noise that obeys Gaussian distribution.

The linear variable system is as follows:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

[ .
SOC

.
Ud

]
=

[
1 0
0 − 1

RdCd

][
SOC
Ud

]
+

[
− 1

q0
1

Cd

]
IL + W

Ut =
[ dOCV

dSOC −1
][SOC

Ud

]
+ OCV

(
ŜOC

)
− Ûd − Ri IL −

[ dOCV
dSOC −1

][ŜOC
Ûd

]
+ V

(4)

The discrete time model of the system is as follows:⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

[ .
SOC

.
Ud

]
=

[
1 0

0 e−
1

RdCd

][
SOC
Ud

]
+

⎡⎣ − 1
q0

Rd

(
1 − e−

1
RdCd

)⎤⎦IL,k + Wk−1

Ut,k =

[ dOCV
dSOC−1

]T[SOC
Ud

]
k
+ OCVk

(
ŜOCk

)
− Ûd,k − Ri IL,k −

[ dOCV
dSOC−1

]T

k

[
ŜOC
Ûd

]
k

+ Vk

(5)
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where xk =
[
SOC Ud

]T
k is the state vector, Ut,k is the observation vector, IL,k is the control

vector, Wk−1 and Vk are uncorrelated zero-mean Gaussian white noise. In addition, the
SOC estimation can be achieved by applying the linearized system discrete-time model to
the EKF algorithm.

3.3. SOC Partition Estimation Method Based on Electrochemical Characteristics

From the analysis in Section 2.2, it can be seen that when the terminal voltage is
2.2–2.9 V and 3.35–3.8 V, the capacitive energy-storage characteristics of HyLICs dominate.
Capacitor energy storage has strong nonlinear characteristics and the EKF method is
suitable for nonlinear systems. The EKF method is not sensitive to initial parameters and
can reduce the accumulation of experimental errors. Therefore, the SOC value of these
battery intervals will be estimated using the EKF method considering the complexity of
the algorithm and the real-time of the system [37]. When the terminal voltage is between
2.90 V and 3.35 V, the battery-energy-storage characteristics are more apparent, and the
ampere-hour method should be used to estimate the SOC value more accurately [38].

4. Results and Discussion

4.1. Analysis of the Model for Battery SOC Estimation

A comparison of the UOC value obtained by parameter identification with the dis-
charge OCV–SOC curve is shown in Figure 6. The average error is 0.02 V and the maximum
error is 0.033 V. It can be seen that the parameter-identification result is true, the difference
between the values is small and the identification accuracy is high.

Figure 6. The OCV–SOC curve after the parameter identification.

Combining the common SOC estimation methods described in this chapter, the analy-
sis of the electrochemical characteristics of lithium-ion capacitors, and the methods selected
for different intervals, the flow chart of the SOC partition-estimation method based on the
electrochemical characteristics of lithium-ion capacitors can be obtained as following and
as shown in Figure 7:

1. The historical information stored in the system should be queried, and the SOC value
obtained at the last time of the last operation of the HyLIC should be used as the
initial value of the SOC estimation algorithm;

2. The real-time operating condition data of the HyLIC would be acquired, including
terminal voltage, working current, etc., the terminal voltage as the characteristic
value of the SOC electrochemical characteristic zone would be used, and the chemical
characteristic interval of the lithium ion capacitor would be judged according to the
terminal voltage value;
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3. The current SOC of the HyLIC would be estimated according to the current interval
of the lithium-ion capacitor and the corresponding method previously determined,
and the result would be saved;

4. Determine whether the work is over. If it is, jump out of the loop; otherwise,
return to 2.

Figure 7. SOC partition-estimation method based on electrochemical characteristics.

According to the parameter-identification results, the Thevenin model of the HyLICs
shown in Figure 8 is established in Simulink. Load the HPPC test current at the input
terminal of the model, and compare the output terminal voltage value HPPC test results.
As shown in Figure 9, the average error is 0.176 V, and the maximum error is 0.431 V. In the
middle- and high-voltage range in Figure 8, the estimated value of the Thevenin model is in
good agreement with the measured value, while the error becomes larger in the low-voltage
range. The reason may be that the charging and discharging principle of HyLICs is more
complicated, but the accuracy of the model is still acceptable.

Figure 8. HyLICs Simulink model.
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Figure 9. Comparison chart of predicted terminal voltage and actual value.

4.2. Algorithm Verification
4.2.1. Discharge OCV Test and Verification

The relevant data is recorded during the test of 1C rate in the discharge open-circuit
voltage at room temperature of the HyLICs. The voltage and current data in the discharge
open-circuit voltage test are used as the input of the algorithm and implemented in MAT-
LAB. The estimated SOC value obtained by the partition-estimation algorithm and the SOC
value measured in the laboratory are shown in Figure 10a. The difference between them is
shown in Figure 10b.

Figure 10. Comparison chart of (a) predicted SOC and actual value; (b) the difference through
discharge OCV test.

It can be seen from Figure 10 that this method is close to the data measured in the
laboratory in the low SOC interval, and the accuracy is a little lower in the medium and
high SOC intervals. The reason is that the SOC value of the HyLICs is greater than 80%
when the system is started and the EKF method is used in the interval. Before the estimation
result of the EKF method converges to a stable value, the algorithm switches to the stable
region. During that period, the ampere-hour method is used for SOC estimation, and
the initial value of this method has a great effect on it. The initial value estimation error
will accumulate as the test proceeds. It can be seen from Figure 10b that in the discharge
open-circuit-voltage test, the error between the predicted and actual value is less than 10%,
which is still within an acceptable range. Regardless of whether the error is feasible for other
circumstances, there is no denying that the error-correcting process still requires deeper
and more qualified work to optimize the current estimation method and to reduce error.

4.2.2. HPPC Test and Verification

In order to verify the estimation accuracy of the model under different voltage and
current, the model was placed under HPPC experimental conditions and an HPPC test
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of HyLICs was conducted at room temperature [39]. The voltage and current data in
the HPPC test are used as the algorithm input. The test was implemented in MATLAB.
Figure 11a,b show the SOC estimation value obtained by the partition-estimation algorithm,
the SOC value measured by the laboratory and the error of them, respectively.

Figure 11. Comparison chart of (a) predicted SOC and actual value; (b) the difference through
HPPC test.

It can be seen from Figure 11 that during the entire HPPC test process, the error
between the predicted value of the partition-estimation algorithm and the actual measure-
ment value is very small. It is only when the current pulses are too large, short in duration
and recover quickly that large differences occur. Fast convergence proves that the algorithm
has a good suppression effect on this disturbance. In addition, the average error between
the predicted value and the actual value is 0.034 V, showing a high estimation and a strong
algorithm reliability.

4.2.3. NEDC Cycle Verification

Tests in Sections 4.2.1 and 4.2.2 were based on working conditions in a laboratory
environment. However, in real vehicle-mounted working conditions, the operation of
HyLICs is more complicated. To further verify the accuracy and reliability of the partition
estimation method, applying the method to actual standard operating conditions, compar-
ing the estimated results with the standard values of the conditions and analyzing the pros
and cons of the algorithm seem quite necessary.

In order to exert the advantages of high power density and long cycle life of a lithium-
ion capacitor, the energy power device of the 48 V vehicle start–stop system was adopted.
The parallel mild hybrid system was formed with the internal combustion engine to
achieve high energy-saving efficiency at relatively low cost, provide sufficient power when
the vehicle starts and maximize the energy recovered during braking. With its typical
characteristics of a nonlinear and time-varying energy-storage pattern, HyLICs used in
this paper as start–stop power supply devices are mainly for the needs of urban operating
conditions in China. Therefore, NEDC operating conditions are selected as the standard
comprehensive operating conditions [40].

Through a NEDC cycle test, the NEDC operating-condition simulation in the 48 V
hybrid-electric vehicle model was established, and the I-t, U-t, P-t and other relational
curves of the battery working process under this operating condition were derived in
the AVL-cruise software. The I-t curve is shown in Figure 12. According to the ampere-
hour method, the relationship between the SOC of the power battery and the time under
NEDC operating conditions can be calculated. The voltage and current values under
NEDC operating conditions are used as the input of the partition-estimation algorithm
in MATLAB. The estimated SOC value, the measured value and the difference between
them are shown in Figure 13a,b. The average error between the estimated value and the
measured value is 0.031 V, and the maximum error is 0.057 V. The error of this algorithm is
within the accuracy range required by practical application, so it has high reliability.
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Figure 12. The I-t curve at the loading profiles of NEDC.

Figure 13. Comparison chart of (a) predicted terminal voltage and actual value; (b) the difference
through NEDC cycle test.

5. Conclusions

In this article, from the perspective of the electrochemical-reaction principle of HyLICs,
an SOC partition-estimation method based on its electrochemical characteristics was pro-
posed. The accuracy was increased and the amount of calculation was deduced by com-
bining the Extended Kalman filter (EKF) method and the ampere-hour (Ah) method at
different phases. The proposed method was verified with the data under different working
conditions by a valid battery model. The results show that the method can accurately esti-
mate the SOC of the HyLICs. Based on this method’s accurate estimation, HyLICs-loaded
vehicles are more competitive in the automotive industry’s development.

When selecting an equivalent-circuit model for lithium-ion capacitors, the Thevenin
equivalent circuit model was chosen in consideration of factors such as model accuracy,
real-time calculation and complexity of algorithm. However, during model validation,
it was found that the Thevenin model was not sufficient to fully describe the external
characteristics of lithium-ion capacitors in the low SOC range, which might affect the
accuracy of the SOC estimation algorithm based on the model. Therefore, it was necessary
to study and establish the HyLICs equivalent model superior to the Thevenin model while
considering the model accuracy, computational real-time and algorithm complexity. The
discharge open-circuit voltage test data and HPPC test data used in the verification of the
SOC estimation algorithm in the paper were measured under laboratory conditions. The
NEDC cycle working-condition data used were obtained by establishing a 48 V hybrid-
electric vehicle model in AVL-cruise software and running the NEDC working condition
simulation. Compared with the external characteristic data of the capacitor collected in
real time under the actual operating condition, these data have less interference from
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pollution or noise. In later research, the real data collected to verify the feasibility of the
SOC estimation algorithm will make the verification results more convincing.
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Abstract: Capacitors exhibit exceptional power density, a vast operational temperature range, re-
markable reliability, lightweight construction, and high efficiency, making them extensively utilized
in the realm of energy storage. There exist two primary categories of energy storage capacitors:
dielectric capacitors and supercapacitors. Dielectric capacitors encompass film capacitors, ceramic
dielectric capacitors, and electrolytic capacitors, whereas supercapacitors can be further categorized
into double-layer capacitors, pseudocapacitors, and hybrid capacitors. These capacitors exhibit
diverse operational principles and performance characteristics, subsequently dictating their specific
application scenarios. To make informed decisions in selecting capacitors for practical applications, a
comprehensive knowledge of their structure and operational principles is imperative. Consequently,
this review delved into the structure, working principles, and unique characteristics of the aforemen-
tioned capacitors, aiming to clarify the distinctions between dielectric capacitors, supercapacitors,
and lithium-ion capacitors.

Keywords: film capacitors; ceramic dielectric capacitors; electrolytic capacitors; double-layer
capacitors; pseudocapacitors; lithium-ion capacitors; structure; operational principles

1. Introduction

Due to global economic growth and expanding population, there has been a consistent
and unwavering increase in the demand for energy [1]. The extensive exploitation of
fossil fuels, however, has resulted in numerous challenges, including global warming and
environmental pollution [2]. These issues not only pose a direct threat to human health
but also inflict significant damage on our ecosystems. Furthermore, given the limited
reserves of fossil fuels, the issue of energy scarcity is rapidly escalating [3]. Consequently,
there is an urgent need to move away from traditional fossil fuels and explore renewable
energy sources. However, renewable energy sources such as solar energy, wind energy,
tidal energy, and geothermal energy are inherently intermittent and unstable, posing
challenges to their utilization [4,5]. To enhance the utilization of renewable energy, it is
imperative to transform it into other forms, primarily electricity, for storage. Consequently,
the advancement of energy storage technology holds immense significance in optimizing
energy structures, enhancing energy efficiency, safeguarding energy security, and fostering
sustainable energy development.

For over two centuries, batteries have been extensively utilized for energy storage
purposes and continue to be so today. In recent years, lithium-ion batteries with polymer
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solid-state electrolytes have received increasing attention due to their inherent safety and ex-
cellent thermal stability, promising large-scale applications [6]. Furthermore, various other
technologies such as solid oxide fuel cells (SOFCs), electrochemical capacitors (ECs), su-
perconducting magnetic energy storage (SMES) systems, flywheel energy storage systems,
and dielectric capacitors are also commonly employed for storing energy [7]. Capacitors
possess higher charging/discharging rates and faster response times compared with other
energy storage technologies, effectively addressing issues related to discontinuous and
uncontrollable renewable energy sources like wind and solar [3]. Furthermore, they can
tackle challenges such as peak shaving, frequency regulation, and intelligent power supply
within the power grid, thereby enhancing the efficiency of multi-energy coupling and
promoting energy conservation and emission reduction [8]. With the rapid development of
the electronics industry, capacitors have undergone an evolution from relatively primitive
forms such as air-dielectric capacitors, mica-dielectric capacitors, and paper-dielectric capac-
itors to ceramic-dielectric capacitors and electrolytic capacitors [9]. The advent of diverse
dielectric materials, especially organic media, combined with sophisticated manufacturing
techniques, has led to a significant reduction in capacitors’ overall size and a remarkable
boost in performance. In recent years, the emergence of the double-layer theory has fueled
the rise of supercapacitors, with double-layer supercapacitors and hybrid supercapacitors
experiencing rapid growth and exhibiting promising applications [10]. The performance of
different capacitors is shown in Table 1, and the comparison chart of energy density and
power density for different capacitors is shown in Figure 1.

Table 1. Performance comparison of different capacitors.

Type
High Ca-
pacitance

High
Voltage

Rate Per-
formance

Cycle
Stability

Cost Polarity
Life

Time
Main Purpose

Electrode
Material

Film capacitor non-
existent

improve
frequency and
absorb power
supply noise

metal foil or
metalized film

Aluminum
electrolytic
capacitor

exist smoothing and
decoupling

aluminum foil
(cath-

ode/anode)

tantalum
electrolytic
capacitor

exist coupling and
decoupling

Ta (anode)
MnO2

(cathode)

Ceramic
capacitor

non-
existent

coupling and
decoupling

metals such as
silver and

copper

EDLC exist backup power
carbon-based
materials (an-
ode/cathode)

Lithium-ion
Capacitor exist

backup power
and energy

storage
applications

carbon-based
materials (posi-
tive/negative

electrode)

: excellent; : good; : not good; : bad.

As new energy technology and capacitor energy storage continue to evolve, users
may encounter numerous questions related to capacitors. To make informed decisions
about their selection and usage, it is imperative to gain a comprehensive understanding
of capacitors’ structure and operating principles. Furthermore, there are some new re-
searchers in the realm of capacitor energy storage who lack a thorough comprehension of
capacitors’ classification, structure, and operational mechanisms, which can readily lead
to confusion regarding the various types of capacitors. Hence, this review endeavors to
offer a comprehensive overview of the structures and operational principles of various
capacitor types. Its objective is to illuminate the distinctions between dielectric capacitors,
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supercapacitors, and lithium-ion capacitors, thereby facilitating a thorough understanding
of these capacitor categories among the readership.
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Figure 1. The comparison chart of energy density and power density for different capacitors. Repro-
duced from Ref. [11] with permission.

2. Dielectric Capacitor

The development of commercial dielectric capacitors can be traced back to 1876 when
Fitzgerald invented the wax-impregnated paper dielectric capacitor equipped with foil
electrodes [12]. This innovation was swiftly adopted in early radio-receiving equipment,
significantly advancing radio communication technology. Subsequently, in 1909, William
Dubilier introduced the mica dielectric capacitor, injecting new vitality into the field of
radio transmission. Around 1926, capacitors based on titanium dioxide hit the market,
further diversifying the types and enhancing the performance of capacitors. Then, in 1936,
Cornell-Dubilier successfully commercialized aluminum electrolytic capacitors, launching
a series of commercial products that marked a new era in the development of aluminum
electrolytic capacitor technology. With the discovery of barium titanate in 1941, researchers
embarked on the study of barium titanate-based dielectric capacitors, further advancing ca-
pacitor technology. During World War II, significant breakthroughs were made in capacitor
manufacturing technology. Bosch leveraged lacquered paper and vacuum metallization
techniques to mature the metalized paper capacitor, significantly enhancing its perfor-
mance [13]. In 1954, Bell Labs successfully developed the first metalized polymer film
capacitor, rejuvenating the capacitor industry [14]. From the 1970s to the 1980s, significant
progress was made in the manufacture of multilayer ceramic capacitors (MLCCs) through
the adoption of tape-casting technology and co-firing of ceramic electrodes. This resulted
in a substantial increase in capacitance values and voltage withstand capabilities, vastly
expanding the application areas of ceramic capacitors and making them indispensable
components in numerous electronic devices. Currently, the primary types of dielectric
capacitors include film capacitors, electrolytic capacitors, and ceramic capacitors [15].

The capacitance value of a capacitor is typically determined using Equation (1) [16]:

C =
ε0εr A

D
(1)
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where εr is the dielectric constant with respect to the electrolyte utilized, ε0 is the permittivity
of the vacuum, A is the surface area of the electrode material accessible to the electrolyte
ions, and D is the effective thickness (charge separation distance) between the electrodes.

Therefore, the capacitance value can be increased by increasing the surface area of the
electrodes and decreasing the distance between them.

In comparison to various electrical storage devices like batteries, dielectric capaci-
tors possess the capability to discharge stored energy in an extremely brief timeframe
(microseconds), resulting in the generation of substantial power pulses [17]. Their rapid
charging and discharging rates render them ideally suited for high-power/pulse power
systems, including medical defibrillators, pulsed lasers, power conditioning systems, and
advanced electromagnetic emission systems [18–21]. Additionally, they are effective in
harnessing energy from intermittent renewable sources [22]. However, the relatively low
energy density of dielectric capacitors poses significant constraints on the miniaturization
and lightweighting of equipment [23]. If the energy density of dielectric capacitors could
be enhanced, it would lead to a substantial broadening of their application scope in the
realm of energy storage.

The energy storage mechanism of a dielectric relies on its polarization process triggered
by an electric field [24]. When an electric field is applied, the dielectric becomes polarized,
leading to the accumulation of equal amounts of positive and negative charges on its
surface. Consequently, energy is stored within the dielectric in the form of an electric field,
as shown in Figure 2. The mechanism behind energy storage and release in dielectrics
is elucidated through the electric displacement (D)-electric field (E) loop. As an electric
field is applied, dielectrics become polarized due to the relative displacement of oppositely
charged particles within their dipoles. Conversely, upon the removal of the electric field,
depolarization occurs, causing the oppositely charged centers to tend toward overlap [25].

Figure 2. A schematic depiction of an electrically charged dielectric capacitor reveals how the charges
of oriented electric dipoles, under the influence of a bias, contribute to binding the opposite charges
at their respective electrode interfaces.

Dielectric capacitors can be categorized into several types, including film capacitors
without electrolytes, electrolytic capacitors that utilize electrolytes, and ceramic capacitors.
Film capacitors are made by depositing metal layers with different patterns on both sides
of a thin film. While they can achieve voltages of tens of thousands of volts per unit, their
capacitance is relatively small, necessitating parallel connection for high-power applications.
Electrolytic capacitors can be classified into aluminum electrolytic capacitors (with an
anode made of aluminum oxide, a separator of fibrous paper for insulation and electrolyte
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absorption, and an electrolyte typically composed of boric acid, ammonia water, and
ethylene glycol) and tantalum electrolytic capacitors (with an anode made of tantalum
pentoxide and a separator of fibrous paper). Typically, the voltage rating of a single unit is
≤100 V (low-voltage electrolytic capacitor) or ≥100 V (high-voltage electrolytic capacitor).
Under high voltage conditions, they need to be used in series. Ceramic capacitors can be
categorized into ceramic disc capacitors and multilayer ceramic capacitors. These capacitors
are compact and cost-effective and possess excellent electrical properties, leading to their
widespread application. In particular, high-capacity multilayer ceramic capacitors have
been used to replace more expensive tantalum capacitors.

2.1. Film Capacitor

Film capacitors, alternatively known as plastic film capacitors, frequently employ
metal foil as electrodes and plastic film as the dielectric. These capacitors often incorporate
artificially synthesized polymer materials as dielectrics, enabling the selection of appro-
priate dielectric materials based on specific requirements, thereby exhibiting immense
development potential. Recently, research in the field of film capacitors has focused on
optimizing their dielectric properties. Meng et al. [26] proposed a hierarchical structural
design approach to enhance the dielectric properties of metalized polypropylene (PP) film
capacitors by utilizing terephthalaldehyde. This method offers insights into improving
the dielectric properties of PP films by regulating charge transport behavior. Hu et al. [27]
developed an ultra-high-temperature capacitor with relaxor ferroelectric (RFE) films by con-
trolling polarization behavior. They further suggested that adjusting the intrinsic/extrinsic
polarization ratio can enhance energy storage performance, providing a feasible approach
to improving the high-temperature performance and dielectric strength of capacitors.

Film capacitors can be classified based on their structure, type of dielectric, and
electrode formation method. To begin with, film capacitors are produced either in the form
of winding utilizing a capacitor winding machine or as stacks of dielectric films [28]. These
two distinct manufacturing methods are commonly referred to as coil technology and the
stacking technique, respectively [29,30]. Therefore, based on their structure, film capacitors
can be broadly classified into two types: “wound type” and “stacked type”. The digital
images are shown in Figure 3. The wound type involves winding and stamping polymer
films and then inserting them into a shell. This type can further be divided into two winding
methods: inductive (Figure 4a) and non-inductive (Figure 4b). The stacked type, on the
other hand, involves stacking multiple layers of polymer films together and then inserting
the stacked body into a shell (Figure 4c). Currently, wound-type film capacitors are more
commonly used due to their ease of manufacturing.

Furthermore, film capacitors can be categorized into paper media and organic media
based on their insulation materials. Paper dielectric capacitors are a type of wound capacitor
that employs capacitor paper as the insulating medium and aluminum foil as the electrode.
These capacitors consist of two or more layers of aluminum sheets interspersed with paper
sheets. The paper sheets serve as the dielectric, whereas the aluminum sheets function as
the capacitor electrodes, as shown in Figure 5a [31]. During the manufacturing process,
paper and aluminum sheets are typically rolled into cylindrical shapes, with leads attached
to both ends of the aluminum sheet, as depicted in Figure 5b. Subsequently, the entire
cylindrical structure is coated with a protective layer of wax or plastic resin to safeguard it
from exposure to moisture in the air.

Compared with traditional paper dielectric capacitors, the manufacturing process of
metalized paper capacitors is more distinctive. It employs vacuum evaporation technology
to deposit an ultra-thin and even layer of zinc or aluminum film onto the surface of the
paper. Following this, the paper coated with this metal film is wound into a cylindrical
structure, completing the overall fabrication of the metalized capacitor. Metalized paper
capacitors feature a direct and thin coating of aluminum on paper, resulting in a thinner
aluminum layer compared with traditional paper capacitors. This thinner layer contributes
to a smaller capacitor size. Paper dielectric capacitors offer a diverse range of capacitance
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and operating voltage, along with a straightforward manufacturing process, low cost, and
ease of metallization. Owing to these attributes, they are commonly utilized in high-voltage
and high-current applications.

(a)   

   
(b)   

 

Figure 3. The digital images of film capacitors. (a) Wound-type film capacitors. (b) Stacked-type film
capacitors. The capacitor on the left is used for DC circuits, while the one on the right is used for
AC circuits.

 

 

Figure 4. The structural diagram of film capacitors. (a) Inductive winding method. (b) Non-inductive
winding method. (c) Stacked film capacitor.
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Figure 5. (a) Assembly of a paper sheet capacitor. (b) The process of rolling up a paper sheet capacitor
into a cylinder. Reproduced from Ref. [31] with permission.

Organic dielectric capacitors primarily consist of synthetic organic thin films serving
as dielectric materials and are typically constructed in a wound structure. Common
dielectric materials employed in these capacitors include polypropylene (PP), polyethylene
terephthalate (PET), polyethylene naphthalate (PEN), polyphenylene sulfide (PPS), and
polycarbonate (PC) [28,32–34]. Ran et al. [35] improved the micro-morphology of PP films
by utilizing an organic crystallization accelerator with good dispersion. The film capacitors
produced using this method exhibit excellent breakdown strength. Ping et al. [36] prepared
a double-layer polymer film by solution casting on the surface of PET film and coating it
with boron nitride nanosheets. The resulting film capacitor exhibits excellent breakdown
strength (736 MV m−1) and high energy density (8.77 J cm−3). Zou et al. [37] developed
a high-performance thin-film capacitor through the controlled deposition of Si3N4 on
PEN. This capacitor film possesses excellent mechanical properties, making it a promising
candidate for power converters in electric vehicles. Zhang et al. [38] designed and prepared
a P-3-P sandwich structured film with PC as the outer insulation layer and 3 wt% TiO2–
PC/polyvinylidene fluoride as the middle polarization layer using solution casting and
hot-pressing processes. This film exhibits excellent charge-discharge characteristics, offering
a promising possibility for the construction of high-energy storage film capacitors.

In comparison to inorganic dielectric capacitors, organic dielectric capacitors primarily
utilize polymer materials as dielectrics, benefiting from the abundance of raw materials
available. Additionally, the thickness of the films can be made exceptionally thin. Neverthe-
less, organic media are susceptible to aging and exhibit limited heat resistance, potentially
compromising the capacitors’ performance [39,40]. The characteristics of film capacitors
vary significantly depending on the type of dielectric medium used, resulting in diverse
application fields. Organic dielectric capacitors can be classified into two electrode types:
metal foil electrodes (the foils are typically on the order of 6 μm in thickness) and metalized
electrodes (the metalized layers are <100 nm thick) [41]. The organic dielectric capacitor of a
metal foil electrode is made of two layers of plastic film or sheet. Each layer is interspersed
with thin aluminum metal foil or sheet, serving as the electrode. Subsequently, the plastic
sheets and aluminum sheets are rolled into a cylindrical jelly roll structure. To establish
electrical connections, wire leads are attached to both ends of the aluminum sheets, typ-
ically through soldering or metal spraying techniques. The thickness of the plastic film
determines the separation distance within the capacitor, while the operating area is dictated
by the size of the electrodes. In metalized film organic dielectric capacitors, the aluminum
sheets or foils are superseded by metal layers that are vacuum-deposited onto the thin film
layer. These metal layers possess a thickness of approximately 1/100 of that of the metal
foil, making them significantly thinner and more conducive to space conservation [31]. The
most frequently utilized metal layer is composed of ultra-thin aluminum. The dielectric is
typically formed by a plastic film layer made of synthetic materials, while the electrode is
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comprised of an aluminum layer [42]. The schematic diagram of the structure of organic
dielectric capacitors is shown in Figure 6.

 
Figure 6. (a) Foil-type organic dielectric capacitor. (b) The capacitor with metalized electrodes, in
which the electrodes are typically very thin aluminum layers deposited by vapor deposition onto an
organic dielectric.

Finally, film capacitors can be categorized into two types: foil-type film capacitors and
metalized film capacitors, depending on their distinct electrode formation techniques. The
foil-type film capacitors represent the earliest incarnation of wound capacitors. Typically,
they are crafted with clamping aluminum foil, which possesses exceptional ductility, within
an insulating medium and then winding it, as shown in Figure 7. Conversely, the electrode
of a metalized film capacitor eschews the use of metal foil. Instead, an ultra-thin metal film
is deposited onto the capacitor through the process of vacuum evaporation, as shown in
Figure 8. Compared with metal foil electrode film capacitors, metalized film capacitors
have the obvious advantage of self-healing. Self-healing refers to the phenomenon that
when a metalized capacitor experiences breakdown due to defects in the dielectric, an
arc current is immediately generated at the breakdown point, and this current density is
concentrated at the center of the breakdown point [43,44]. Due to the thin metallization
film (less than 0.1 μm), the heat generated by this current is sufficient to melt and evaporate
the metal near the breakdown point, forming a metal-free zone around the breakdown
area, restoring insulation between the two electrodes of the capacitor, thus restoring normal
operation of the capacitor. The self-healing properties of metalized film capacitors enable
them to be applied in more complex situations.

(a) (b) (c) 

   

Figure 7. (a,b) Overall structural diagram of a disassembled foil-type film capacitor. (c) The aluminum
foil is sandwiched between the plastic films.
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(a) (b) (c) 

  
 

(d) (e) (f) 

 

  

 

Figure 8. (a,b) Disassembled metalized film capacitor. (c) Placing the dismantled metalized film under
a scanning electron microscope (SEM) reveals the deposition of aluminum on the film. (d) Single-sided
metallization structure. (e) Double-sided metallization structure. (f) Series metallization structure.

2.2. Electrolytic Capacitor

Electrolytic capacitors are capacitors that exist in two forms: non-polar and polar. The
anode of these capacitors typically comprises metal foil, such as aluminum or tantalum,
with an oxide film, often aluminum oxide or tantalum pentoxide, serving as the dielectric
and adhering closely to the anode. The cathode, on the other hand, consists of a combination
of conductive materials, electrolytes (which can be either liquid or solid), and additional
materials. The naming of electrolytic capacitors is derived from the electrolyte, which
forms the principal component of the cathode. Notably, most electrolytic capacitors exhibit
polarity, necessitating the application of voltage with the appropriate polarity. In the
event of a reversed connection or incorrect polarity, the capacitor can undergo a short
circuit, leading to a significant current flow that may result in permanent damage to the
capacitor [31]. Electrolytic capacitors feature a thin dielectric layer, an extensive positive
electrode area, and, consequently, a high capacitance per unit volume. This allows them to
often boast higher capacitance values compared with other dielectric capacitors. However,
they also exhibit a significant leakage current and a relatively short lifespan. When utilizing
electrolytic capacitors, it is crucial to adhere to polarity requirements, ensuring that the
positive and negative poles are connected correctly to avoid any mishaps.

In recent years, research on electrolytic capacitors has primarily concentrated on
electrode materials and production processes. Bai et al. [45] utilized a protective atmosphere
sintering process to produce sintered foils with added starch, evaluating the impact of
starch addition within the range of 0–50 volume percent on the specific capacitance and
anti-buckling performance of the sintered foils. This work unveiled the potential of starch
addition in optimizing the properties of sintered foils, providing a valuable reference for
developing an advanced powder metallurgy preparation process. Zeng et al. [46] employed
additive manufacturing technology to produce anode foils, systematically investigating the
influence of aluminum particle size and sintering temperature on the electrical properties
of the anode foils. They also discussed the reaction mechanisms during sintering and the
inherent relationship between the microstructure and electrical properties of the anode
foils. Chen et al. [47] utilized metallic glass (MG) as a binder to adhere Ta powder at low
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temperatures (513 K), yielding MG-Ta composites. When applied in tantalum electrolytic
capacitors, these composites exhibited a 57% increase in specific capacitance compared
with pure Ta materials, accompanied by a 32% enhancement in mechanical properties.

2.2.1. Aluminum Electrolytic Capacitors

Aluminum electrolytic capacitors (AECs) offer a superior cost-to-energy ratio and
volume efficiency compared with various other capacitor types [48]. As a result, they are
frequently employed at the dc-link of power electronic converters (PECs) to serve as an
energy buffer [49]. The physical structure and detailed structure of AEC are shown in
Figure 9a. It comprises two aluminum electrodes, with a thin oxide film layer (known as
alumina) serving as the dielectric [50]. Additionally, it includes a paper separator and an
electrolyte, which is a blend of solvents and additives (shown in Figure 9b) [51].

(a) (b) (c)

(d) (e) (f)

Figure 9. (a) Physical structure of ACE. Reproduced from Ref. [48] with permission. (b) A detailed
structural diagram of the AEC, which consists of etched aluminum electrodes, alumina dielectrics,
electrolyte carriers, and paper sheets impregnated with the electrolyte. Reproduced from Ref. [50]
with permission. (c) Digital images of aluminum electrolytic capacitors. (d) The dismantled aluminum
electrolytic capacitor. (e) The image of the anode aluminum foil of the aluminum electrolytic capacitor
under a scanning electron microscope reveals that the anode aluminum foil is coated with aluminum
oxide. (f) The image of the cathode aluminum foil of the aluminum electrolytic capacitor under a
scanning electron microscope reveals that it is an etched aluminum foil.

In aluminum electrolytic capacitors, both the anode and cathode consist of pure
aluminum foil. The anode foil is coated with a thin layer of aluminum oxide, electrically
insulating in nature, serving as the dielectric. This oxide coating, along with the cathodes,
is separated by electrolytic paper soaked in an electrolyte solution. This paper, possessing
high porosity, can absorb and hold the maximum amount of electrolyte. While the cathode
aluminum foil also possesses a naturally formed, very thin insulating oxide layer due to
exposure to air, its thickness is significantly thinner compared with the oxide layer on the
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anode foil [52]. The electrolyte serves as the actual cathode of the capacitor when compared
to the anode foil, while the cathode foil merely collects current from the electrolyte [48].
Figure 9c shows digital images of aluminum electrolytic capacitors, and the disassembled
structure of one of the aluminum electrolytic capacitors is depicted in Figure 9d. After
soaking the anode and cathode aluminum foils of the disassembled aluminum electrolytic
capacitor in ionized water and allowing them to dry, they were observed under a scanning
electron microscope. It can be observed that the anode aluminum foil is coated with
aluminum oxide (as shown in Figure 9e), while the cathode aluminum foil is etched
aluminum foil (as shown in Figure 9f).

Before forming a layer, the anode foil needs to undergo other processing. Initially,
it is etched to enlarge its surface area, enabling better performance [53]. Subsequently,
anodization is performed by applying a direct current voltage, resulting in the formation of
a thin layer of aluminum oxide on the anode foil’s surface. This oxide layer functions as
the dielectric in AEC. Conversely, the thin layer of Al2O3 present on the cathode results
from the natural oxidation of aluminum, which effectively mitigates corrosion.

AEC is a type of polarized capacitor that can only be subjected to a DC bias in one
direction. Its electrochemical structure is shown in Figure 10 [48]. The dissociation of
water molecules in the electrolyte produces proton (H+) and hydroxyl (OH−) ions, which
can freely exist in the electrolyte. When a positive electric field is applied to the AEC
terminal, staying within the rated voltage, the OH− ions are drawn toward the aluminum
anode foil. However, they encounter a dense dielectric barrier that prevents their passage.
Conversely, if the applied negative voltage surpasses the potential hurdle posed by the
aluminum oxide formed during passivation, the H+ ions are drawn toward the anode foil.
Given their significantly smaller size compared with OH− ions, the H+ ions can effortlessly
penetrate the dielectric and arrive at the anode, resulting in the production of hydrogen
gas. Meanwhile, the OH− ions migrate toward the cathode and unite with aluminum
(Al3+) ions, leading to the formation of aluminum oxide on the cathode foil. In this case,
the cathode capacitance will decrease, thereby reducing the total capacitance. If voltage
is applied for a long time, it will damage the capacitor, so the polarity of ACE cannot
be reversed.

 

Figure 10. Electrochemical structure of AEC. Reproduced from Ref. [48] with permission.

The manufacturing process of aluminum electrolytic capacitors primarily comprises
the following steps, as depicted in Figure 11 [50,54]:
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Figure 11. Manufacturing process diagram of aluminum electrolytic capacitors.

(1) Etching: High-purity aluminum foil undergoes an etching process through an electro-
chemical method in a chloride solution, utilizing either direct or alternating current.
The anode and cathode foils are crafted from virtually pure aluminum foil. To enhance
their effective surface area and minimize the size of the capacitor, anode foils ranging
from 0.05 to 0.11 mm in thickness and cathode foils measuring 0.02 to 0.05 mm thick
are continuously subjected to electrochemical etching in a chloride solution, utilizing
either alternating current or direct current. Typically, AC electrolysis is employed for
the production of low-voltage capacitors, whereas DC electrolysis is utilized for the
fabrication of medium- and high-voltage capacitors.

(2) Formation: Through electrolysis, a continuous voltage exceeding the nominal value is
applied, resulting in the formation of an aluminum oxide layer on the surface of the
aluminum foil. The thickness of the alumina dielectric film can be controlled.

(3) Slitting: After etching and anodizing the aluminum foil roll, the foil is cut into a
specified width according to the size of the capacitor shell.

(4) Winding: Secure the lead-out wires of the anode and cathode foils using rivets or
welding and position the foils between isolation plates. Employ a winding machine
to neatly wind them together, creating a capacitor core package.

(5) Impregnation: Soak the capacitor core with electrolyte to saturate the paper isolation
layer and all parts of the corroded aluminum foil to ensure good contact between the
oxide layer and the true cathode. This method requires the removal of gas from the
core package and vacuum immersion of the electrolyte.

(6) Assembly: To prevent evaporation or moisture absorption of the electrolyte, which
can lead to deterioration, it is imperative to insert the capacitor core into a metal casing
and securely seal it. Furthermore, to safeguard against the potential for electrolytic
capacitor explosion due to excessive gas pressure during faults, a pressure relief
device must be integrated.

(7) Aging: Repair the oxide film that may be damaged during the manufacturing process,
especially during cutting and assembly, by applying a DC voltage.

(8) Inspection: After sealing, inspect the product for capacitance, leakage current, appear-
ance, and performance as required, and then proceed with packaging.

2.2.2. Tantalum Electrolytic Capacitor

After aluminum electrolytic capacitors gained widespread use, issues such as limited
lifespan and inadequate high-temperature resistance became apparent, prompting the de-
velopment of tantalum electrolytic capacitors. These capacitors, similar to other electrolytic
types, consist of an anode, electrolyte, and cathode. The cathode can be either solid or
liquid, but currently, the majority of tantalum electrolytic capacitors available on the market
are of the solid variety.

Solid tantalum electrolytic capacitors are composed exclusively of stable, inorganic,
and nonvolatile materials devoid of any water or other liquids. This composition endows
them with numerous advantages, including compact size, excellent temperature characteris-
tics, the elimination of sealing requirements, and an extended service life [55,56]. However,
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solid electrolytes have poor productivity and high costs, and the capacity achievement rate
during use is generally poor [57].

Distinct from aluminum electrolytic capacitors, solid tantalum electrolytic capacitors
employ tantalum powder sintered into porous tantalum blocks as the anode. The surface
of these porous tantalum blocks is then oxidized to create an insulating medium composed
of tantalum pentoxide [58]. The cathode, on the other hand, consists of manganese dioxide,
which is in intimate contact with the tantalum pentoxide. The tantalum electrolytic capacitor
is completed by drawing out the electrode. Notably, solid tantalum electrolytic capacitors
are polarized capacitors, necessitating their use in a unipolar state; reverse polarity is strictly
prohibited. The digital image and structure of this capacitor are illustrated in Figure 12.

(a) (b) 

 

Figure 12. (a) Digital images of tantalum electrolytic capacitors. (b) Schematic diagram of tantalum
electrolytic capacitor structure.

The production of solid tantalum electrolytic capacitors mainly involves the following
steps (Figure 13) [31,59,60]:

 

Figure 13. Fabrication process of solid electrolyte capacitor. Reproduced from Ref. [31] with permission.
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(1) The tantalum metal is crushed into a fine powder and thoroughly mixed with or-
ganic solvents. This mixture is then pressed into a desired shape under pressure,
with tantalum leads embedded within. Subsequently, the assembly is sintered in a
vacuum high-temperature environment, transforming it into a sponge-like structure.
This process creates a highly porous metal anode, which significantly enhances its
capacitance value. At the same time, it is truly integrated with the lead wire.

(2) The sponge-like tantalum is submerged in a phosphoric acid solution for electrolysis.
Through the process of oxidation, tantalum pentoxide is formed on its surface. This
anode is then further coated with an insulating oxide layer, specifically tantalum
pentoxide, serving as the dielectric layer. This comprehensive treatment process is
referred to as anodizing.

(3) Liquid manganese nitrate is added to the tantalum blocks, followed by thermally
decomposing them in an environment containing water vapor and a catalyst. This
process results in the production of manganese dioxide. Due to the excellent adsorp-
tion properties of manganese nitrate, the generated manganese dioxide is able to be
fully adsorbed into the numerous tiny pores within the sponge-like tantalum block.
Alternatively, if a solid polymer with a lower melting point is utilized, it can be melted
and directly placed into the small pores.

(4) Finally, silver powder and graphite are coated on the surface of manganese dioxide
to reduce its equivalent resistance and enhance its conductivity. At the same time,
external leads are added and packaged with epoxy resin.

In addition, there is another type of tantalum capacitor called a wet tantalum elec-
trolytic capacitor, which uses a liquid electrolyte (usually sulfuric acid) instead of a solid
electrolyte. The initial steps of anode production and dielectric deposition for wet tantalum
electrolytic capacitors mirror those employed for solid tantalum capacitors. Subsequently,
the dielectric-coated anode is submerged in a cage filled with the electrolyte solution. This
cage, along with the electrolyte solution, collectively fulfills the role of the cathode in
wet tantalum capacitors [31]. Wet tantalum electrolytic capacitors can be used at high
temperatures and high ripple currents and are generally used in military and aerospace
fields [61].

Although electrolytic capacitors share the self-healing ability with metalized thin film
capacitors, the underlying mechanisms differ. In non-solid electrolytic capacitors, if the
anodic oxide film sustains partial damage during operation or storage, the electrolyte
serving as the cathode comes into play. Under the influence of the applied voltage, the
non-solid electrolyte releases oxygen, which regenerates the oxide film at the damaged spot,
thereby restoring its functionality. On the other hand, solid tantalum electrolytic capacitors
may encounter cracks or metal impurities in the tantalum pentoxide film, resulting in an
elevated leakage current. In this case, due to the high current density and temperature in the
defective region, MnO2 can locally transform into manganese oxides with high resistance,
such as Mn2O3 and Mn3O4, thereby isolating the breakdown point and preventing capacitor
failure [62]. This process effectively repairs the defect, exhibiting the self-healing property
of these capacitors.

2.3. Ceramic Capacitors

In ceramic capacitors, ceramic materials serve as dielectrics, while conductive metals
function as electrodes. These capacitors are extensively employed in electronic devices
because of their abundant raw materials, uncomplicated design, affordable price, and vast
range of electrical capacity. Ceramic capacitors come in diverse types, primarily categorized
as Class I and Class II, based on the characteristics of the dielectric materials employed [63].
Class I ceramic capacitors, commonly referred to as high-frequency ceramic capacitors,
exhibit low dielectric loss, high insulation resistance, and a linear variation in dielectric
constant with temperature. These capacitors are ideal for resonant circuits, filters, and
temperature compensation. On the other hand, Class II ceramic capacitors, also known as
low-frequency ceramic capacitors or ferroelectric ceramic capacitors, utilize ferroelectric
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ceramics as their dielectric. They offer higher specific capacitance, non-linear capacitance
changes with temperature, and increased losses. Therefore, they are commonly utilized
for bypass or coupling applications in electronic devices [64]. In addition, according to
their shape and structure, they can be divided into ceramic disk capacitors and multilayer
ceramic capacitors (MLCCs).

Recently, research on ceramic capacitors has primarily focused on enhancing the
performance of MLCC. Yong et al. [65] proposed a method of applying polydopamine
(PDA) as a robust coating layer for MLCC. The barium titanate particles treated with PDA
exhibited improved dispersion stability, preventing particle reagglomeration and contribut-
ing to the enhancement of the mechanical properties of MLCC. Lv et al. [66] developed
a novel lead-free MLCC composed of NaNbO3–(Bi0.5Na0.5)TiO3–Bi(Mg0.5Hf0.5)O3, which
demonstrated exceptional performance, including a recoverable energy density of up to
12.65 J cm−3 and an energy efficiency of 88.5%.

2.3.1. Ceramic Disc Capacitors

Ceramic disc capacitors are constructed by applying silver contacts to both faces of a
ceramic disc (shown in Figure 14a). Here, the ceramic disc serves as the dielectric material,
while the silver coating on both sides functions as the electrodes of the capacitor. The
leads, made of copper, are welded to the ceramic disc to establish electrical connections.
Figure 14b shows actual images of ceramic disc capacitors. When its cross-section is placed
under a scanning electron microscope, the observed images are shown in Figure 14c,d.

(a) (b) 

  
(c) (d) 

  

Figure 14. (a) Ceramic disc-type capacitor. (b) The actual images of ceramic disc capacitors. (c) The
cross-section of the ceramic disc capacitor observed under a scanning electron microscope, which
shows that the leads are bonded to the electrodes coated on both sides of the ceramic. (d) Enlarged
cross-sectional view of a ceramic capacitor. In the middle is the ceramic dielectric, with electrodes
coated on both sides and an outer layer of protective material.

Ceramic disc capacitors are extensively utilized in general electronic circuits due
to their cost-effectiveness and ease of soldering. The capacitance of these capacitors is
determined by the area of the ceramic disk or dielectric, as well as the spacing between
the silver electrodes. For disc capacitors with lower capacitance, a single ceramic disc
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coated with silver contacts is sufficient, while for high capacitance ceramic disc capacitors,
multilayer ceramic discs are required [64]. The preparation of ceramic discs is similar to
traditional ceramic processing. Initially, the dielectric powder undergoes ball milling to
disaggregate it. Subsequently, an organic binder is added to prepare the powder for the
forming process. After spray drying, the powder is fed into an automatic granulator to
shape it into a raw disk. Next, two firing processes are carried out: the first to burn out
the binder at a temperature below 550 ◦C, removing organic components, and the second
sintering process at over 1000 ◦C to consolidate the ceramic particles into a solid body. Then,
electrodes are applied to both sides of the disc using a paste containing metal particles
(such as silver) and glass frit, followed by heat treatment. During this treatment, the glass
material melts, ensuring strong adhesion of the metal electrode to the ceramic surface at a
relatively low processing temperature. Finally, after attaching the leads to the electrodes,
an epoxy or phenolic coating is applied to safeguard the ceramics from environmental
contaminants [64].

2.3.2. Multilayer Ceramic Capacitor

The multilayer ceramic capacitor (MLCC) stands as a pivotal passive surface mount
component in contemporary electronic devices. Its genesis dates back to the 1960s when
American companies pioneered its successful development. Subsequently, Japanese com-
panies like Murata, TDK, and Sunpower spearheaded its rapid industrialization and
refinement. These companies continue to uphold their global supremacy in the MLCC
industry, exemplified by their proficiency in manufacturing MLCCs that boast high reliabil-
ity, precision, integration, and frequency, along with intelligence, low power consumption,
immense capacity, miniaturization, and cost-effectiveness.

The MLCC is fabricated by stacking multiple layers of ceramic material interspersed
with conductive electrodes [67,68]. Each layer of ceramic material sandwiches the elec-
trodes, serving as the dielectric for the capacitor. These multilayer ceramic media and elec-
trodes are interconnected through the terminal’s surface, creating a compact and efficient
structure. In other words, the MLCC is constructed by alternately layering ceramic dielectric
membranes (commonly rutile titanium dioxide or barium titanate) with printed electrodes
(inner electrodes) in a staggered configuration. This assembly is then consolidated into a ce-
ramic chip through a single high-temperature sintering process. Subsequently, a metal layer
(outer electrode) is applied to both ends of the chip, completing the manufacturing process.
Its structure is shown in Figure 15a. The MLCC boasts not only the benefits of standard
ceramic dielectric capacitors but also exhibits a range of exceptional characteristics. These
include compact size, substantial capacity, high mechanical strength, excellent moisture
resistance, outstanding high-frequency performance, and remarkable reliability [69,70].
Given its versatility and superior performance, the MLCC finds widespread application in
various electronic information fields, encompassing mobile phones, computers, the military
industry, aerospace, and beyond [71,72]. The packaging forms of MLCC mainly include
wire-bonded and surface-mount types. The wire-bonded type was previously known as
the monolithic capacitor (shown in Figure 15b). Its name originated from the fact that the
ceramic dielectric body coated with metal electrodes is sintered with the electrodes into a
single unit, resembling a stone block, hence the name “monolithic capacitor.” Removing the
leads from the monolithic capacitor results in the surface-mount packaging form (shown
in Figure 15c). The observed images of the surface-mount type MLCC placed under a
scanning electron microscope are shown in Figure 15d–g.

The production of surface-mount MLCC encompasses multiple processes, including
the formation of ceramic dielectric films, the fabrication of inner electrodes, the creation
of capacitor chips, sintering them into ceramics, the construction of outer electrodes, per-
formance testing, and packaging, among others [64,73,74]. The specific process diagram
is shown in Figure 16. Firstly, the dielectric powder is mixed with solvents, dispersants,
binders, and plasticizers to form a homogeneous suspension. This slurry is then transferred
to a casting machine, where a scraper evenly applies it onto a tape. The tape, coated
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with the mixed slurry, is sent to a tape-casting machine where a doctor blade precisely
scrapes the slurry onto it. The resulting wet sheet is subsequently dried, transforming into
a flexible tape. Next, an electrode paste is applied to the tape in a designed pattern through
screen printing. During the lamination process, the printed tapes are stacked layer by
layer with precision alignment. After cutting and separation, each green MLCC undergoes
high-temperature sintering to eliminate the adhesive and organic matter. This sintering
process also solidifies the layers of dielectric tape and electrodes, creating a dense structure.
Additionally, the sintered ceramic is chamfered to fully expose the inner electrodes.

(a) (b)

(c) (d) (e)

(f) (g)

Figure 15. (a) Schematic diagram of MLCC structure. (b) The actual image of the monolithic ceramic
capacitor. (c) The actual image of the surface-mount packaging form. (d) The overall structural
diagram of the surface-mount type MLCC under a scanning electron microscope, which shows that
MLCC is constructed by stacking ceramic dielectric sheets with printed electrodes in a staggered
manner to form a layered structure. (e) The external electrode of MLCC, which is composed of an
electroplated metal layer. (f) The internal electrode of MLCC, which is composed of metallic materials.
(g) The dielectric of MLCC, which is composed of ceramic materials.

To form the outer electrode, electrode paste is applied to the exposed inner elec-
trodes, connecting the inner electrodes on the same side. Notably, the surface-mount
MLCC achieves electrical connection through three consecutive layers of termination elec-
trodes [75]. The first layer, in contact with the inner electrode, is copper. Nickel serves as an
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intermediate layer, electroplated onto the copper, acting as a thermal barrier to safeguard
the capacitor during welding. Finally, a layer of tin is applied to the nickel to enhance
solderability. After the completion of outer electrode production, rigorous performance
testing and packaging procedures are conducted to eliminate any defective products.

 

Figure 16. MLCC manufacturing process flowchart.

2.3.3. Others

In recent years, researchers have been paying attention to a new type of capacitor,
namely, the multilayer polymer capacitor (MLPC), which has a similar design as MLCC
and exhibits extremely high application value. Different from traditional solid capacitors,
MLPC adopts a unique chip-type multilayer structure. Its production process is elaborately
designed. Firstly, the aluminum foil is etched to form a porous oxide layer, and then a
conductive polymer is deposited on the oxide layer as the cathode. After that, these treated
aluminum foils are stacked into a multilayer structure, and then carbon paste is applied on
them to form a carbon coating, followed by the application of silver paste to form a silver
coating. Finally, the entire structure is completely sealed and fixed with epoxy resin, which
can effectively protect its internal structure and prevent local overheating.

Compared with MLCC, MLPC has a higher capacity, which can significantly reduce
the number of capacitors required in applications, thus reducing the overall cost. Moreover,
MLPC exhibits excellent performance in high and low-temperature environments, overcom-
ing the cracking issues that MLCC may encounter due to temperature or mechanical shock,
thereby improving the reliability and stability of the product. Compared with solid tanta-
lum capacitors, MLPC has a lower equivalent series resistance and higher safety. Currently,
the conductive polymer of MLPC is mainly based on poly(3,4-ethylenedioxythiophene)
(PEDOT), and the deposition technology often adopts in situ polymerization. The develop-
ment of new conductive polymers and the optimization of polymer deposition technology
have become research hotspots in recent years.

3. Electrochemical Capacitor

Electrochemical capacitors, commonly referred to as supercapacitors (SCs), possess re-
markable charge and discharge efficiency, an outstanding cycle life, and exceptional power
performance while being capable of operating across a broad temperature spectrum [76,77].
In comparison to batteries, supercapacitors exhibit a superior power density and the ability
to rapidly store or discharge energy [78]. Nevertheless, their energy density is lower due
to the constraints associated with electrode surface charge storage. When compared to
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traditional capacitors, they possess a lower power density but a higher energy density [79].
Supercapacitors can serve as rapid starting power sources for electric vehicles, as well
as balancing power supplies for lifting equipment. Furthermore, they can be utilized
as traction energy sources for hybrid electric vehicles, internal combustion engines, and
trackless vehicles [80–82].

The history of supercapacitors can be traced back to 1853. In 1853, Helmholtz pio-
neered the exploration of electrical storage mechanisms within capacitors and introduced
the concept of the double-layer model in the context of colloidal suspension research. In
1957, Becker filed the first patent for an electrochemical capacitor, which incorporated
porous carbon electrodes immersed in an H2SO4 solution [83]. Advancing further, in 1971,
Trasatti and his colleagues reported for the first time on the charge storage behavior of
ruthenium oxide films in sulfuric acid, revealing the pseudocapacitance phenomenon in
transition metal oxides. Subsequently, Shirakawa et al. garnered attention for the pseu-
docapacitive charge storage properties they developed in conductive polymer materials,
thus propelling the interest in pseudocapacitors [84]. In 1978, NEC Corporation of Japan
commercialized electrochemical capacitors, branding them “supercapacitors.” A decade
and a half later, in 1989, the U.S. Department of Energy initiated long-term research support
for high-energy-density supercapacitors intended for use in electric drive systems as part
of their electric and hybrid vehicle initiatives. Presently, leading global supercapacitor
companies such as Maxwell (USA), Nesscap (South Korea), ELTON (Russia), and Nip-
pon Chemicon (Japan) have developed and offered a diverse range of supercapacitors for
commercial applications [85].

In recent years, researchers have proposed numerous approaches to improve the per-
formance of supercapacitors. Zan et al. [86] employed a self-template biomimetic method
to synthesize a novel mesoporous Ni(OH)2 structure, which comprises house-of-cards-like
cubic nanocages assembled from monolayer Ni(OH)2 coupled with an exceptionally large
interlayer spacing of approximately 1 nm. Tests have shown that it provides a specific
capacity close to 100% of the theoretical value and exhibits an excellent cycling perfor-
mance of over 10,000 cycles. Shwetha et al. [87] synthesized Co3O4 nanoparticles using a
mixture of cobalt nitrate and ascorbic acid. Electrochemical data indicate that the Co3O4
nanoparticles exhibit good capacitive behavior, with the highest electrochemical perfor-
mance observed when the cobalt nitrate/ascorbic acid ratio equals 1. Specifically, these
nanoparticles deliver a specific capacitance of 166 F g−1 at a current density of 0.5 A g−1

and retain 90% of their capacitance after 5000 cycles. Luo et al. [88] reported a method for
synthesizing heterogeneous Ni3N-Co2N0.67/nitrogen-doped carbon (Ni3N-Co2N0.67/NC)
hollow nanoflowers by pyrolyzing a NiCo-TEOA (triethanolamine) complex precursor and
employing urea as a nitrogen source. The assembled Ni3N-Co2N0.67/NC//AC battery
achieves a peak energy density of 32.4 W h kg−1 at a power density of 851.3 W kg−1.
Wang et al. [89] proposed an effective method for activating Ni-Co oxide nanosheet arrays
(NiCoO NSAs) grown on carbon fiber cloths. The resulting ac-NiCoO NSA exhibits a high
specific capacity (206.5 mAh g−1 at 0.5 A g−1). The assembled capacitor demonstrates high
energy density (45.4 Wh kg−1), high power density (17.3 kW kg−1), and ultra-long cycling
stability, with a retention rate of 77.4% after 20,000 cycles (20 A g−1).

Furthermore, in recent years, flexible supercapacitors, which exhibit both bendability
and stretchability coupled with their high electrochemical performance retention, have
garnered extensive and intensive research attention. Song et al. [90] have developed a self-
wrinkled polyaniline (PANI)-based composite hydrogel (SPCH), featuring an electrolyte
hydrogel and PANI composite hydrogel as its core and shell, respectively, through a stretch-
ing, low-temperature polymerization/release strategy. This SPCH exhibits remarkable
stretchability (approximately 970%) and high fatigue resistance. Remarkably, upon cutting
and reconnecting the edges, it can directly function as an intrinsically stretchable all-solid-
state supercapacitor (A-SC), maintaining highly stable output with a capacitance retention
rate of 92% even after 1000 stretching and releasing cycles at 100% strain. Huai et al. [91]
synthesized cobalt-doped NiMoO4 nanosheets via a hydrothermal method, which exhib-

135



Batteries 2024, 10, 271

ited a specific capacitance of 906 C g−1 at a current density of 1 A g−1. The assembled
flexible supercapacitor delivered an energy density of 64 Wh kg−1 at a power density of
2880 W kg−1. Notably, the device retained 78% of its initial capacitance after 10,000 cycles.
Liu et al. [92] prepared graphene/MnO2 composites by growing MnO2 nanosheets on
single-layer graphene via a water bath method and introducing two-dimensional black
phosphorus during the pulping process. These composites were used to fabricate micro-
supercapacitors that can be integrated with flexible film pressure sensors, holding promise
for wearable electronic devices. Zhu et al. [93] provided an overview of solid-state flex-
ible supercapacitors, reviewed the current research status of vanadium-based electrode
materials in solid-state flexible SC, and proposed strategies to address the challenges
associated with these materials. Wang et al. [94] introduced a fully biomass-based col-
loidal gel composed of a mononuclear anthraquinone derivative and porous lignin-based
graphene oxide fabricated through a self-assembly process. This gel was successfully
used to produce biomass-based flexible micro-supercapacitors via screen printing. Upon
testing, these capacitors demonstrated significant areal capacitance (43.6 mF cm−2), energy
and power densities (6.1 μWh cm−2 and 50 μW cm−2, respectively), and cyclic stability
(>10,000 cycles).

In recent years, numerous review articles have outlined the research progress in super-
capacitor electrode materials and electrolytes. Li et al. [95] comprehensively summarized
the research advancements in nickel-based composites for supercapacitors, encompass-
ing the properties of novel materials, preparation methods, and application potentials,
offering insights into the research prospects and future trends of nickel-based compos-
ites. Troschke et al. [96] introduced the general chemical properties of Schiff bases and
reviewed several nanomaterials and their carbonized derivatives obtained through Schiff-
base formation, along with an outlook on the major obstacles and future prospects in this
research field. Shi et al. [97] overviewed the research progress in redox electrolyte-enhanced
carbon-based supercapacitors, analyzing the causes of self-discharge and corresponding
suppression strategies from aspects such as separator modification, electrolyte formula-
tion, and electrode design while outlining their development prospects. Wu et al. [98]
reviewed the research progress of various spatially dimensional carbon materials in recent
years, discussing their advantages and disadvantages as supercapacitor electrode materials,
examining the key factors influencing their electrochemical performance, and proposing
new development trends for carbon materials. Kong et al. [99] introduced the concept of
superstructured carbons with customized functionality, comprehensively outlining their
designs tailored to different energy storage mechanisms and prospectively pointing out
potential challenges in their future development. Although these reviews have thoroughly
explored supercapacitor electrode materials or electrolytes, a comprehensive overview of
their structures and energy storage principles remains lacking. Thus, the present review
focuses on elucidating the classification, fine structures, and unique energy storage mecha-
nisms of supercapacitors, aiming to provide readers with a more complete and in-depth
understanding of the framework.

The structure of a supercapacitor comprises four main components: two electrodes, an
electrolyte, a separator, and current collectors. The function of current collectors is to collect
the current generated by the active material in the capacitor and facilitate the formation of
a larger current for external output. Typically, copper foil is used as the current collector
for the negative electrode, while aluminum foil is employed for the positive electrode.
Depending on the energy storage principle, SC can be categorized into three types, namely
electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors,
as illustrated in Figure 17 [100,101]. Their respective energy storage mechanisms are based
on non-Faradaic, Faradaic, and a blend of both processes [102]. In the non-Faradaic process,
charges are distributed across the surface through physical means without the formation
or breakdown of chemical bonds [103]. Conversely, the Faradaic process involves the
transfer of charges between electrodes and electrolytes. Double-layer capacitors store
energy through non-Faradaic reactions, commonly utilizing carbon-based materials with a
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high surface area and porosity as electrode materials. On the other hand, pseudocapacitors
store energy through Faradaic reactions, typically employing transition metal oxides (like
RuOx) and conductive polymers (such as polyaniline) as electrode materials [104]. In hybrid
capacitors, both Faradaic and non-Faradaic reactions occur for energy storage, combining
the benefits of EDLC and pseudocapacitors [105].

Figure 17. Types of supercapacitors. (a) EDLC. (b) Pseudocapacitors. (c) Hybrid supercapacitors.
Reproduced from Ref. [106] with permission.

Supercapacitors and electrolytic capacitors seem superficially similar due to their
shared electrolyte component. Both aim to enhance capacitance by increasing electrode
area and reducing electrode distance. However, a deeper exploration reveals significant
differences. The electrolyte in aluminum electrolytic capacitors is the actual cathode,
while the electrolyte in supercapacitors is the dielectric, with porous activated carbon
comprising the actual electrode. Traditional electrolytic capacitors utilize valve metal as
the electrode and its oxide as the dielectric, resulting in polarity and intolerance to reverse
voltage. Conversely, supercapacitors exhibit identical electrode structures, classifying them
as non-polar capacitors.

3.1. Electrochemical Double-Layer Capacitors

The concept of the double layer was originally introduced and formulated by von
Helmholtz in the 19th century, with subsequent modifications and enhancements made by
Gouy, Chapman, and Stern [107]. EDLC comprises two carbon-based electrodes, a separator,
and an electrolyte [108]. Charge storage is achieved by the formation of a double layer at
the interface between the electrode and the electrolyte [109]. The physical image and the
dismantled structural diagram of EDLC are shown in Figure 18. During the operation of an
EDLC, charge accumulation occurs through a non-Faradaic process, meaning that there is
no ion exchange between the electrode material and the electrolyte solution, and electrons
do not transfer across the electrode interface [110]. When charging, electrons are driven
by an external electric field to move from the positive electrode to the negative electrode
through an external circuit, resulting in the formation of a layer of charge electrons on the
surface lattice structure of the electrode material [110]. In electrolytes, anions are attracted
toward the positive electrode, while cations migrate toward the negative electrode. These
oppositely charged ions migrate toward the respective electrodes and accumulate on their
surfaces, creating a double layer. Upon removal of the external electric field, the double
layer persists, stabilizing the voltage due to the attractive forces between the opposing
charges [80]. During discharge, the process reverses. The charged ions adsorbed on the
electrode migrate in a directional manner, generating a current in the external circuit until
the electrolyte returns to its electrically neutral state. This charge storage mechanism is
fully reversible, and since it lacks chemical reactions, the electrode structure of the EDLC
remains virtually unchanged. This attribute confers EDLC capacitors with a prolonged
cycle life and exceptional power density [109,111].
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Figure 18. (a) The physical image of an EDLC. (b) The bottom gasket, insulating sheet, top sealing
ring, outer aluminum case, and packaging plastic film of the EDLC. (c) Lead-out welding spot. (d) The
back of the welding spot. (e) The overall structure of the EDLC. (f) Top rivet.

The electrode materials of EDLC commonly consist of carbon-based substances, encom-
passing activated carbon (AC) [112–114], carbon nanotubes (CNTs) [115], graphene [116,117],
and various other carbon-based composite materials. These materials are deemed suit-
able for double-layer capacitors, attributed to their expansive specific surface area, robust
thermal and electrochemical stability, and superior conductivity [107]. Currently, research
in the field of EDLC is focused on two major directions: optimizing the performance of
existing electrode materials and developing new materials. Fu et al. [118] obtained nitro-
gen and sulfur dual-doped activated carbon with a hierarchical pore structure by directly
carbonizing/activating polymer-based monolithic materials. The EDLC assembled with
this material exhibits favorable energy density and power density in a 6 mol·L−1 KOH
aqueous electrolyte. Lv et al. [119] utilized dopamine and copper chloride precursors to
form carbon flocculates embedded with ultrafine copper nanoparticles on carbon cloth
through pyrolysis and electrochemical oxidation reactions. The results indicated that the
obtained electrode possessed a large surface area of 55.5 m2·g−1 and a high conductivity of
48.7 S·mm−1. When the prepared material was applied in an EDLC, the EDLC exhibited
outstanding performance with a power density as high as 179 mW·cm−3 and an energy
density reaching 23 mWh·cm−3, demonstrating promising application prospects. Yoo
et al. [120] successfully prepared cost-effective carbon xerogels with large surface areas by
substituting phenol for resorcinol and controlling the amount of catalyst, further confirming
their excellent electrochemical performance as active materials for EDLC electrodes.

The performance of EDLC is also influenced by the compatibility between the pore
size of the electrode material and the size of the electrolyte ions, as well as the ionic mobility.
Consequently, the performance of EDLC can be altered by utilizing diverse electrolytes,
including aqueous and organic electrolytes. Although aqueous electrolytes offer lower
series resistance compared with organic electrolytes, their narrower potential window range
restricts the energy density of EDLC [121]. During the production process, it is crucial to
select an electrolyte solution that suitably adapts to the pore size of the electrode material.
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3.2. Pseudocapacitors

In contrast to EDLC, a pseudocapacitor exhibits charge transfer at the electrode-
electrolyte interface, enabling energy storage through a rapid and reversible Faradaic
reaction. This mechanism enhances the energy density within the electrode [122]. Generally
speaking, pseudocapacitance can be divided into three different types based on its reaction
mechanism, including redox pseudocapacitance, under potential deposition (adsorption)
pseudocapacitance, and intercalation pseudocapacitance [123]. The schematic diagrams of
the three processes are shown in Figure 19.

3.2.1. Redox Pseudocapacitance

Redox pseudocapacitance (Figure 19a) is the most prevalent form of pseudocapaci-
tance. Its working principle involves the electrochemical adsorption of active ions in the
electrolyte onto or near the electrode surface when a potential is applied [124]. Simultane-
ously, the electrode material undergoes a rapid and reversible oxidation-reduction reaction,
generating charges and facilitating Faraday currents to flow through the supercapacitor
(Figure 19a) [125].

(a) (b) 

 

(c) 

 

Figure 19. The schematic diagrams of pseudocapacitance. (a) A redox pseudocapacitance in RuO2

schematics. (b) Underpotential deposition pseudocapacitance, Pb coating on Au electrode. (c) In-
tercalation pseudocapacitance, lithium ions embedded in the lattice of niobium oxide. Reproduced
from Ref. [125] with permission.
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3.2.2. Underpotential Deposition Pseudocapacitance

Underpotential deposition pseudocapacitance (Figure 19b), alternatively known as
adsorption pseudocapacitance, occurs when an external potential is applied. This process
involves the surface adsorption and reduction of metal ions, resulting in the deposition of a
monolayer on the metal surface. This deposition causes a minor change in potential relative
to its equilibrium potential. An example of underpotential deposition pseudocapacitance
is the adsorption of lead onto the surface of an Au electrode (Figure 19b) [126].

3.2.3. Intercalation Pseudocapacitance

The principle of intercalated pseudocapacitors (Figure 19c) involves the embedding of
ions from the electrolyte into the layered or tunnel-like structure of redox-active materials.
This embedding process triggers rapid charge transfer, which occurrs without altering the
crystal structure of the electrode material [125]. One example is the insertion of lithium
ions into the lattice of niobium oxide (Figure 19c) [127].

Pseudocapacitors possess distinct electrochemical characteristics, allowing for high
charge storage capacity and a boost in energy density through efficient charge transfer
channels [128]. Typically, pseudocapacitors exhibit superior specific capacitance and energy
density when compared to EDLCs [129]. However, redox reactions, particularly those
occurring on the electrode surface, can alter the bulk phase or electrolyte composition of the
electrode material. Consequently, over extended charging and discharging cycles, materials
are prone to fatigue damage, resulting in a shorter cycling life [80]. While their lifespan is
still longer than that of batteries, it falls short of that of double-layer capacitors.

During the early stages of pseudocapacitive electrode research, researchers primarily
focused on transition metal oxides (TMOs) [130]. Nevertheless, their practical applications
have been unsatisfactory due to low conductivity and relatively limited charge storage
capacity, thus limiting their widespread use in pseudocapacitive electrodes. Currently,
electrode materials for pseudocapacitors that are widely studied include carbon materi-
als doped with heteroatoms (such as N, P, S) [131], transition metal oxides/hydroxides
(like MnO2, NiOOH) [132,133], two-dimensional transition metal carbides, and nitrides
(MXene) [134]. Compared with pure carbon materials, carbon materials doped with het-
eroatoms possess characteristics such as low cost and excellent electrochemical perfor-
mance. Commonly, N atoms, P atoms, and others are selected for doping. For instance,
Cao et al. [135] prepared nitrogen-doped biomass-derived hierarchical porous carbon ma-
terials (HPC) using different nitrogen-containing compounds (NH4Cl, (NH4)2CO3, and
urea) simultaneously as activators and dopants. When the three materials were used in
pseudocapacitors, the pseudocapacitor based on HPC-urea exhibited the highest specific
capacitance (300 F·g−1 at 1 A·g−1) and energy density (14.3 Wh·kg−1). As a transition
metal oxide, MnO2 boasts low cost and superior electrochemical performance, achieving
a specific capacitance as high as 1100 F·g−1 within a potential window of 1.0 V. In recent
years, MnO2 has emerged as a research hotspot in the field of pseudocapacitive materials.
The reversible transformation between MnO2 and MnOONa in sodium sulfate electrolyte is
the primary reason for the pseudocapacitive behavior exhibited by MnO2 electrodes [136].
Currently, research on MnO2 primarily focuses on enhancing its specific capacitance. For
instance, Zhou et al. [137] successfully synthesized mesoporous manganese dioxide with a
semicrystalline spinodal structure using mesoporous silica KIT-6 as a robust hard template.
Within the potential range of −0.1 V to 0.55 V, this material exhibited stable and reversible
electrochemical behavior, achieving an excellent capacitance performance of 220 F·g−1.
Nayak et al. [138] obtained mesoporous manganese dioxide with an average pore diam-
eter of 2–20 nm from potassium permanganate through a sonochemical method using
triblock copolymers as soft templates. These materials possess a high specific capacitance
of 265 F·g−1. MXene is a novel class of two-dimensional transition metal carbides, carboni-
trides, or nitrides. Its interlayer structure is flexible, allowing various ions to be inserted
between MXene sheets. Additionally, due to its abundant interlayer ion diffusion pathways
and ion storage sites, combined with the conductive carbide/nitride core within the mate-
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rial, MXene has emerged as an important candidate for pseudocapacitive energy storage
materials [139]. Cao et al. [140] have developed highly stretchable micro-pseudocapacitor
electrodes composed of MXene nanosheets and in situ reconstructed silver nanoparticles
(Ag-NP-MXene). These electrodes exhibit high energy density, a stable operating voltage
of approximately 1 V, and rapid charging capabilities. Kim et al. [141] immersed carbon
nanofibers (CNFs) into a colloidal solution of MXene (Ti3C2) to form a composite material
through a dip-coating process. Subsequently, they constructed a three-electrode system
using an aqueous solution of 1 M sodium sulfate as the electrolyte. Experimental results
showed that this MXene-coated CNF exhibited remarkable performance, achieving a maxi-
mum specific capacitance of 514 F·g−1 at a current density of 0.5 A·g−1. Additionally, the
energy density and power density reached 71.4 Wh·kg−1 at 0.5 A·g−1 and 2.3 kW·kg−1 at
5 A·g−1, respectively.

3.3. Hybrid Capacitors

As implied by its name, a hybrid capacitor is essentially a type of supercapacitor that
consists of two electrode parts and a separator. The electrodes of a hybrid capacitor can be
made from dissimilar materials, and the separator typically has a microporous structure.
The diversity in hybrid capacitors is achieved through the combination of various redox
and EDLC materials. The storage mechanism of hybrid supercapacitors integrates the
principles of both EDLC and pseudocapacitors. This unique combination results in a
significantly higher capacitance, often reaching levels two to three times greater than those
of traditional capacitors, standalone EDLCs, or pseudocapacitors. Additionally, it exhibits a
higher working potential, further enhancing its overall performance [142]. The electrodes of
hybrid supercapacitors are usually asymmetric, with one electrode being a carbon electrode
that charges and discharges based on the double-layer capacitance process and the other
electrode being a pseudocapacitive electrode material or battery electrode material that
undergoes Faradaic redox reactions during charging and discharging.

The positive electrode of a hybrid capacitor is a crucial component that supports
its high-current discharge and high-power density capabilities. Carbon-based materials,
known for their high electrical conductivity and large specific surface area, are commonly
used as positive materials in hybrid capacitors. The reaction mechanism of carbon-based
positive materials is primarily based on the electric double-layer principle, where energy is
stored and released through the adsorption and desorption of ions from the electrolyte onto
the surface of the carbon electrode. Common carbon-based positive materials include acti-
vated carbon and graphene. Activated carbon features a porous structure, a large specific
surface area (approximately 1000–1500 m2·g−1), and strong adsorption capabilities [143].
However, its relatively low specific capacity (around 40–80 mAh·g−1) and electrical conduc-
tivity (approximately 1–5 S·cm−1) limit its applications to some extent. Currently, research
on activated carbon materials focuses on optimizing their porous structure, morphology
control, and surface modification to achieve higher specific capacitance. For example, Lu
et al. [144] utilized corn stalks to prepare mesoporous activated carbon for use in high-
performance supercapacitors. The activated carbon based on corn stalks exhibited a high
specific capacitance of 188 F·g−1 at a current density of 1 A·g−1 in both organic and ionic
liquid electrolytes. Piao et al. [145] reported an activated multi-hierarchical mesoporous
carbon (MHPC). When tested in a three-electrode system using a 6 M KOH aqueous solu-
tion at a current density of 1 A·g−1, the assembled supercapacitor with the MHPC electrode
achieved a specific capacitance of 318 F·g−1. Graphene is a two-dimensional monolayer
material composed of carbon atoms arranged in a honeycomb lattice. It possesses a theoret-
ical specific surface area of 2360 m2·g−1, a theoretical specific capacitance of 550 F·g−1, and
high electrical conductivity (approximately 50–150 S·cm−1). However, irreversible stack-
ing tends to occur between graphene sheets, reducing their surface area [113]. Currently,
researchers have employed various methods to address the aforementioned issues. For
instance, Gao et al. [146] synthesized a three-dimensional oriented graphene framework
that resembles paper but possesses a directed surface, macropores, and interconnected
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parts through ordered assembly guided by hard templates. This framework exhibits a high
specific surface area of up to 402.5 m2·g−1 and excellent mechanical flexibility, making
it suitable for use as an electrode in hybrid capacitors. Yan et al. [147] prepared hollow
graphene nanospheres through a combination of template separation, microwave heating,
and graphitization of carbon layers. The synthesized graphene exhibits a specific surface
area of 2794 m2·g−1, a capacitance exceeding 529 F·g−1 at a current density of 1 A·g−1, and
a capacitance retention rate of 62.5% during continuous power supply.

For the negative electrode of hybrid capacitors, materials with rapid charge-discharge
capabilities are often employed to compensate for the kinetic differences between the
positive and negative electrodes. Transition metal oxides, with their high theoretical
specific capacities, abundant sources, and low costs, are commonly used as negative
electrode materials in hybrid capacitors. The reaction mechanism of transition metal oxide
negative electrode materials is primarily based on Faraday redox reactions. When the
hybrid capacitor is charged, ions in the electrolyte (such as sodium ions, lithium ions,
etc.) diffuse to the surface of the transition metal oxide negative electrode material and
undergo electrochemical reactions with it, storing charge. During this process, one or
more redox pairs form on the surface of the transition metal oxide, which can reversibly
convert during charging and discharging, thereby enabling the storage and release of
charge. Common transition metal oxide materials include MnO and Co3O4. When MnO is
used as a negative electrode material, its theoretical capacity ratio can reach 756 mAh·g−1,
but pure MnO has poor electronic conductivity (approximately 10−8–10−6 S·m−1), leading
to easy capacity decay. Therefore, it is typically combined with highly conductive carbon
materials. For example, Yang et al. [148] utilized graphene oxide (GO) and nanospherical
KxMnO2 precursors to prepare a one-dimensional graphene nanoscroll-wrapped MnO
nanoparticle (GNS@MnO) material through a simple liquid nitrogen quenching followed
by atmospheric annealing process. The obtained material exhibited a high reversible
capacity of 766 mA·h·g−1 at a current density of 100 mA·g−1, high rate performance
(437 mA·h·g−1 at 5.0 A·g−1), and good cycling stability. Chen et al. [149] designed and
synthesized one-dimensional graphene nanoscrolls wrapped with MnO nanoparticles
featuring a unique nanocomposite structure. The constructed composite negative electrode
material exhibits rapid ion and electron transport kinetics, as well as strong durability.
When used as a negative electrode material, Co3O4 boasts a theoretical specific capacity
of up to 890 mA·h·g−1 and a low redox potential (<1 V). However, the volume expansion
that occurs during charging and discharging can lead to the shedding of active materials
and rapid capacity decay. To address this issue, researchers have taken various measures.
For instance, Wang et al. [150] synthesized Co3O4 cryogels using a triblock polymer/ice
crystal dual-template sol-gel method. These cryogels exhibited a specific capacitance of
up to 742.3 F·g–1 and maintained 86.2% of their capacity after 2000 cycles. Liu et al. [151]
successfully obtained uniformly sized and highly crystalline Co3O4 nanocubes with the
assistance of mesoporous carbon nanorods. After heat treatment, mesoporous Co3O4
nanocubes were formed. Electrochemical tests revealed that the specific capacitance of the
Co3O4 nanocube electrode was approximately 350 F·g−1 at a current density of 0.2 A·g−1.

Furthermore, the matching of electrode materials for hybrid capacitors is a crucial
step in ensuring excellent capacitor performance. The compatibility of electrode materi-
als is primarily related to their capacity, kinetics, and cycle life [152]. In the process of
selecting compatible electrode materials, attention should be paid to balancing the energy
density and power density of the electrode materials. It is important to choose negative
and positive materials with similar physicochemical properties and consistent volume
changes to enhance the stability of the cycling process. A common approach is to utilize a
homologous strategy, where negative and positive materials derived from the same raw
materials or undergoing similar processing procedures are selected to ensure similarity in
their physicochemical properties, thereby improving material stability and compatibility.
For instance, Xu et al. [153] employed a homologous strategy to prepare sulfur-doped
channel carbon fiber negative electrode and active multi-channel carbon fiber positive
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electrode for potassium-ion capacitors. The resulting potassium-ion capacitors achieved
high energy and power densities, as well as exceptional cycling stability.

Hybrid capacitors excel in their performance due to their extensive potential window,
high specific capacitance, and minimal self-discharge rate. By seamlessly integrating
Faradaic and non-Faradaic processes, these capacitors are able to store a significantly
larger number of charges, leading to exceptional energy and power densities. When
compared to double-layer capacitors and pseudocapacitors, hybrid capacitors offer superior
capacitance. Furthermore, certain hybrid capacitors are capable of operating at high
voltages, albeit with slightly reduced cycling performance [110]. The overall performance of
hybrid supercapacitors hinges critically on the choice of electrode and electrolyte materials.
These materials have a direct bearing on the performance characteristics of the hybrid
supercapacitors. Consequently, selecting suitable electrode and electrolyte materials is
paramount in enhancing the overall performance of hybrid supercapacitors.

Due to the exceptional energy density exhibited by lithium ions, the integration
of supercapacitors with lithium-ion storage systems holds significant importance. As a
cutting-edge electrochemical energy storage solution, lithium-ion capacitors (LICs) combine
the lithium-ion intercalated electrode of lithium-ion batteries with the electrical double-
layer electrode of supercapacitors, offering a unique blend of benefits [154,155]. They
not only inherit the high energy density advantages of batteries but also incorporate the
attributes of electric double-layer capacitors, such as high power density and prolonged
cycle life, thereby significantly enhancing overall performance [156–159]. The concept of
LIC dates back to 1987 when Yata and his team conducted groundbreaking research on
the intercalation mechanism of lithium ions in polyacene semiconductor (PAS), which was
successfully commercialized as a button cell in 1989. Subsequently, in 1992, the introduction
of pre-lithiation technology in PAS capacitors significantly boosted the potential of these
capacitors, leaping from 2.5 V to 3.3 V. As the 21st century dawned, LIC technology
witnessed significant breakthroughs. In 2001, G. G. Amatucci and his research team at
Telcordia Technologies in New Jersey designed and analyzed the first modern-day lithium-
ion capacitor using lithium titanate (LTO) as the negative electrode in conjunction with
an activated carbon positive electrode. This device demonstrated remarkable energy
performance exceeding 20 Wh/kg within a potential window of 1.5 V to 3.0 V [160]. The
following year, A. D. Pasquier and his research group introduced another innovative LIC
featuring an LTO negative electrode paired with a poly(fluorophenylthiophene) positive
electrode, achieving a maximum deliverable power of 12 kW/kg, further expanding the
application prospects of LIC [161]. In 2005, activated carbon was utilized for the first
time as the negative electrode material in LIC, combined with the LiNi0.5Mn1.5O4 positive
electrode [162]. Concurrently, Fuji Heavy Industries successfully commercialized pre-
lithiated PAS-based LIC. By 2008, V. Khomenko and his research team had developed a
high-energy-density LIC using commercial graphite and activated carbon, significantly
advancing the commercialization of LIC technology [163]. Since then, researchers in the
LIC field have relentlessly explored new materials and configurations, employing graphene
and doped carbon and studying their symmetric and asymmetric configurations, driving
the rise of LIC as potential hybrid energy storage devices for modern applications and
ultimately achieving their commercialization [164].

LIC can be applied in scenarios such as railway transportation, automatic guided
vehicles, and spacecrafts, which require maintenance-free, fast charging, high power, and
high energy density [165,166]. These capacitors are constructed with multiple components,
including a positive electrode (typically a capacitive one), a negative electrode (commonly
a pre-lithiated battery negative electrode), an electrolyte, a separator, a current collector,
a conductive agent, a binder, and metallic lithium foil [167]. Each of these components
contributes to the overall functionality and performance of the capacitor. Figure 20a is a
digital image of a lithium-ion capacitor manufactured by JM Energy Company. Figure 20b,c
show the SEM images of its negative electrode and positive electrode.
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(a)

(b) (c)

Figure 20. (a) Digital image of a soft-packaged lithium-ion capacitor manufactured by JM Energy
Company. (b) An SEM image of the negative electrode. It shows that it has undergone pre-lithiation
treatment. (c) An SEM image of the positive electrode, which is composed of carbon material.

The positive electrode-activated carbon material is primarily used for ion adsorption
and desorption, typically prepared through carbonization and activation processes with
raw materials such as coal and resin. Conversely, the negative electrode carbon material is
primarily used for the insertion and extraction reactions of lithium ions, often prepared
from materials like tar and asphalt through carbonization and graphitization processes.
Electrolytes, the medium that facilitates ion transport between the electrodes, primarily
comprise lithium salts dissolved in organic solvents. Moreover, the separator plays a
crucial role as a key component, consisting of porous membranes crafted from polymers or
cellulose. Its function is to avert direct contact between the positive and negative electrodes,
thus safeguarding the cell’s smooth and safe operation. On the other hand, the current
collector, which is a thin metal foil measuring several micrometers, efficiently directs the
current generated by the electrode, ensuring its effective utilization. Conductive agents,
meanwhile, are tasked with establishing electronic pathways, often derived from raw
materials like petroleum, through processes like cracking, carbonization, and deposition.
The adhesive, a polymeric material typically synthesized artificially, plays a pivotal role
in securely adhering the active material and conductive agent to the current collector.
Lastly, metallic lithium foil fulfills a crucial pre-lithiation role in lithium-ion capacitor cells,
with its preparation often involving the electrolysis and rolling of lithium salts. These
components and materials collaborate seamlessly to guarantee the smooth operation and
optimal performance of the capacitor.

The preparation flowchart of a single cell for lithium-ion capacitors is shown in
Figure 21. The specific process involves mixing the positive and negative electrode materi-
als, conductive agents, and binders and then coating them onto the current collector [168].
Subsequently, the electrodes are prepared by rolling, stripping, and slicing. These electrodes
are then wound or stacked, welded, and encased. After drying, the electrolyte is injected
to obtain a semi-finished cell. Finally, the semi-finished cell undergoes pre-lithiation, for-
mation, aging, and capacity sorting to produce the final product [169]. There are various
encapsulation types for lithium-ion capacitor cells. In application scenarios that require
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higher energy density and power density, the electrodes are assembled into cylindrical or
rectangular cells with stacking or winding methods. Common encapsulation types include
cylindrical, rectangular, and pouch-type designs. When lithium-ion capacitor cells are
grouped together, they can be used in fields such as power grid frequency modulation,
aerospace, and rail transportation.

 

Figure 21. The preparation flowchart of a single cell for lithium-ion capacitors.

The energy storage mechanisms of the positive and negative electrodes in lithium-ion
capacitors are different, and the currently common lithium-ion capacitor systems can be
categorized into the following four types [170]:

(1) The battery-type positive electrode and the capacitive-type negative electrode [171,172].
They operate through different mechanisms: electrochemical reactions occur at the
positive electrode, while ion desorption processes take place at the negative electrode.
During charging, lithium ions are desorbed from the positive electrode and released
into the electrolyte, while simultaneously, lithium ions in the electrolyte are adsorbed
onto the negative electrode, maintaining a constant ion concentration in the electrolyte.
The electrolyte does not serve as an active component but merely functions as an
ion carrier. However, due to the lower operating voltage, the energy density of this
system is often significantly lower than other systems. Additionally, the high specific
surface area of the carbon material in the negative electrode can easily lead to rapid
growth of the solid electrolyte interface (SEI), resulting in poor cycling stability.

(2) The capacitive-type positive electrode and the battery-type negative electrode [173–176].
Ion adsorption and desorption processes occur at the positive electrode, while electro-
chemical reactions take place at the negative electrode. During charging, anions in the
electrolyte are adsorbed onto the positive electrode, while lithium ions are intercalated
into the negative electrode material [177]. The ion concentration in the electrolyte
decreases as the voltage increases. During discharge, the ions on the electrodes return
to the electrolyte, gradually restoring the ion concentration in the electrolyte. In this
system, the electrolyte serves not only as an ion carrier but also as an active compo-
nent of the system. The energy density is limited by the electrode materials and the
concentration of the electrolyte.

(3) Capacitive-type positive electrode and pre-lithiated battery-type negative
electrode [178,179]. The charging and discharging process of this system mainly
consists of two parts: the consumption of electrolytes when the voltage is higher than
the open-circuit voltage and the migration of lithium ions when the voltage is lower
than the open-circuit voltage. When it is charged from the open-circuit voltage to
the maximum voltage, anions in the electrolyte migrate to the positive electrode and
are adsorbed onto its surface, while lithium ions are intercalated into the negative
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electrode, resulting in a decrease in electrolyte ion concentration as the voltage in-
creases. During discharge from the maximum voltage to the open-circuit voltage,
anions are desorbed from the positive electrode, lithium ions are deintercalated from
the negative electrode, and the electrolyte concentration returns to its initial state.
When discharging from the open-circuit voltage to the minimum voltage, lithium ions
stored in the negative electrode through pre-lithiation continue to be deintercalated,
reducing the lithium–ion concentration in the negative electrode while gradually
increasing the concentration of lithium ions adsorbed on the positive electrode. The
ion concentration in the electrolyte remains basically unchanged. When charging
from the minimum voltage to the open-circuit voltage, lithium ions are desorbed
from the positive electrode into the electrolyte, and the lithium ions in the electrolyte
are intercalated into the negative electrode. This system requires pre-intercalation of
lithium into the negative electrode, which can eliminate the loss of lithium ions due
to the formation of the SEI film during the initial cycle, thereby increasing the output
voltage window and consequently enhancing the power density and energy density.
This has become the most important category for commercialization at present.

(4) The battery-capacitor composite positive electrode and pre-lithiated battery-type
negative electrode [180,181]. The introduction of battery-type materials into the
positive electrode enhances the energy density of the system, but it comes with a
tradeoff in the power density and cycle life of the device. Most of the energy in this
system is provided by the battery materials, making it, strictly speaking, a battery-
type capacitor.

4. Summary

To clarify the differences between dielectric capacitors, electric double-layer superca-
pacitors, and lithium-ion capacitors, this review first introduces the classification, energy
storage advantages, and application prospects of capacitors, followed by a more specific
introduction to specific types of capacitors. Regarding dielectric capacitors, this review pro-
vides a detailed introduction to the classification, advantages and disadvantages, structure,
energy storage principles, and manufacturing processes of thin-film capacitors, electrolytic
capacitors, and ceramic capacitors. For electrochemical capacitors, an overview of their
classification, structure, and energy storage principles is given, followed by a further analy-
sis of the differences between supercapacitors and electrolytic capacitors. Subsequently, the
focus is on the structural composition, production process, and energy storage principles
of lithium-ion capacitors.

Currently, research on film capacitors primarily focuses on metalized organic poly-
mer capacitors, which exhibit high charge-discharge rates, high flexibility, and excellent
self-healing capabilities, promising good application prospects in areas such as microwave
communications, hybrid electric vehicles, and renewable energy. However, they face chal-
lenges in terms of relatively poor thermal stability and high production costs. In the future,
more research should be conducted on multiphase/multicomponent high-temperature
dielectric polymers, including blend polymers and multilayer polymers, to enhance their
high-temperature performance. Additionally, advanced film technologies should be devel-
oped, and processing techniques optimized to reduce costs [182]. Electrolytic capacitors
are known for their large capacitance and high volumetric efficiency, making them suitable
for applications in electronic devices or as energy buffers. However, they suffer from
drawbacks such as high equivalent series resistance (ESR) and relatively short service life.
Therefore, future efforts should be directed toward the development of novel polymer-
based electrolytic capacitors, accompanied by in-depth studies on their failure mechanisms
and prediction methods to extend their service life. Research on ceramic capacitors pri-
marily focuses on MLCC. These capacitors exhibit extremely low ESR and equivalent
series inductance, coupled with high current-handling capabilities and outstanding high-
temperature stability. As a result, they show immense potential for applications in electric
vehicles, 5G base stations, clean energy generation, smart grids, and other fields. Future
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research in ceramic capacitors can focus on utilizing dielectric materials like antiferroelectric
materials or barium titanate-based compounds. By optimizing their electrode structures or
manufacturing processes, researchers aim to enhance the breakdown strength, dielectric
stability, and energy density of ceramic capacitors, further expanding their capabilities
and applications [183]. For supercapacitors, their high-power density and low energy
density have made enhancing energy density a persistent research focus. Additionally,
with the rapid development of flexible electronics technology, there has been a surge in
the development of smart clothing and portable electronic devices, and flexible superca-
pacitors have demonstrated vast application prospects in areas such as flexible displays,
wearable electronic devices, and portable biomedical monitoring devices. Therefore, in the
future, significant efforts can be directed toward utilizing novel materials like metal-organic
frameworks (MOFs), covalent organic frameworks (COFs), and hydrogen-bonded organic
frameworks (HOFs) in supercapacitors to improve their chemical stability and energy
density. Furthermore, the development of flexible supercapacitor electrode materials with
good stability, excellent performance, and long service life is also a crucial direction for
the future advancement of supercapacitors. For lithium-ion capacitors, future research
should emphasize the exploration of new electrode materials like two-dimensional MXenes
to enhance their energy density. Additionally, optimizing the pre-lithiation process of
lithium-ion capacitors and improving the compatibility of pre-lithiation technology are
also essential steps toward their further development.

Author Contributions: W.L.: Conceptualization, methodology, investigation, writing—original
draft. X.S.: conceptualization, supervision, investigation, and writing—review and editing. X.Y.:
investigation, methodology and resources. Y.G.: supervision, investigation, and writing—review
and editing. X.Z.: supervision, investigation, and writing—review and editing. K.W.: methodology
and resources. Y.M.: supervision, investigation, methodology, and writing—review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author/s.

Acknowledgments: We are grateful to the Institute of Electrical Engineering, Chinese Academy of
Sciences, for providing us with capacitors and experimental equipment.

Conflicts of Interest: The author Xinyu Yan was employed by the TBEA Sunoasis Co., Ltd. All
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

References

1. Adediji, Y.B.; Adeyinka, A.M.; Yahya, D.I.; Mbelu, O.V. A review of energy storage applications of lead-free BaTiO3-based
dielectric ceramic capacitors. Energy Ecol. Environ. 2023, 8, 401–419. [CrossRef]

2. Li, C.; Zhang, X.; Wang, K.; Su, F.Y.; Chen, C.M.; Liu, F.Y.; Wu, Z.S.; Ma, Y.W. Recent advances in carbon nanostructures prepared
from carbon dioxide for high-performance supercapacitors. J. Energy Chem. 2021, 54, 352–367. [CrossRef]

3. Agajie, T.F.; Ali, A.; Fopah-Lele, A.; Amoussou, I.; Khan, B.; Velasco, C.L.R.; Tanyi, E. A Comprehensive Review on Techno-
Economic Analysis and Optimal Sizing of Hybrid Renewable Energy Sources with Energy Storage Systems. Energies 2023, 16, 642.
[CrossRef]

4. Deka, B.; Cho, K.-H. BiFeO3-Based Relaxor Ferroelectrics for Energy Storage: Progress and Prospects. Materials 2021, 14, 7188.
[CrossRef]

5. Sayed, E.T.; Olabi, A.G.; Alami, A.H.; Radwan, A.; Mdallal, A.; Rezk, A.; Abdelkareem, M.A. Renewable Energy and Energy
Storage Systems. Energies 2023, 16, 1415. [CrossRef]

6. Xu, Y.; Wang, K.; Zhang, X.; Ma, Y.; Peng, Q.; Gong, Y.; Yi, S.; Guo, H.; Zhang, X.; Sun, X. Improved Li-Ion Conduction and
(Electro) Chemical Stability at Garnet-Polymer Interface through Metal-Nitrogen Bonding. Adv. Energy Mater. 2023, 13, 2204377.
[CrossRef]

7. Yang, L.; Kong, X.; Li, F.; Hao, H.; Cheng, Z.; Liu, H.; Li, J.-F.; Zhang, S. Perovskite lead-free dielectrics for energy storage
applications. Prog. Mater. Sci. 2019, 102, 72–108. [CrossRef]

8. Navarro, G.; Torres, J.; Blanco, M.; Nájera, J.; Santos-Herran, M.; Lafoz, M. Present and Future of Supercapacitor Technology
Applied to Powertrains, Renewable Generation and Grid Connection Applications. Energies 2021, 14, 3060. [CrossRef]

147



Batteries 2024, 10, 271

9. Liu, L.M.; Qu, J.L.; Gu, A.J.; Wang, B.H. Percolative polymer composites for dielectric capacitors: A brief history, materials, and
multilayer interface design. J. Mater. Chem. A 2020, 8, 18515–18537. [CrossRef]

10. Conte, M. Supercapacitors Technical Requirements for New Applications. Fuel Cells 2010, 10, 806–818. [CrossRef]
11. Aravindan, V.; Gnanaraj, J.; Lee, Y.-S.; Madhavi, S. Insertion-Type Electrodes for Nonaqueous Li-Ion Capacitors. Chem. Rev. 2014,

114, 11619–11635. [CrossRef]
12. Fitzgerald, D. Improvements in electrical condensers or accumulators. Br. Pat. 1876, 3466, 1876.
13. McLean, D. Metallized paper for capacitors. Proc. IRE 1950, 38, 1010–1014. [CrossRef]
14. McLean, D.; Wehe, H. Miniature lacquer film capacitors. Proc. IRE 1954, 42, 1799–1805. [CrossRef]
15. Ho, J.; Jow, T.R.; Boggs, S. Historical introduction to capacitor technology. IEEE Electr. Insul. Mag. 2010, 26, 20–25. [CrossRef]
16. Simon, P.; Gogotsi, Y. Materials for electrochemical capacitors. Nat. Mater. 2008, 7, 845–854. [CrossRef]
17. Dong, J.-F.; Deng, X.-L.; Niu, Y.-J.; Pan, Z.-Z.; Wang, H. Research progress of polymer based dielectrics for high-temperature

capacitor energy storage. Acta Physica Sinica 2020, 69, 217701. [CrossRef]
18. MacDougall, F.W.; Ennis, J.B.; Cooper, R.A.; Bates, J.; Seal, K. High energy density pulsed power capacitors. In Proceedings of the

14th IEEE International Pulsed Power Conference, Dallas, TX, USA, 15–18 June 2003; pp. 513–517.
19. Prateek; Thakur, V.K.; Gupta, R.K. Recent Progress on Ferroelectric Polymer-Based Nanocomposites for High Energy Density

Capacitors: Synthesis, Dielectric Properties, and Future Aspects. Chem. Rev. 2016, 116, 4260–4317. [CrossRef]
20. Singh, M.; Apata, I.E.; Samant, S.; Wu, W.J.; Tawade, B.V.; Pradhan, N.; Raghavan, D.; Karim, A. Nanoscale Strategies to Enhance

the Energy Storage Capacity of Polymeric Dielectric Capacitors: Review of Recent Advances. Polym. Rev. 2022, 62, 211–260.
[CrossRef]

21. Dang, Z.-M. Polymer nanocomposites with high permittivity. In Nanocrystalline Materials; Elsevier: Amsterdam, The Netherlands,
2014; pp. 305–333.

22. Sherrill, S.A.; Banerjee, P.; Rubloff, G.W.; Lee, S.B. High to ultra-high power electrical energy storage. Phys. Chem. Chem. Phys.
2011, 13, 20714–20723. [CrossRef]

23. Sun, L.; Shi, Z.C.; Liang, L.; Wei, S.; Wang, H.L.; Dastan, D.; Sun, K.; Fan, R.H. Layer-structured BaTiO3/P(VDF-HFP) composites
with concurrently improved dielectric permittivity and breakdown strength toward capacitive energy-storage applications. J.
Mater. Chem. C 2020, 8, 10257–10265. [CrossRef]

24. Fan, X.; Wang, J.; Yuan, H.; Zheng, Z.; Zhang, J.; Zhu, K. Multi-scale synergic optimization strategy for dielectric energy storage
ceramics. J. Adv. Ceram. 2023, 12, 649–680. [CrossRef]

25. Yang, M.; Guo, M.; Xu, E.; Ren, W.; Wang, D.; Li, S.; Zhang, S.; Nan, C.-W.; Shen, Y. Polymer nanocomposite dielectrics for
capacitive energy storage. Nat. Nanotechnol. 2024, 19, 588–603. [CrossRef]

26. Xiao, M.; Zhang, Z.; Du, B. Dielectric performance improvement of polypropylene film by hierarchical structure design for
metallized film capacitors. J. Phys. D Appl. Phys. 2024, 57, 385501. [CrossRef]

27. Hu, T.-Y.; Ma, C.; Cheng, S.-d.; Hu, G.; Liu, M. Ultrahigh-temperature capacitors realized by controlling polarization behavior in
relaxor ferroelectric. Chem. Eng. J. 2024, 492, 152365. [CrossRef]

28. Gnonhoue, O.G.; Velazquez-Salazar, A.; David, É.; Preda, I. Review of Technologies and Materials Used in High-Voltage Film
Capacitors. Polymers 2021, 13, 766. [CrossRef]

29. Reuter, R.C., Jr.; Allen, J.J. Prediction of Mechanical States in Wound Capacitors. J. Mech. Des. 1991, 113, 387–392. [CrossRef]
30. Sarjeant, W.J.; Zirnheld, J.; MacDougall, F.W. Capacitors. IEEE Trans. Plasma Sci. 1998, 26, 1368–1392. [CrossRef]
31. Tahalyani, J.; Akhtar, M.J.; Cherusseri, J.; Kar, K.K. Characteristics of Capacitor: Fundamental Aspects. In Handbook of Nanocom-

posite Supercapacitor Materials I: Characteristics; Kar, K.K., Ed.; Springer International Publishing: Cham, Switzerland, 2020;
pp. 1–51.

32. Fan, B.H.; Zhou, M.Y.; Zhang, C.; He, D.L.; Bai, J.B. Polymer-based materials for achieving high energy density film capacitors.
Prog. Polym. Sci. 2019, 97, 101143. [CrossRef]

33. Xiong, J.; Wang, X.; Zhang, X.; Xie, Y.C.; Lu, J.Y.; Zhang, Z.C. How the biaxially stretching mode influence dielectric and energy
storage properties of polypropylene films. J. Appl. Polym. Sci. 2021, 138, 50029. [CrossRef]

34. Streibl, M.; Karmazin, R.; Moos, R. Materials and applications of polymer films for power capacitors with special respect to
nanocomposites. IEEE Trans. Dielectr. Electr. Insul. 2018, 25, 2429–2442. [CrossRef]

35. Ran, Z.Y.; Du, B.X.; Xiao, M.; Li, J. Crystallization Morphology-Dependent Breakdown Strength of Polypropylene Films for
Converter Valve Capacitor. IEEE Trans. Dielectr. Electr. Insul. 2021, 28, 964–971. [CrossRef]

36. Ping, J.-B.; Feng, Q.-K.; Zhang, Y.-X.; Wang, X.-J.; Huang, L.; Zhong, S.-L.; Dang, Z.-M. A Bilayer High-Temperature Dielectric
Film with Superior Breakdown Strength and Energy Storage Density. Nano-Micro Lett. 2023, 15, 154. [CrossRef]

37. Zou, C.; Zhang, Q.; Zhang, S.; Kushner, D.; Zhou, X.; Bernard, R.; Orchard, R.J., Jr. PEN/Si3N4 bilayer film for dc bus capacitors
in power converters in hybrid electric vehicles. J. Vac. Sci. Technol. B 2011, 29, 061401. [CrossRef]

38. Zhang, C.; Yan, W.; Zhang, T.; Zhang, T.; Zhang, Y.; Zhang, Y.; Tang, C.; Chi, Q. Sandwich-Structured PC/PVDF-Based Energy
Storage Dielectric with Inorganic Doping to Regulate Electric Field Distribution. J. Phys. Chem. C 2024, 128, 5717–5730. [CrossRef]

39. Reed, C.W.; Cichanowski, S.W. The Fundamentals of Aging in HV Polymer-Film Capacitors. IEEE Trans. Dielectr. Electr. Insul.
1994, 1, 904–922. [CrossRef]

148



Batteries 2024, 10, 271

40. Feng, M.N.; Chen, M.; Qiu, J.; He, M.; Huang, Y.M.; Lin, J. Improving dielectric properties of poly(arylene ether nitrile) composites
by employing core-shell structured BaTiO3@polydopamine and MoS2@polydopamine interlinked with poly(ethylene imine) for
high-temperature applications. J. Alloys Compd. 2021, 856, 158213. [CrossRef]

41. Valentine, N.; Azarian, M.H.; Pecht, M. Metallized film capacitors used for EMI filtering: A reliability review. Microelectron. Reliab.
2019, 92, 123–135. [CrossRef]

42. Ho, J.S.; Greenbaum, S.G. Polymer Capacitor Dielectrics for High Temperature Applications. ACS Appl. Mater. Interfaces 2018, 10,
29189–29218. [CrossRef]

43. Li, Q.; Cheng, S. Polymer nanocomposites for high-energy-density capacitor dielectrics: Fundamentals and recent progress. IEEE
Electr. Insul. Mag. 2020, 36, 7–28. [CrossRef]

44. Rabuffi, M.; Picci, G. Status quo and future prospects for metallized polypropylene energy storage capacitors. IEEE Trans. Plasma
Sci. 2002, 30, 1939–1942. [CrossRef]

45. Bai, G.; Chen, Z.; Liu, J.; Wang, F.; Zhang, Y. Microstructure Evolution and Performance Enhancement of Sintered Aluminum
Foils for Aluminum Electrolytic Capacitors. J. Electron. Mater. 2024, 53, 2026–2039. [CrossRef]

46. Zeng, X.; Bian, J.; Liang, L.; Cao, Q.; Liu, L.; Chen, X.; Wang, Y.; Xie, X.; Xie, G. Preparation and characterization of anode foil for
aluminum electrolytic capacitors by powder additive manufacturing. Powder Technol. 2023, 426, 118602. [CrossRef]

47. Chen, D.; Fu, J.; Huang, S.; Huang, J.; Yang, J.; Ren, S.; Ma, J. Design of La-based MG-Ta composite with high and tailorable
properties for solid Ta electrolytic capacitor. Mater. Des. 2024, 238, 112743. [CrossRef]

48. Narale, S.B.; Verma, A.; Anand, S. Structure and Degradation of Aluminum Electrolytic Capacitors. In Proceedings of the 2019
National Power Electronics Conference (NPEC), Tiruchirappalli, India, 13–15 December 2019; pp. 1–6.

49. Bramoulle, M. Electrolytic or film capacitors? In Proceedings of the Conference Record of 1998 IEEE Industry Applications
Conference. Thirty-Third IAS Annual Meeting (Cat. No.98CH36242), St. Loius, MI, USA, 12–15 October 1998; Volume 1132,
pp. 1138–1141.

50. Torki, J.; Joubert, C.; Sari, A. Electrolytic capacitor: Properties and operation. J. Energy Storage 2023, 58, 106330. [CrossRef]
51. EPCOS, A. Aluminum Electrolytic Capacitors–General Technical Information. 2019. Available online: https://www.tdk-

electronics.tdk.com/download/185386/e724fb43668a157bc547c65b0cff75f8/pdf-generaltechnicalinformation.pdf (accessed on 3
May 2024).

52. Chen, X.; Xi, L.; Zhang, Y.; Ma, H.; Huang, Y.; Chen, Y. Fractional techniques to characterize non-solid aluminum electrolytic
capacitors for power electronic applications. Nonlinear Dyn. 2019, 98, 3125–3141. [CrossRef]

53. Both, J. The modern era of aluminum electrolytic capacitors. IEEE Electr. Insul. Mag. 2015, 31, 24–34. [CrossRef]
54. Film, F.C.M.P. 1. General Description of Aluminum Electrolytic Capacitors. 2015. Available online: https://www.nichicon.co.jp/

english/products/pdf/aluminum.pdf (accessed on 3 May 2024).
55. McLean, D.A.; Power, F.S. Tantalum Solid Electrolytic Capacitors. Proc. IRE 1956, 44, 872–878. [CrossRef]
56. Freeman, Y.; Lessner, P.; Luzinov, I. Reliability and Failure Mode in Solid Tantalum Capacitors. Ecs J. Solid State Sci. Technol. 2021,

10, 045007. [CrossRef]
57. Nishino, A. Capacitors: Operating principles, current market and technical trends. J. Power Sources 1996, 60, 137–147. [CrossRef]
58. Romero, J.A.; Azarian, M.H.; Pecht, M. Life model for tantalum electrolytic capacitors with conductive polymers. Microelectron.

Reliab. 2020, 104, 113550. [CrossRef]
59. Gill, J. Basic Tantalum Capacitor Technology. Available online: https://kyocera-avx.com/docs/techinfo/Tantalum-

NiobiumCapacitors/bsctant.pdf (accessed on 3 May 2024).
60. Freeman, Y. Basic Technology. In Tantalum and Niobium-Based Capacitors: Science, Technology, and Applications; Freeman, Y., Ed.;

Springer International Publishing: Cham, Switzerland, 2022; pp. 23–52.
61. Kaiser, C.J. The Capacitor Handbook; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2012.
62. Teverovsky, A. Breakdown and Self-healing in Tantalum Capacitors. IEEE Trans. Dielectr. Electr. Insul. 2021, 28, 663–671.

[CrossRef]
63. Jia, W.X.; Hou, Y.D.; Zheng, M.P.; Xu, Y.R.; Zhu, M.K.; Yang, K.Y.; Cheng, H.R.; Sun, S.Y.; Xing, J. Advances in lead-free high-

temperature dielectric materials for ceramic capacitor applicationInspec keywordsOther keywords. Iet Nanodielectr. 2018, 1, 3–16.
[CrossRef]

64. Randall, M.-J.P.C.A. A brief introduction to ceramic capacitors. IEEE Electr. Insul. Mag. 2010, 26, 44–50. [CrossRef]
65. Park, Y.; Park, J.J.; Park, K.S.; Hong, Y.M.; Lee, E.J.; Kim, S.O.; Lee, J.H. Enhancement of Mechanical Properties of Multilayer

Ceramic Capacitors through a BaTiO3/polydopamine Cover Layer. Polymers 2023, 15, 4014. [CrossRef]
66. Lv, Z.; Lu, T.; Liu, Z.; Hu, T.; Hong, Z.; Guo, S.; Xu, Z.; Song, Y.; Chen, Y.; Zhao, X.; et al. NaNbO3-Based Multilayer Ceramic

Capacitors with Ultrahigh Energy Storage Performance. Adv. Energy Mater. 2024, 14, 2304291. [CrossRef]
67. Van Trinh, H.; Talbot, J.B. Electrodeposition Method for Terminals of Multilayer Ceramic Capacitors. J. Am. Ceram. Soc. 2004, 86,

905–909. [CrossRef]
68. Wojewoda, L.E.; Hill, M.J.; Radhakrishnan, K.; Goyal, N. Use Condition Characterization of MLCCs. IEEE Trans. Adv. Packag.

2009, 32, 109–115. [CrossRef]
69. Gong, H.; Wang, X.; Tian, Z.; Zhang, H.; Li, L. Interfacial diffusion behavior in Ni-BaTiO3 MLCCs with ultra-thin active layers.

Electron. Mater. Lett. 2014, 10, 417–421. [CrossRef]

149



Batteries 2024, 10, 271

70. Sumithra, S.; Annapoorani, K.; Ellmore, A.; Vaidhyanathan, B. Microwave assisted processing of X8R nanocrystalline BaTiO3
based ceramic capacitors and multilayer devices. Open Ceram. 2022, 9, 100214. [CrossRef]

71. Wang, Y.Q.; Ko, B.H.; Jeong, S.G.; Park, K.S.; Park, N.C.; Park, Y.P. Analysis of the influence of soldering parameters on multi-layer
ceramic capacitor vibration. Microsyst. Technol.-Micro-Nanosyst.-Inf. Storage Process. Syst. 2015, 21, 2565–2571. [CrossRef]

72. Hong, K.; Lee, T.H.; Suh, J.M.; Yoon, S.H.; Jang, H.W. Perspectives and challenges in multilayer ceramic capacitors for next
generation electronics. J. Mater. Chem. C 2019, 7, 9782–9802. [CrossRef]

73. Zhang, H.B.; Wei, T.; Zhang, Q.; Ma, W.G.; Fan, P.Y.; Salamon, D.; Zhang, S.T.; Nan, B.; Tan, H.; Ye, Z.G. A review on the
development of lead-free ferroelectric energy-storage ceramics and multilayer capacitors. J. Mater. Chem. C 2020, 8, 16648–16667.
[CrossRef]

74. Gurav, A.; Xu, X.; Freeman, Y.; Reed, E. KEMET Electronics: Breakthroughs in Capacitor Technology. In Materials Research for
Manufacturing: An Industrial Perspective of Turning Materials into New Products; Madsen, L.D., Svedberg, E.B., Eds.; Springer
International Publishing: Cham, Switzerland, 2016; pp. 93–129.

75. Laadjal, K.; Cardoso, A.J.M. Multilayer Ceramic Capacitors: An Overview of Failure Mechanisms, Perspectives, and Challenges.
Electronics 2023, 12, 1297. [CrossRef]

76. Miller, J.R. Perspective on electrochemical capacitor energy storage. Appl. Surf. Sci. 2018, 460, 3–7. [CrossRef]
77. Zheng, L.X.; Xu, P.H.; Zhao, Y.J.; Peng, J.X.; Yang, P.J.; Shi, X.W.; Zheng, H.J. Unique core-shell Co2(OH)2CO3@MOF nanoarrays

with remarkably improved cycling life for high performance pseudocapacitors. Electrochim. Acta 2022, 412, 140142. [CrossRef]
78. Yi, S.; Wang, L.; Zhang, X.; Li, C.; Xu, Y.A.; Wang, K.; Sun, X.Z.; Ma, Y.W. Recent advances in MXene-based nanocomposites for

supercapacitors. Nanotechnology 2023, 34, 432001. [CrossRef]
79. Zhao, J.; Burke, A.F. Review on supercapacitors: Technologies and performance evaluation. J. Energy Chem. 2021, 59, 276–291.

[CrossRef]
80. Liu, Y.; Shearing, P.R.; He, G.; Brett, D.J.L. Supercapacitors: History, Theory, Emerging Technologies, and Applications. In

Advances in Sustainable Energy: Policy, Materials and Devices; Gao, Y.-j., Song, W., Liu, J.L., Bashir, S., Eds.; Springer International
Publishing: Cham, Switzerland, 2021; pp. 417–449.

81. Chen, Z.; Yu, D.; Xiong, W.; Liu, P.; Liu, Y.; Dai, L. Graphene-Based Nanowire Supercapacitors. Langmuir 2014, 30, 3567–3571.
[CrossRef]

82. Snook, G.A.; Kao, P.; Best, A.S. Conducting-polymer-based supercapacitor devices and electrodes. J. Power Sources 2011, 196, 1–12.
[CrossRef]

83. Becker, H. Low Voltage Electrolytic Capacitor. U. S. Patent 2,800,616A, 23 July 1957.
84. Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.J. Synthesis of electrically conducting organic polymers:

Halogen derivatives of polyacetylene, (CH) x. J. Chem. Soc. Chem. Commun. 1977, 578–580. [CrossRef]
85. Sun, J.; Luo, B.; Li, H. A Review on the Conventional Capacitors, Supercapacitors, and Emerging Hybrid Ion Capacitors: Past,

Present, and Future. Adv. Energy Sustain. Res. 2022, 3, 2100191. [CrossRef]
86. Zan, G.; Li, S.; Chen, P.; Dong, K.; Wu, Q.; Wu, T. Mesoporous Cubic Nanocages Assembled by Coupled Monolayers With 100%

Theoretical Capacity and Robust Cycling. ACS Cent. Sci. 2024, 10, 1283–1294. [CrossRef]
87. Shwetha, K.P.; Manjunatha, C.; Sudha Kamath, M.K.; Vinaykumar; Radhika, M.G.R.; Khosla, A. Morphology-controlled synthesis

and structural features of ultrafine nanoparticles of Co3O4: An active electrode material for a supercapacitor. Appl. Res. 2022, 1,
e202200031. [CrossRef]

88. Luo, Q.; Lu, C.; Liu, L.; Zhu, M. Triethanolamine assisted synthesis of bimetallic nickel cobalt nitride/nitrogen-doped carbon
hollow nanoflowers for supercapacitor. Microstructures 2023, 3, 2023011.

89. Wang, T.; Wang, Y.; Lei, J.; Chen, K.-J.; Wang, H. Electrochemically induced surface reconstruction of Ni-Co oxide nanosheet
arrays for hybrid supercapacitors. Exploration 2021, 1, 20210178. [CrossRef]

90. Song, H.; Wang, Y.; Fei, Q.; Nguyen, D.H.; Zhang, C.; Liu, T. Cryopolymerization-enabled self-wrinkled polyaniline-based
hydrogels for highly stretchable all-in-one supercapacitors. Exploration 2022, 2, 20220006. [CrossRef]

91. Huai, X.; Liu, J.; Wu, X. Cobalt-doped NiMoO4 nanosheet for high-performance flexible supercapacitor. Chin. J. Struct. Chem.
2023, 42, 100158. [CrossRef]

92. Liu, B.; Cao, Z.; Yang, Z.; Qi, W.; He, J.; Pan, P.; Li, H.; Zhang, P. Flexible micro-supercapacitors fabricated from MnO2
nanosheet/graphene composites with black phosphorus additive. Prog. Nat. Sci. Mater. Int. 2022, 32, 10–19. [CrossRef]

93. Zhu, R.-J.; Liu, J.; Hua, C.; Pan, H.-Y.; Cao, Y.-J.; Li, M. Preparation of vanadium-based electrode materials and their research
progress in solid-state flexible supercapacitors. Rare Met. 2024, 43, 431–454. [CrossRef]

94. Wang, T.; Hu, S.; Hu, Y.; Wu, D.; Wu, H.; Huang, J.; Wang, H.; Zhao, W.; Yu, W.; Wang, M.; et al. Biologically inspired
anthraquinone redox centers and biomass graphene for renewable colloidal gels toward ultrahigh-performance flexible micro-
supercapacitors. J. Mater. Sci. Technol. 2023, 151, 178–189. [CrossRef]

95. Li, J.; Dong, Z.; Chen, R.; Wu, Q.; Zan, G. Advanced nickel-based composite materials for supercapacitor electrodes. Ionics 2024,
30, 1833–1855. [CrossRef]

96. Troschke, E.; Oschatz, M.; Ilic, I.K. Schiff-bases for sustainable battery and supercapacitor electrodes. Exploration 2021, 1, 20210128.
[CrossRef] [PubMed]

97. Shi, J.; Tian, X.; Yang, T.; Hu, S.; Liu, Z. Redox electrolyte-enhanced carbon-based supercapacitors: Recent advances and future
perspectives. Energy Mater. Devices 2023, 1, 9370009. [CrossRef]

150



Batteries 2024, 10, 271

98. Wu, X.; Liu, R.; Zhao, J.; Fan, Z. Advanced carbon materials with different spatial dimensions for supercapacitors. Nano Mater.
Sci. 2021, 3, 241–267. [CrossRef]

99. Kong, D.; Lv, W.; Liu, R.; He, Y.-B.; Wu, D.; Li, F.; Fu, R.; Yang, Q.-H.; Kang, F. Superstructured carbon materials: Design and
energy applications. Energy Mater. Devices 2023, 1, 9370017. [CrossRef]

100. Wang, G.; Zhang, L.; Zhang, J. A review of electrode materials for electrochemical supercapacitors. Chem. Soc. Rev. 2012, 41,
797–828. [CrossRef] [PubMed]

101. Zhou, W.; Liu, Z.; Chen, W.; Sun, X.; Luo, M.; Zhang, X.; Li, C.; An, Y.; Song, S.; Wang, K. A Review on Thermal Behaviors and
Thermal Management Systems for Supercapacitors. Batteries 2023, 9, 128. [CrossRef]

102. Shukla, A.K.; Banerjee, A.; Ravikumar, M.K.; Jalajakshi, A. Electrochemical capacitors: Technical challenges and prognosis for
future markets. Electrochim. Acta 2012, 84, 165–173. [CrossRef]

103. Terasawa, N.; Asaka, K. High-Performance Hybrid (Electrostatic Double-Layer and Faradaic Capacitor-Based) Polymer Actuators
Incorporating Nickel Oxide and Vapor-Grown Carbon Nanofibers. Langmuir 2014, 30, 14343–14351. [CrossRef]

104. Mohd Abdah, M.A.A.; Azman, N.H.N.; Kulandaivalu, S.; Sulaiman, Y. Review of the use of transition-metal-oxide and conducting
polymer-based fibres for high-performance supercapacitors. Mater. Des. 2020, 186, 108199. [CrossRef]

105. Choi, H.; Yoon, H. Nanostructured electrode materials for electrochemical capacitor applications. Nanomaterials 2015, 5, 906–936.
[CrossRef] [PubMed]

106. Pal, B.; Yang, S.; Ramesh, S.; Thangadurai, V.; Jose, R. Electrolyte selection for supercapacitive devices: A critical review. Nanoscale
Adv. 2019, 1, 3807–3835. [CrossRef] [PubMed]

107. Zhang, L.L.; Zhao, X.S. Carbon-based materials as supercapacitor electrodes. Chem. Soc. Rev. 2009, 38, 2520–2531. [CrossRef]
[PubMed]

108. Brza, M.A.; Aziz, S.B.; Anuar, H.; Ali, F.; Hamsan, M.H.; Kadir, M.F.Z.; Abdulwahid, R.T. Metal framework as a novel approach
for the fabrication of electric double layer capacitor device with high energy density using plasticized Poly(vinyl alcohol):
Ammonium thiocyanate based polymer electrolyte. Arab. J. Chem. 2020, 13, 7247–7263. [CrossRef]

109. Yao, F.; Pham, D.T.; Lee, Y.H. Carbon-Based Materials for Lithium-Ion Batteries, Electrochemical Capacitors, and Their Hybrid
Devices. ChemSusChem 2015, 8, 2284–2311. [CrossRef]

110. Banerjee, S.; Sinha, P.; Verma, K.D.; Pal, T.; De, B.; Cherusseri, J.; Manna, P.K.; Kar, K.K. Capacitor to Supercapacitor. In Handbook
of Nanocomposite Supercapacitor Materials I: Characteristics; Kar, K.K., Ed.; Springer International Publishing: Cham, Switzerland,
2020; pp. 53–89.

111. Forse, A.C.; Merlet, C.; Griffin, J.M.; Grey, C.P. New Perspectives on the Charging Mechanisms of Supercapacitors. J. Am. Chem.
Soc. 2016, 138, 5731–5744. [CrossRef]

112. Frackowiak, E.; Béguin, F. Carbon materials for the electrochemical storage of energy in capacitors. Carbon 2001, 39, 937–950.
[CrossRef]

113. Bizuneh, G.G.; Adam, A.M.M.; Ma, J. Progress on carbon for electrochemical capacitors. Battery Energy 2023, 2, 20220021.
[CrossRef]

114. Li, C.; Zhang, X.; Lv, Z.S.; Wang, K.; Sun, X.Z.; Chen, X.D.; Ma, Y.W. Scalable combustion synthesis of graphene-welded activated
carbon for high-performance supercapacitors. Chem. Eng. J. 2021, 414, 128781. [CrossRef]

115. Du, C.; Yeh, J.; Pan, N. High power density supercapacitors using locally aligned carbon nanotube electrodes. Nanotechnology
2005, 16, 350. [CrossRef]

116. Stoller, M.D.; Park, S.; Zhu, Y.; An, J.; Ruoff, R.S. Graphene-Based Ultracapacitors. Nano Lett. 2008, 8, 3498–3502. [CrossRef]
117. Yu, X.; Lu, B.; Xu, Z. Super Long-Life Supercapacitors Based on the Construction of Nanohoneycomb-Like Strongly Coupled

CoMoO4–3D Graphene Hybrid Electrodes. Adv. Mater. 2014, 26, 990. [CrossRef]
118. Fu, G.; Li, H.; Bai, Q.; Li, C.; Shen, Y.; Uyama, H. Dual-doping activated carbon with hierarchical pore structure derived from

polymeric porous monolith for high performance EDLC. Electrochim. Acta 2021, 375, 137927. [CrossRef]
119. Lv, X.W.; Ji, S.; Wang, Z.H.; Wang, X.Y.; Wang, H.; Wang, R.F. Fabrication of highly-conductive porous capacitor electrodes by the

insertion of Cu-nanoparticles into N-doped flocculated carbon catalysts. J. Colloid Interface Sci. 2022, 610, 106–115. [CrossRef]
120. Yoo, J.; Yang, I.; Kwon, D.; Jung, M.; Kim, M.-S.; Jung, J.C. Low-Cost Carbon Xerogels Derived from Phenol–Formaldehyde Resin

for Organic Electric Double-Layer Capacitors. Energy Technol. 2021, 9, 2000918. [CrossRef]
121. Thirumurugan, A.; Ramakrishnan, K.; Ramadoss, A.; Thandapani, P.; Thangavelu, P.; Udayabhaskar, R.; Morel, M.J.; Dhanabalan,

S.S.; Dineshbabu, N.; Ravichandran, K.; et al. Nanostructured Materials for Supercapacitors. In Nanostructured Materials for
Supercapacitors; Thomas, S., Gueye, A.B., Gupta, R.K., Eds.; Springer International Publishing: Cham, Switzerland, 2022; pp. 1–26.

122. Ates, M.; Chebil, A.; Yoruk, O.; Dridi, C.; Turkyilmaz, M. Reliability of electrode materials for supercapacitors and batteries in
energy storage applications: A review. Ionics 2021, 28, 27–52. [CrossRef]

123. Deng, T.; Zhang, W.; Arcelus, O.; Kim, J.-G.; Carrasco, J.; Yoo, S.J.; Zheng, W.; Wang, J.; Tian, H.; Zhang, H.; et al. Atomic-level
energy storage mechanism of cobalt hydroxide electrode for pseudocapacitors. Nat. Commun. 2017, 8, 15194. [CrossRef] [PubMed]

124. Huang, M.; Li, F.; Dong, F.; Zhang, Y.X.; Zhang, L.L. MnO2-based nanostructures for high-performance supercapacitors. J. Mater.
Chem. A 2015, 3, 21380–21423. [CrossRef]

125. Waqas Hakim, M.; Fatima, S.; Rizwan, S.; Mahmood, A. Pseudo-capacitors: Introduction, Controlling Factors and Future. In
Nanostructured Materials for Supercapacitors; Thomas, S., Gueye, A.B., Gupta, R.K., Eds.; Springer International Publishing: Cham,
Switzerland, 2022; pp. 53–70.

151



Batteries 2024, 10, 271

126. Herrero, E.; Buller, L.J.; Abruña, H.D. Underpotential Deposition at Single Crystal Surfaces of Au, Pt, Ag and Other Materials.
Chem. Rev. 2001, 101, 1897–1930. [CrossRef]

127. Brezesinski, K.; Wang, J.; Haetge, J.; Reitz, C.; Steinmueller, S.O.; Tolbert, S.H.; Smarsly, B.M.; Dunn, B.; Brezesinski, T. Pseudoca-
pacitive Contributions to Charge Storage in Highly Ordered Mesoporous Group V Transition Metal Oxides with Iso-Oriented
Layered Nanocrystalline Domains. J. Am. Chem. Soc. 2010, 132, 6982–6990. [CrossRef] [PubMed]

128. Yu, G.; Xie, X.; Pan, L.; Bao, Z.; Cui, Y. Hybrid nanostructured materials for high-performance electrochemical capacitors. Nano
Energy 2013, 2, 213–234. [CrossRef]

129. Gao, D.; Luo, Z.L.; Liu, C.H.; Fan, S.S. A survey of hybrid energy devices based on supercapacitors. Green Energy Environ. 2023, 8,
972–988. [CrossRef]

130. Lokhande, C.D.; Dubal, D.P.; Joo, O.-S. Metal oxide thin film based supercapacitors. Curr. Appl. Phys. 2011, 11, 255–270. [CrossRef]
131. Yun, Y.S.; Kim, D.H.; Hong, S.J.; Park, M.H.; Park, Y.W.; Kim, B.H.; Jin, H.J.; Kang, K. Microporous carbon nanosheets with

redox-active heteroatoms for pseudocapacitive charge storage. Nanoscale 2015, 7, 15051–15058. [CrossRef] [PubMed]
132. Sha, Z.; Zhou, Y.; Huang, F.; Yang, W.M.; Yu, Y.Y.; Zhang, J.; Wu, S.Y.; Brown, S.A.; Peng, S.H.; Han, Z.J.; et al. Carbon fibre

electrodes for ultra long cycle life pseudocapacitors by engineering the nano-structure of vertical graphene and manganese
dioxide. Carbon 2021, 177, 260–270. [CrossRef]

133. Xue, J.Y.; Zhang, F.M.; Ma, W.L.; Wang, M.M.; Cui, H.T. Hierarchically structured nanofelt-like β-NiOOH grown on nickel foam
as electrode for high performance pseudocapacitor. J. Nanopart. Res. 2015, 17, 1–7. [CrossRef]

134. Kayali, E.; VahidMohammadi, A.; Orangi, J.; Beidaghi, M. Controlling the Dimensions of 2D MXenes for Ultrahigh-Rate
Pseudocapacitive Energy Storage. ACS Appl. Mater. Interfaces 2018, 10, 25949–25954. [CrossRef] [PubMed]

135. Cao, L.; Li, H.; Xu, Z.; Zhang, H.; Ding, L.; Wang, S.; Zhang, G.; Hou, H.; Xu, W.; Yang, F.; et al. Comparison of the heteroatoms-
doped biomass-derived carbon prepared by one-step nitrogen-containing activator for high performance supercapacitor. Diam.
Relat. Mater. 2021, 114, 108316. [CrossRef]

136. Wang, Y.; Guo, J.; Wang, T.; Shao, J.; Wang, D.; Yang, Y.-W. Mesoporous Transition Metal Oxides for Supercapacitors. Nanomaterials
2015, 5, 1667–1689. [CrossRef]

137. Zhou, Q.; Li, X.; Li, Y.-G.; Tian, B.-Z.; Zhao, D.-Y.; Jiang, Z.-Y. Synthesis and Electrochemical Properties of Semicrystalline Gyroidal
Mesoporous MnO2. Chin. J. Chem. 2006, 24, 835–839. [CrossRef]

138. Nayak, P.K.; Munichandraiah, N. Rapid sonochemical synthesis of mesoporous MnO2 for supercapacitor applications. Mater. Sci.
Eng. B 2012, 177, 849–854. [CrossRef]

139. Fleischmann, S.; Mitchell, J.B.; Wang, R.; Zhan, C.; Jiang, D.-e.; Presser, V.; Augustyn, V. Pseudocapacitance: From fundamental
understanding to high power energy storage materials. Chem. Rev. 2020, 120, 6738–6782. [CrossRef] [PubMed]

140. Cao, Z.; Zhu, Y.-B.; Chen, K.; Wang, Q.; Li, Y.; Xing, X.; Ru, J.; Meng, L.-G.; Shu, J.; Shpigel, N.; et al. Super-Stretchable and
High-Energy Micro-Pseudocapacitors Based on MXene Embedded Ag Nanoparticles. Adv. Mater. 2024, 36, 2401271. [CrossRef]
[PubMed]

141. Kim, S.K.; Kim, S.A.; Han, Y.S.; Jung, K.-H. Supercapacitor Performance of MXene-Coated Carbon Nanofiber Electrodes. C 2024,
10, 32. [CrossRef]

142. Muzaffar, A.; Ahamed, M.B.; Deshmukh, K.; Thirumalai, J. A review on recent advances in hybrid supercapacitors: Design,
fabrication and applications. Renew. Sustain. Energy Rev. 2019, 101, 123–145. [CrossRef]

143. Kumar, N.; Kim, S.-B.; Lee, S.-Y.; Park, S.-J. Recent Advanced Supercapacitor: A Review of Storage Mechanisms, Electrode
Materials, Modification, and Perspectives. Nanomaterials 2022, 12, 3708. [CrossRef]

144. Lu, Y.; Zhang, S.; Yin, J.; Bai, C.; Zhang, J.; Li, Y.; Yang, Y.; Ge, Z.; Zhang, M.; Wei, L.; et al. Mesoporous activated carbon materials
with ultrahigh mesopore volume and effective specific surface area for high performance supercapacitors. Carbon 2017, 124, 64–71.
[CrossRef]

145. Seong, K.-d.; Jin, X.; Kim, D.; Kim, J.M.; Ko, D.; Cho, Y.; Hwang, M.; Kim, J.-H.; Piao, Y. Ultrafast and scalable microwave-assisted
synthesis of activated hierarchical porous carbon for high-performance supercapacitor electrodes. J. Electroanal. Chem. 2020, 874,
114464. [CrossRef]

146. Gao, Y.; Zhang, Y.; Zhang, Y.; Xie, L.; Li, X.; Su, F.; Wei, X.; Xu, Z.; Chen, C.; Cai, R. Three-dimensional paper-like graphene
framework with highly orientated laminar structure as binder-free supercapacitor electrode. J. Energy Chem. 2016, 25, 49–54.
[CrossRef]

147. Yan, Z.; Gao, Z.; Zhang, Z.; Dai, C.; Wei, W.; Shen, P.K. Graphene Nanosphere as Advanced Electrode Material to Promote High
Performance Symmetrical Supercapacitor. Small 2021, 17, 2007915. [CrossRef]

148. Yang, B.; Chen, J.; Liu, B.; Ding, Y.; Tang, Y.; Yan, X. One dimensional graphene nanoscroll-wrapped MnO nanoparticles for
high-performance lithium ion hybrid capacitors. J. Mater. Chem. A 2021, 9, 6352–6360. [CrossRef]

149. Chen, P.; Zhou, W.; Xiao, Z.; Li, S.; Chen, H.; Wang, Y.; Wang, Z.; Xi, W.; Xia, X.; Xie, S. In situ anchoring MnO nanoparticles on
self-supported 3D interconnected graphene scroll framework: A fast kinetics boosted ultrahigh-rate anode for Li-ion capacitor.
Energy Storage Mater. 2020, 33, 298–308. [CrossRef]

150. Wang, X.; Sumboja, A.; Khoo, E.; Yan, C.; Lee, P.S. Cryogel Synthesis of Hierarchical Interconnected Macro-/Mesoporous Co3O4
with Superb Electrochemical Energy Storage. J. Phys. Chem. C 2012, 116, 4930–4935. [CrossRef]

151. Liu, X.; Long, Q.; Jiang, C.; Zhan, B.; Li, C.; Liu, S.; Zhao, Q.; Huang, W.; Dong, X. Facile and green synthesis of mesoporous
Co3O4 nanocubes and their applications for supercapacitors. Nanoscale 2013, 5, 6525–6529. [CrossRef]

152



Batteries 2024, 10, 271

152. Hu, T.; Li, J.; Wang, Y.; Chen, S.; Yu, T.; Cheng, H.-M.; Sun, Z.; Xu, Q.; Li, F. Coupling between cathode and anode in hybrid
charge storage. Joule 2023, 7, 1176–1205. [CrossRef]

153. Xu, Y.; Ruan, J.; Pang, Y.; Sun, H.; Liang, C.; Li, H.; Yang, J.; Zheng, S. Homologous Strategy to Construct High-Performance
Coupling Electrodes for Advanced Potassium-Ion Hybrid Capacitors. Nano-Micro Lett. 2020, 13, 14. [CrossRef]

154. Sun, X.; An, Y.; Zhang, X.; Wang, K.; Yuan, C.; Zhang, X.; Li, C.; Xu, Y.; Ma, Y. Unveil Overcharge Performances of Activated
Carbon Cathode in Various Li-Ion Electrolytes. Batteries 2022, 9, 11. [CrossRef]

155. Li, C.; An, Y.B.; Wang, L.; Wang, K.; Sun, X.Z.; Zhang, H.T.; Zhang, X.; Ma, Y.W. Balancing microcrystalline domains in hard
carbon with robust kinetics for a 46.7 Wh kg−1 practical lithium-ion capacitor. Chem. Eng. J. 2024, 485, 149880. [CrossRef]

156. Luo, J.; Zhang, W.; Yuan, H.; Jin, C.; Zhang, L.; Huang, H.; Liang, C.; Xia, Y.; Zhang, J.; Gan, Y.; et al. Pillared Structure Design
of MXene with Ultralarge Interlayer Spacing for High-Performance Lithium-Ion Capacitors. ACS Nano 2017, 11, 2459–2469.
[CrossRef] [PubMed]

157. Gao, Y.; Zhou, Y.S.; Qian, M.; Li, H.M.; Redepenning, J.; Fan, L.S.; He, X.N.; Xiong, W.; Huang, X.; Majhouri-Samani, M.
High-performance flexible solid-state supercapacitors based on MnO2-decorated nanocarbon electrodes. RSC Adv. 2013, 3,
20613–20618. [CrossRef]

158. Wei, W.; Wang, L.; Liang, C.; Liu, W.; Li, C.; An, Y.; Zhang, L.; Sun, X.; Wang, K.; Zhang, H.; et al. Interface engineering of
CoSe2/N-doped graphene heterostructure with ultrafast pseudocapacitive kinetics for high-performance lithium-ion capacitors.
Chem. Eng. J. 2023, 474, 145788. [CrossRef]

159. Wang, L.; Zhang, X.; Xu, Y.N.; Li, C.; Liu, W.J.; Yi, S.; Wang, K.; Sun, X.Z.; Wu, Z.S.; Ma, Y.W. Tetrabutylammonium-Intercalated
1T-MoS2 Nanosheets with Expanded Interlayer Spacing Vertically Coupled on 2D Delaminated MXene for High-Performance
Lithium-Ion Capacitors. Adv. Funct. Mater. 2021, 31, 2104286. [CrossRef]

160. Amatucci, G.G.; Badway, F.; Du Pasquier, A.; Zheng, T. An Asymmetric Hybrid Nonaqueous Energy Storage Cell. J. Electrochem.
Soc. 2001, 148, A930. [CrossRef]

161. Du Pasquier, A.; Laforgue, A.; Simon, P.; Amatucci, G.G.; Fauvarque, J.-F. A Nonaqueous Asymmetric Hybrid Li4Ti5 O12 /
Poly(fluorophenylthiophene) Energy Storage Device. J. Electrochem. Soc. 2002, 149, A302. [CrossRef]

162. Li, H.; Cheng, L.; Xia, Y. A Hybrid Electrochemical Supercapacitor Based on a 5 V Li-Ion Battery Cathode and Active Carbon.
Electrochem. Solid-State Lett. 2005, 8, A433. [CrossRef]

163. Khomenko, V.; Raymundo-Piñero, E.; Béguin, F. High-energy density graphite/AC capacitor in organic electrolyte. J. Power
Sources 2008, 177, 643–651. [CrossRef]

164. Bhattacharjee, U.; Bhowmik, S.; Ghosh, S.; Martha, S.K. A perspective on the evolution and journey of different types of lithium-
ion capacitors: Mechanisms, energy-power balance, applicability, and commercialization. Sustain. Energy Fuels 2023, 7, 2321–2338.
[CrossRef]

165. Song, S.; Zhang, X.; An, Y.B.; Hu, T.; Sun, C.K.; Wang, L.; Li, C.; Zhang, X.H.; Wang, K.; Xu, Z.C.J.; et al. Floating aging mechanism
of lithium-ion capacitors: Impedance model and post-mortem analysis. J. Power Sources 2023, 557, 232597. [CrossRef]

166. Yi, S.; Wang, L.; Zhang, X.; Li, C.; Liu, W.J.; Wang, K.; Sun, X.Z.; Xu, Y.N.; Yang, Z.X.; Cao, Y.; et al. Cationic intermediates assisted
self-assembly two-dimensional Ti3C2Tx/rGO hybrid nanoflakes for advanced lithium-ion capacitors. Sci. Bull. 2021, 66, 914–924.
[CrossRef]

167. Wang, P.-L.; Sun, X.-Z.; An, Y.-B.; Zhang, X.; Yuan, C.-Z.; Zheng, S.-H.; Wang, K.; Ma, Y.-W. Additives to propylene carbonate-based
electrolytes for lithium-ion capacitors. Rare Met. 2022, 41, 1304–1313. [CrossRef]

168. Liu, W.J.; An, Y.B.; Wang, L.; Hu, T.; Li, C.; Xu, Y.A.; Wang, K.; Sun, X.Z.; Zhang, H.T.; Zhang, X.; et al. Mechanically flexible
reduced graphene oxide/carbon composite films for high-performance quasi-solid-state lithium-ion capacitors. J. Energy Chem.
2023, 80, 68–76. [CrossRef]

169. Zhou, W.; Liu, Z.; Chen, W.; Zhang, X.; Sun, X.Z.; Luo, M.J.; Zhang, X.H.; Li, C.; An, Y.B.; Song, S.; et al. Thermal characteristics of
pouch lithium-ion battery capacitors based on activated carbon and LiNi1/3Co1/3Mn1/3O2. J. Energy Storage 2023, 66, 107474.
[CrossRef]

170. Jin, L.; Shen, C.; Shellikeri, A.; Wu, Q.; Zheng, J.; Andrei, P.; Zhang, J.-G.; Zheng, J.P. Progress and perspectives on pre-lithiation
technologies for lithium ion capacitors. Energy Environ. Sci. 2020, 13, 2341–2362. [CrossRef]

171. Karthikeyan, K.; Amaresh, S.; Aravindan, V.; Kim, H.; Kang, K.; Lee, Y. Unveiling organic–inorganic hybrids as a cathode material
for high performance lithium-ion capacitors. J. Mater. Chem. A 2013, 1, 707–714. [CrossRef]

172. Krause, A.; Kossyrev, P.; Oljaca, M.; Passerini, S.; Winter, M.; Balducci, A. Electrochemical double layer capacitor and lithium-ion
capacitor based on carbon black. J. Power Sources 2011, 196, 8836–8842. [CrossRef]

173. Wang, L.; Zhang, X.; Kong, Y.-Y.; Li, C.; An, Y.-B.; Sun, X.-Z.; Wang, K.; Ma, Y.-W. Metal–organic framework-derived CoSe2@N-
doped carbon nanocubes for high-performance lithium-ion capacitors. Rare Met. 2024, 43, 2150–2160. [CrossRef]

174. Ma, Y.; Wang, K.; Xu, Y.; Zhang, X.; Peng, Q.; Guo, Y.; Sun, X.; Zhang, X.; Wu, Z.S.; Ma, Y. Black Phosphorus Covalent Bonded by
Metallic Antimony Toward High-Energy Lithium-Ion Capacitors. Adv. Energy Mater. 2024, 14, 2304408. [CrossRef]

175. Rajalekshmi, A.R.; Divya, M.L.; Lee, Y.S.; Aravindan, V. High-performance Li-ion capacitor via anion-intercalation process.
Battery Energy 2022, 1, 20210005. [CrossRef]

176. Wang, L.; Zhang, X.; Li, C.; Xu, Y.N.; An, Y.B.; Liu, W.J.; Hu, T.; Yi, S.; Wang, K.; Sun, X.Z.; et al. Cation-deficient T-Nb2O5/graphene
Hybrids synthesized via chemical oxidative etching of MXene for advanced lithium-ion capacitors. Chem. Eng. J. 2023, 468,
143507. [CrossRef]

153



Batteries 2024, 10, 271

177. Wang, L.; Zhang, X.; Li, C.; Sun, X.-Z.; Wang, K.; Su, F.-Y.; Liu, F.-Y.; Ma, Y.-W. Recent advances in transition metal chalcogenides
for lithium-ion capacitors. Rare Met. 2022, 41, 2971–2984. [CrossRef]

178. Jin, L.; Gong, R.; Zhang, W.; Xiang, Y.; Zheng, J.; Xiang, Z.; Zhang, C.; Xia, Y.; Zheng, J.P. Toward high energy-density and long
cycling-lifespan lithium ion capacitors: A 3D carbon modified low-potential Li2TiSiO5 anode coupled with a lignin-derived
activated carbon cathode. J. Mater. Chem. A 2019, 7, 8234–8244. [CrossRef]

179. Cao, W.; Li, Y.; Fitch, B.; Shih, J.; Doung, T.; Zheng, J. Strategies to optimize lithium-ion supercapacitors achieving high-
performance: Cathode configurations, lithium loadings on anode, and types of separator. J. Power Sources 2014, 268, 841–847.
[CrossRef]

180. Arun, N.; Jain, A.; Aravindan, V.; Jayaraman, S.; Chui Ling, W.; Srinivasan, M.P.; Madhavi, S. Nanostructured spinel
LiNi0.5Mn1.5O4 as new insertion anode for advanced Li-ion capacitors with high power capability. Nano Energy 2015, 12, 69–75.
[CrossRef]

181. Hagen, M.; Cao, W.J.; Shellikeri, A.; Adams, D.; Chen, X.J.; Brandt, W.; Yturriaga, S.R.; Wu, Q.; Read, J.A.; Jow, T.R.; et al.
Improving the specific energy of Li-Ion capacitor laminate cell using hybrid activated Carbon/LiNi0.5Co0.2Mn0.3O2 as positive
electrodes. J. Power Sources 2018, 379, 212–218. [CrossRef]

182. Feng, Q.-K.; Zhong, S.-L.; Pei, J.-Y.; Zhao, Y.; Zhang, D.-L.; Liu, D.-F.; Zhang, Y.-X.; Dang, Z.-M. Recent Progress and Future
Prospects on All-Organic Polymer Dielectrics for Energy Storage Capacitors. Chem. Rev. 2022, 122, 3820–3878. [CrossRef]

183. Zhao, P.; Cai, Z.; Wu, L.; Zhu, C.; Li, L.; Wang, X. Perspectives and challenges for lead-free energy-storage multilayer ceramic
capacitors. J. Adv. Ceram. 2021, 10, 1153–1193. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

154



Citation: Ghani, F.; An, K.; Lee, D. A

Review on Design Parameters for the

Full-Cell Lithium-Ion Batteries.

Batteries 2024, 10, 340. https://

doi.org/10.3390/batteries10100340

Academic Editor: Shaozhuan Huang

Received: 1 August 2024

Revised: 19 September 2024

Accepted: 23 September 2024

Published: 25 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

batteries

Review

A Review on Design Parameters for the Full-Cell
Lithium-Ion Batteries

Faizan Ghani 1, Kunsik An 2 and Dongjin Lee 1,*

1 School of Mechanical and Aerospace Engineering, Konkuk University, 120 Neungdong-ro, Gwangjin-gu,
Seoul 05029, Republic of Korea

2 Department of Mechanical Engineering, Sejong University, 209 Neungdong-ro, Gwangjin-gu,
Seoul 05006, Republic of Korea

* Correspondence: djlee@konkuk.ac.kr; Tel.: +82-2-450-0452

Abstract: The lithium-ion battery (LIB) is a promising energy storage system that has dominated
the energy market due to its low cost, high specific capacity, and energy density, while still meeting
the energy consumption requirements of current appliances. The simple design of LIBs in various
formats—such as coin cells, pouch cells, cylindrical cells, etc.—along with the latest scientific findings,
trends, data collection, and effective research methods, has been summarized previously. These
papers addressed individual design parameters as well as provided a general overview of LIBs.
They also included characterization techniques, selection of new electrodes and electrolytes, their
properties, analysis of electrochemical reaction mechanisms, and reviews of recent research findings.
Additionally, some articles on computer simulations and mathematical modeling have examined
the design of full-cell LIBs for power grid and electric vehicle applications. To fully understand LIB
operation, a simple and concise report on design parameters and modification strategies is essential.
This literature aims to summarize the design parameters that are often overlooked in academic
research for the development of full-cell LIBs.

Keywords: Li-Ion batteries; design parameters; electrodes; electrolytes; electrochemical reaction
mechanism; physicochemical properties

1. Introduction

Environmental pollution has been minimized through campaigns aimed at reducing
harmful and residual waste materials from energy storage techniques. According to 2020
reports from the China Energy Storage Alliance (CNESA) database, hydropower energy
sources, primarily pumped hydro storage systems, account for 92.6% (171.03 GW) of the
total energy storage capacity. In contrast, electrochemical energy storage systems, which
produce electrical energy from chemical reactions, account for the remaining 5.2% (9.6 GW)
of all energy technologies. Along with fuel cells and supercapacitors, batteries are the main
electrochemical energy storage system, collectively accounting for 89% (8.5 GW) of the
electrochemical energy capacity [1,2]. They store energy in the form of ions and electrons
produced during the charge process and are the primary energy storage method for con-
sumer products such as portable electronic gadgets, smartphones, tablets, laptops, and
even electric vehicles. The first lithium-ion battery (LIB), invented by Exxon Corporation in
the USA, was composed of a lithium metal anode, a TiS2 cathode, and a liquid electrolyte
composed of lithium salt (LiClO4) and organic solvents of dimethoxyethane (glyme) and
tetrahydrofuran (THF), exhibiting a discharge voltage of less than 2.5 V [3,4]. LIBs were
designed to include a high-potential cathode material, a low-potential anode material,
and an electrolyte with a sufficiently wide potential window to facilitate ion transport.
Sony Corporation’s LIBs exploited a graphite anode (specific capacity of 372 mAh/g), a
LiCoO2 cathode (specific capacity of 140 mAh/g), and an electrolyte containing LiPF6 salt
in an EC:DEC/DMC solvent, resulting in a working voltage of approximately 3.0 V [5,6].
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Increasing energy consumption demands LIBs to have a high voltage window and efficient
electrode materials to provide high energy density. Consequently, significant research ef-
forts have been focused on improving energy density, power density, calendar life, thermal
stability, and reducing maintenance costs for LIBs.

Numerous studies have been conducted to investigate the development and perfor-
mance enhancement of LIBs thereby. Such enhancement includes the aging mechanisms,
thermal stability responses, and heat generation during the charge/discharge processes of
LIBs [7–9]. Most studies have summarized the performance enhancement of LIBs based
on one to three experimental design parameters. For that, a design of experiment was
suggested to perform the experiment effectively [10]. Many electrode materials have been
specifically designed to maximize specific capacities and performance to meet practical
consumer demands. These materials are categorized based on their nature, crystallogra-
phy, and electrochemical reaction mechanisms. Investigations into their crystallography,
mechanical, physicochemical, and electronic properties, as well as their impact on electro-
chemical performance, have been summarized in various reports [11–13]. Furthermore,
different synthesis techniques, mechanisms, and modification routes have been explored to
enhance the electrochemical responses of various electrode materials [14–16]. These studies
highlighted the importance of understanding LIBs at the full cell level and emphasized
the need for comprehensive exploration of the thermodynamics and reaction kinetics of
LIBs [17,18]. The individual aspects correspond to electrochemical reaction mechanisms,
design of electrode materials, various synthesis routes, their effect on morphology and parti-
cle size reduction, surface modification techniques, thermal response, and other parameters
for the progress of LIBs [14,19–21]. Although most studies are experimental approaches,
computational approaches have also been explored to develop mathematical models of
thermodynamics and electrochemical reaction kinetics of LIBs, aiming at optimization of
various parameters [17,22]. The computational optimization of full-cell design parameters
has been aimed at maximizing specific energy density [23]. Lain et al. investigated the
commercial lithium-ion cells of various production companies and reported the practical
design strategies for high-power LIBs [24]. Similarly, many reports on the types of elec-
trolytes and their modifications to enhance the charge transference and electrochemical
potential window have been discussed and summarized [25,26].

Recently, design methodology was suggested in terms of energy density and cost of
LIBs for electric vehicles using the computer simulation models [27]. Furthermore, recent
material development progresses were reviewed for high-voltage LIBs [28]. Specifically, the
design of the electrode material was comprehensively reviewed, but discussion was limited
to organic materials [29]. While the existing literature covers these individual components
of LIBs, there is a need for a comprehensive review that delves into experimental findings
and explains key design parameters and factors affecting the efficiency and energy density
of full-cell LIBs. This review aims to scrutinize the crucial design parameters necessary for
achieving high energy density full-cell LIBs. Additionally, it summarizes the latest research
results and strategies for designing various parameters and provides a detailed discussion
on the critical factors influencing the performance of full-cell LIBs.

2. Working Principle of LIBs

The LIB generally consists of a positive electrode (cathode, e.g., LiCoO2), a negative
electrode (anode, e.g., graphite), an electrolyte (a mixture of lithium salts and various
liquids depending on the type of LIBs), a separator, and two current collectors (Al and
Cu) as shown in Figure 1. In LIBs, energy is stored and released through the movement of
Li+ ions between the anode and cathode. When LIB is charged, as depicted in Figure 1a,
lithium ions migrate through the electrolyte from the cathode to the anode, where they are
stored. LIBs are typically in a charged state with Li+ ions stored within the crystal structure
of the anode. During discharge, as demonstrated in Figure 1b, Li+ ions are released from
the anode, and the battery provides energy to an external load. Positively charged lithium
ions move through the electrolyte from the anode to the cathode via the separator. It
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generates free electrons at the anode, leading to electric current at the load. Possessing
porous structure, the separator blocks electron flow but allows ion movement within the
electrolyte. The efficiency and lifespan of the battery depend on the quality of materials
used and the management of ion transfer. The voltage of the battery is determined by
the chemical potential difference between the cathode (μc) and the anode (μa), which is
influenced by the electrochemical potential window of the electrolyte. The energy density
of a battery, indicating how much energy it can store, is generally expressed in watt-hours
per kilogram (Wh/kg). Power density, reflecting the rate at which energy is delivered, is
expressed in watts per kilogram (W/kg). Energy density pertains to the total energy stored
(specific capacity), while power density refers to the effective use of that energy to perform
work [19,30].

Figure 1. Working principle of the full-cell LIBs in case of (a) charging and (b) discharging.

3. Design Parameters for Full-Cell LIBs

The LIBs must meet the requirements of LIBs, such as voltage, current, and capacity,
depending on the application. They also fit well in the space where the battery should be
installed inside the final products, such as a laptop, smartphone, tablet, etc. The installed
LIBs should be operated safely under use environments. To remain competitive in the
market, finally, the LIBs should be fabricated and supplied at low cost. To meet such
requirements, designing full-cell LIBs requires a comprehensive understanding of various
design parameters suggested in this review. They include parameters such as form factor,
material choices and types, the performance of main components, and productivity/cost
as depicted in Figure 2. The form factor, such as geometry and dimension of the battery,
ensures geometrical compatibility with electronic products. The choice and type of materi-
als are most crucial for the design of full-cell LIBs, as they influence factors such as energy
storage capacity, electrochemical reaction mechanisms, compatibility among components,
performance of main components, and cost. Furthermore, the performance of the compo-
nents of LIBs involves various factors that require thorough evaluation using advanced
technological tools to understand their interdependencies. This performance depends on
the compatibility of cell components and their effective interaction, the electrochemical
potential window, mass loading (N/P ratio), reaction chemistry, intrinsic conductivity, and
productivity. Finally, productivity directly influences the cost of full-cell LIBs, assuring
market competitiveness. It is noted that these design parameters are closely related to each
other, so that thorough consideration should be given when designing the LIBs.
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Figure 2. Design parameters for the full-cell LIBs discussed in this work.

3.1. Form Factor

The form factors of full-cell LIBs are essential design parameters, referring to attributes
such as size, shape, volume, and weight. Size refers to the actual physical dimensions,
including height, width, and thickness, while shape refers to the geometry of the battery,
which can be coin-type, cylindrical, prismatic, or pouch-shaped, as shown in Figure 3.
Volume indicates the space the battery occupies, and weight is the combined weight of
various cell components, influenced by mass loading and the total number of cells. In
full-cell battery design, therefore, the form factor is very elementary since it affects how
the battery fits into devices, affects energy density, and influences overall performance.
Particularly, the form factor is very important in applications like electric vehicles, mobile
devices, and large-scale energy storage systems. The main cell types available on the
market are summarized in Table 1. Limiting to coin-type cell configuration, CR2032,
CR2016, or CR2025 can be chosen for single full-cell LIBs depending on the application.
The full-cell configuration consists of the assembly of a casing (bottom and cap), a spacer, a
wave-shaped O-ring, and a gasket to ensure a secure seal and prevent leakage during the
charge/discharge process. Typically, these components are made of stainless steel, except
for the gasket, which is made of polypropylene. The coin cell must be tightly sealed to
prevent electrolyte leakage and gas emissions during operation.

Figure 3. Various form factors of full-cell LIBs: (a) coin shape, (b) cylindrical shape, and (c) pouch-type.
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Table 1. General properties of various form factors of LIBs.

Types of LIBs Properties

Coin/Button Cell

• Light weight, highly reliable, and cost effective
• Wide operational window and long shelf life
• High energy density and high cell voltage of ~3.0 V
• Can be stacked for higher voltages with a high safety
• Non-rechargeable (disposable/primary battery)
• Delivers a low rate-capability and needs the assistance of a

special holder
• Operatable between temperature range of −30 ◦C and +60 ◦C
• Applied in conventional calculators, camera, electronic watches,

translators, etc.

Cylindrical Cell

• First mass produced LIBs with a high mechanical strength
• Suitable for automated manufacturing at a lower cost
• Small and round enclosed cylinder can that prevents swelling and

prevents undesired reactions from the accumulation of gases
• Poor heat management (thermodynamically unstable)
• The internal pressure from side reactions evenly distributed along

the cell circumference to extend their shelf-life, safety, and stability
• Applied in laptops, electric vehicles, e-bikes, medical devices, and

satellites, and is crucial for space exploration

Pouch-Type Cell

• Highly compact with small size cells (vulnerable to cause
fires/explosions)

• High efficiency and delivers highest power density
• Relatively good safety performance and good ductility
• High energy density and inexpensive to produce (cheaper cell than

coin shaped and cylindrical cells)
• Stable, safe to use, and with an enhanced cell weight
• Comparatively degraded specific energy density
• Gas-generated swelling
• Standardized and knowledgeable automated production

methodology increases the production rate
• Applicable for high-end technology industry, portable applications

such as mobile device, drones, and portable energy stations

3.2. Choice and Types of Materials for Main Components

Materials themselves are the most fundamental design factors that determine the
electrochemical potential window, reaction chemistry (including reaction kinetics and
mechanisms), and the types of batteries (e.g., aqueous, non-aqueous, polymeric, or solid-
state). They also influence the cyclability, thermal stability, and overall performance of
full-cell LIBs. Thus, most research was conducted to develop novel structures of materials
for the main components of full-cell LIBs shown in Figure 4. Since the inception of LIBs,
full-cell components have been thoroughly studied, and research continues to identify
improvements with emphasis on the materials. It is well known that the materials are key
factors in facilitating electrochemical reactions that generate high specific capacity and
energy density within the electrochemical potential window. In detail, the main compo-
nents of LIBs include electrodes (anode and cathode), binders (polymeric material), current
collectors (metal foil of Cu or Al), separators (polyolefin thin sheet), and electrolytes (a mix-
ture of salts and liquids). The properties of these components—including their electronic
and crystal structures, chemical, electrical, and mechanical characteristics and intrinsic
conductivities—play a crucial role in developing favorable reaction chemistries, enhancing
thermal and mechanical stability, and improving the performance of full-cell LIBs.
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Figure 4. Detailed structure of main components of LIBs: each component has complex structures of
several materials to enhance the performance.

3.2.1. Electrode

The electrode is one of the primary components of LIBs, determining the electrochemi-
cal potential window, specific capacity, energy and power density, overall performance, and
electrochemical reaction mechanism. As a result, the design and modification of electrode
materials is crucial for achieving high energy and power densities. Ideally, the electrode
should exhibit high intrinsic conductivity, a wide potential window, excellent cycle and rate
performance, low cost, and robust stability and safety to improve the overall performance
of LIBs. Over the years, two major design strategies, intrinsic and extrinsic, have been
explored to achieve these desired properties for LIBs in terms of many aspects as shown in
Figure 5.

 

Figure 5. Two design strategies for electrode of LIBs: intrinsic vs. extrinsic.

The intrinsic design strategy primarily focuses on developing stoichiometric composi-
tions, optimizing crystal defects, and controlling crystal orientation, which are discussed
in detail.

• Chemical compositions: The chemical composition defines the crystal structure and
governs key properties such as mechanical strength (adhesion/cohesion), stability
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(structural, chemical, and thermal), phase transformation, and intrinsic conductivity
(electrical and ionic). It also specifies the amount of Li+ ions that can be inserted or
extracted from the crystal structure, directly impacting on the electrochemical prop-
erties of electrode materials [31–34]. Additionally, structural units, which represent
the material’s ‘genes’, provide insights into local chemical coordination and molec-
ular chemistry, establishing the physical and chemical properties of the electrodes.
Understanding the correlation between structural units and these physical/chemical
properties offers critical evidence about charge-transfer characteristics, which are
essential for intrinsic properties like structural/thermal stability, electronic/ionic con-
ductivities, and Li+ ion transport. These properties are crucial for enhancing the
electrochemical performance of LIBs [35]. Therefore, it is essential to design and
develop structurally tunable electrode materials that can accommodate additional Li+

ions, improve intrinsic conductivities, expand the voltage window, enhance diffusion
kinetics, and provide excellent electrochemical performance for LIBs.

• Point defects: Similarly, point defects such as Frenkel defects (where an atom migrates
from its lattice site to an interstitial site, creating an interstitial defect), Schottky defects
(which involve the simultaneous presence of cation and anion vacancies), and oxygen
vacancies (absence of oxygen atoms or presence of hydroxyl ions within the crystal
structure) play a significant role in defining the local structure of electrode materials.
These defects can enhance intrinsic conductivity, improve thermal and structural
stability, facilitate pseudo-capacitive kinetics, limit volume expansion, and boost the
electrochemical performance of LIBs. Generally, electrode materials with symmetric
compositions tend to act as semiconductors, while non-stoichiometric materials (doped
or defect-induced) behave like metals, which helps alleviate structural, chemical, and
thermal changes [36–39]. However, the effect of oxygen vacancies, compared to Frenkel
and Schottky defects, has been insufficiently studied and further investigations are
required for the development of innovative LIBs.

• Crystal Orientation: Crystal orientation influences specific facets, crystal structures,
and surface energies, which in turn affect thermodynamics and reaction kinetics at the
surface/interfaces. In batteries, supercapacitors, and fuel cells, physical and chemical
interactions at the interfaces play an important role in promoting electrochemical
energy storage activities [40]. Additionally, single crystals, which offer advantages
such as a small specific surface area, excellent structural stability, high mechanical
and thermal stability, superior reaction homogeneity, and good crystallinity, have
been studied for their impact on crystal orientation. These studies aim to significantly
enhance the electrochemical performance of electrode materials for LIBs, including
safety, capacity retention, and cycle life. Electrode materials with low activation energy
and substantial adsorption kinetics of crystal facets are promising for achieving high
energy density and rate performance in LIBs [41–44]. The interest in exploring single
crystal electrodes and their potential applications continues to grow, highlighting the
need for advanced research methodologies to address future energy challenges.

On the other hand, the extrinsic design strategy fundamentally focuses on the effect of
size reduction, morphological changes, and surface modifications of electrode materials.

• Size reduction: The particle size, size distribution, and shape of particles influence
the contact area, diffusion resistance, diffusion path, energy density, and overall elec-
trochemical performance of LIBs. Reducing particle size shortens the transportation
length of Li+ ions, decreases the Li+ ion diffusion barrier, enhances ionic diffusion,
increases the contact area among electrode active materials, current collectors, and elec-
trolytes, and ensures the electroactivity of the electrode materials. However, smaller
particle sizes also increase the surface area, which can promote electrochemical activity
and lead to more side reactions, potentially causing thermal issues and internal short
circuits in LIBs [21,45,46]. Particle size distribution affects the physical and chemical
properties and overall surface energy activity of electrode materials. A broad size
distribution results in high energy density but poor cell homogeneity due to particle
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size variance and surface energy differences. In contrast, a uniform size distribution,
although challenging to produce, offers stable electroactivity by reducing stress strains
during the charging process, thereby improving the cycle performance of LIBs [47,48].
Additionally, particle shape directly affects the effective surface area and mass flow
properties, particularly the tap density, which influences the Li+ ion diffusion channels
and reaction kinetics, enhancing the cycle performance of LIBs. However, particles
derived from single-crystal structures are expensive and difficult to manufacture and
handle, requiring a highly regulated reaction environment [49–51].

• Morphological change: The shape and morphology of electrode materials affect vari-
ous factors such as porosity, tap density, diffusion pathways, surface area, and interfa-
cial contact area. These factors comprehensively lower the activation energy for electro-
chemical reactions, shorten the transportation length for Li+ ions, enhance diffusivity
and electroactivity, and improve specific capacity and rate capability, ultimately deter-
mining the electrochemical performance for energy storage applications [52,53]. Sev-
eral morphologies, including nanosheets, nanowires/rods/belts/tubes, hierarchical
nanostructures, microcubes, microspheres, and micro-flowers, have been developed
depending on synthesis and calcination conditions. Nanowires/rods/belts/tubes
and nanosheets, with improved compact density, provide unidirectional diffusion
pathways for Li+ ions. In contrast, microspheres/flowers, urchin-like structures, and
3D microspheres/microcubes with sizes around 5–10 μm increase electrode packing
density, accommodate inactive components (binders and conductive additives used in
slurry fabrication), offer extensive surface-active sites for electrolyte penetration, and
promote Li+ ion diffusion, resulting in high energy density for LIBs [54–56]. However,
micron-sized particles can limit the rate performance and power density of LIBs by
extending the diffusion pathways for Li+ ions. Additionally, large cracks and deforma-
tions often appear between grain boundaries and at the electrode surface due to the
accumulation of significant stresses during the charging process. These issues restrict
electronic and ionic conductivity, leading to capacity fading, electrode detachment,
and cell degradation [57,58].

• Surface modification: Surface modification is an accessible, cost-effective, and widely
applied strategy and it is achieved through techniques such as surface coating, etch-
ing, and ion doping. These methods enhance ionic conductivity and create surface-
active sites that facilitate electrolyte penetration, which is crucial for forming a solid
electrolyte interface (SEI) layer. This layer helps buffer volume expansion and con-
traction, maintaining structural integrity and mitigating capacity fading during cy-
cling [14,59,60]. Consequently, it is highly desirable to prepare electrodes with high
voltage, high energy density, low cost, excellent intrinsic conductivity, and robust
structural, chemical, and thermal stability. Additionally, electrodes should feature
various morphologies with high surface area and porous characteristics. Surface
modification techniques, including coating with carbonaceous materials or metal ox-
ides, surface treatment (such as acid/base or metal oxide etching), and ion doping,
are essential for enhancing electronic and ionic conductivity and developing coating
layers. These modifications help alleviate volume changes, suppress microstrains in
the crystal structure, and improve surface adsorption characteristics for additional Li+
ions, thus promoting the electrochemical performance of LIBs. Electrodes, whether
designed intrinsically or extrinsically, are classified into various types based on the
electrochemical reaction chemistry during the cycling process. Numerous reports
detail the cathode and anode materials, synthesis methodologies, modifications, and
investigations into electrochemical reaction mechanisms [24,61–63].

Tables 2 and 3 summarize the anode and cathode materials used in previous stud-
ies, respectively. Even though researchers do not use either of the two strategies, the
above-mentioned electrode design factors were investigated to design better anode and
cathode electrodes.
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Table 2. Classifications, advantages, and disadvantages of various cathode materials for LIBs.

Class Types Advantages Disadvantages Refs

Layered Oxides

Co-based oxides

• High capacity
• High energy density
• Good cycle life
• Good rate performance
• High power density

• Highly toxic
• High cost
• Chemical/thermal instability
• O2 evolution

[64–66]

Ni-rich oxides

• High capacity
• Safety
• Middle cost
• Good cycle life
• Chemical/structural stability
• Good conductivity
• Low toxicity

• Poor performance
• Volume expansion
• Structural/thermal instability
• O2 evolution
• Li deficiency
• Phase transition
• Ni+4 existence

[67–70]

Li-rich oxides

• High capacity
• High energy density
• Safety
• Anions activity
• Extra Li insertion

• Poor cycle and rate performance
• High irreversible capacity
• Voltage hysteresis
• O2 evolution
• Phase transition

[71–74]

V-based oxides

• Low cost
• High capacity
• Good rate performance
• Structural stability
• Thermal Stability
• High voltage

• Poor cycle life
• Poor conductivity
• Irreversible phase formation
• Poor reaction kinetics
• Mass production

[75–77]

Spinal Oxides LiM2O4
(M=Co, Mn, Ni)

• Low cost
• High voltage
• Good rate performance
• Abundant Mn
• Non-toxic/safety
• Fast diffusion kinetics
• Structural/Thermal stability

• Poor cycle life and energy
density

• Voltage hysteresis
• Mn dissolution
• Anions reduction
• Jahn–Teller distortion
• Restrict high energy density

applications

[78–80]

Polyanionic

Phosphate
oxides

• Low cost
• Excellent cycle life
• Good rate performance
• High capacity
• High safety
• Structural/thermal stability
• High voltage
• Prevent O2 evolution

• Poor conductivity
• Low volumetric energy density
• High processing cost
• Low practical capacity
• Capacity fading
• Anti-site defects
• Poor reaction kinetics

[81–84]

Silicate oxide

• Low cost
• High safety
• High specific capacity
• Availability
• 2D Li-ion diffusion channel

• Poor conductivity
• Poor rate performance
• Structural instability
• Sever capacity fading

[85,86]

Borate oxides
• High theoretical specific capacity
• Safety
• High voltage

• Structural instability
• Poor ionic conductivity
• Poor cycle life

[87,88]

Tavorites
• Good rate performance
• Structural/Thermal stability
• Strong O-P bond

• Low capacity retention
• Low Li recovery
• Low columbic efficiency

[89,90]
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Table 3. Classifications, advantages, and disadvantages of various anode materials for LIBs.

Class Types Advantage Disadvantage Refs

Insertion/
Extraction

Carbonaceous

• Low cost, Abundance
• High safety
• Good cycle life
• Good rate performance
• Good working potential
• Structural stability
• High electronic conductivity

• Low capacity
• High irreversible capacity
• Low columbic efficiency
• Dendrite formation
• Internal short circuit

[19,61,91–
94]

Ti oxides

• Low cost
• High safety/non-toxic
• Abundant sources
• High cycle performance
• High rate performance
• Chemical/structural stability

• Poor electronic conductivity
• Poor ionic conductivity
• Low energy density
• Low capacity

[19,61,92–
94]

Alloy/de-Alloy Si, Ge, Sn, Sb,
SnO, SiO, Zn, etc.

• Abundance/low Cost
• Good safety/non-toxic
• Excellent capacity
• High energy density
• Good rate capability
• Good electrical conductivity
• Good working potential
• Large volumetric capacity

• Poor cyclability
• Sluggish reaction kinetics
• Large volume expansion
• Pulverization
• Large capacity fading
• High irreversible capacity
• Structural instability
• Unstable SEI
• Highly toxic

[19,61,92–
94]

Conversion

Metal oxides

• Low cost/Availability
• Eco-friendly/Good cycle
• High capacity
• High energy density
• Rate performance

• Poor conductivity
• Large potential hysteresis
• Low C.E and unstable

SEI formation
• High irreversible capacity
• Large capacity fading
• Volume expansion

[12,16,61,
92–96]

Chalcogenides

• Eco-friendly/low cost
• Low working potential
• Low polarization
• High capacity
• High energy density

• Poor conductivity
• Sluggish reaction kinetics
• Low potential hysteresis

[19,61,92–
96]

3.2.2. Binders

LIB electrodes are typically fabricated by coating a slurry composed of active material,
conductive additives, and non-conductive binder onto a current collector foil. The role of
the binder in LIBs is as follows: The binder primarily maintains the structural integrity of
the electrode materials by binding the active material particles (such as lithium cobalt oxide
or graphite) and conductive additives (such as graphite, hard carbon, Super P, KS6, etc.)
together. Binders also ensure good electrical contact within the electrode by maintaining a
connection between the active material particles and the current collector. Finally, binders
accommodate the stress and volume changes that occur in electrode materials during
charge and discharge cycles.

Exothermic reactions might degrade the binder material, leading to thermal instability
and potential internal short circuits in LIBs. Typically, being electrical insulators, binders
should not hamper the movement of Li+ ions to preserve the ionic conductivity, which
is essential for charging efficiency and operation. The binder must absorb these changes
without cracking or losing contact with the active material or current collector, which
directly contributes to battery durability and cycle life. Therefore, it is essential to design
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binder materials with high mechanical strength, good adhesion properties, accessibility,
low cost, recyclability, non-toxicity, and electrochemical stability [97–99]. Moreover, the
binders must be chemically stable and inert in the battery’s electrolyte to avoid degradation,
which can compromise the electrode structure and lead to battery failure. Inhomogeneous
distribution of conductive phases can limit electronic and ionic conductivities and affect the
mechanical contact of the electrodes. Binders help create a uniform slurry, ensuring smooth
coating onto the current collector. This uniformity is vital for consistent battery quality
and performance. Furthermore, binders contribute to the battery’s environmental stability,
protecting electrodes from humidity, temperature fluctuations, and other external factors.

Table 4 summarizes various binder materials in terms of advantages and limitations.
Various types of binder materials—aqueous, non-aqueous, solvent-based polymeric, and
gel framework types—have been developed to provide improved contact and electrochem-
ical stability during charging and discharging processes. They also prevented aggregation
of active material particles and capacity fading. The overall thermal stability of LIBs encom-
passes the thermal stability of electrodes, separators, electrolytes, and the thermodynamic
stability of the binder [100,101]. Therefore, binder materials with high electronic conduc-
tivity, mechanical strength, ductility, surface compatibility, self-healing properties, and
effective ion transport capabilities significantly enhance the electrochemical performance,
thermal and structural stability, and cycling stability of LIBs.

Table 4. Types and general properties of various binder used for LIBs.

Types Materials General Properties Refs

Aqueous Na based CMC, SBR,
Chitosan, Alginate, etc.

• Low-cost and pollution free
• Processability with no humid issues
• Evaporate solvent fast
• Average swelling tendency and Li+

ion conductivity
• Strong chelation and adhesion properties

[102–104]

Non-aqueous PVDF, SBR, NBR, CMC,
PAN, CA, etc.

• Expensive, toxic, and humid sensitivity issues
• Large swelling resulting peeling off the active

mass from current collector during
cycling process

• Fast capacity fading for anode materials
• Insufficient binding/chelation properties

[105,106]

Polymer

CMC, SBR, PVA, PVD,
PVDF, SA, FPI,

AR/CMC,
Lignin, Sericin protein,

etc.

• Excellent distribution of electrode components
• Inhibited dissolution of transition metal ions
• Good Li+ ion conductivities
• Uniform passivation of high-voltage cathodes
• Radical quenching ability
• High cohesive/adhesion and

mechanical properties
• Scavenging HF and alleviating crystals of

active materials

[100,107,108]

Hybrid
PAA-PAI, GO-StC,
β-CDp, Natural

polymer, WS-PS, etc.

• Good adhesion and mechanical properties
• Strong chelation and binding properties
• Negligible swelling and no peeling off the

active mass from current collector
• Cost effective, eco-friendly, abundant, and have

low viscosity
• Processability and uniformity of coating

[109,110]
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3.2.3. Separators

The separator is also a crucial component of LIBs, as it isolates the electrodes, facil-
itates ionic diffusion pathways, prevents electronic conduction, and mitigates internal
short circuits and thermal runaway. It plays a key role in defining the energy density,
power density, and safety of LIBs. Separators must be chemically and thermally stable
at elevated temperatures, electrically inactive, and resistant to degradation during bat-
tery operation [111]. Various types of separators have been explored and classified into
categories such as (i) polyolefin films (e.g., PP, PE, PEI, PDA, PMMA, and glass fibers),
(ii) thermally conductive materials (e.g., AlN/PP and BN/PP/C), (iii) carbon materials
(e.g., cellulose-derived carbon, graphene, PDA/Gr-CMC, and Na-alginate), (iv) metals
(e.g., Cu/PP, Si/PP, and Nb/PP), and (v) metal oxides (e.g., Al2O3/PP, SiO2/PP, and
ZrO2/PP) [112]. The separator should facilitate ion transport through its pores, improve
interfacial compatibility, and enhance the safety of LIBs. An inert surface of separators can
weaken the electrode-separator interface, leading to longer diffusion paths, irregular Li
plating, dendrite formation, and thermal runaway. Therefore, optimizing ionic and physical
contact while minimizing voids is essential to improving interfacial compatibility, prevent-
ing dendrite formation, and reducing thermal shrinkage in separators for advanced battery
systems [113]. Key designing parameters of the separator include thickness, porosity, mean
pore size, tortuosity, permeability, wettability, thermal stability, and mechanical properties.

• Thickness: The thickness of a separator typically ranges from 20 to 50 μm, influenc-
ing the stability, mechanical properties, overall weight, and cell resistance of LIBs.
For example, the commercially available Celgard 2400 separator has a thickness of
25 μm [114].

• Porosity: Porosity is a crucial factor in determining mass transport, as it ensures
sufficient Li+ ion conductivity and helps inhibit the formation of dendritic lithium.
Common separators in the battery market typically exhibit around 40% porosity, which
is defined as the ratio of the volume of pores to the apparent total volume of the pores.
Porosity is typically measured by calculating the weight difference of the separator
before and after soaking it in liquid, as shown below [115,116].

Porosity(%) =
(1 − ρm)

ρp
× 100 (1)

Porosity(%) =
(W − Wo)

ρLVo
× 100 (2)

where ρm, ρp, W, Wo, ρL, and Vo represent the apparent density, separator material
density, weight of void separator, weight of separator soaked in liquid, density of
liquid, and geometric volume of separators, respectively.

• Mean pore size: The mean pore size is closely related to the size of Li+ ions, active
ionic species in the electrolyte, and active mass components. Pore size controls the
flow of Li+ ions, blocks lithium dendrites, and prevents short circuits. There exists
a mean pore size of less than 1 μm for a commercially viable and safe separator to
allow Li+ ion transportation and block other active species. They can be classified
into closed, blind, and through pores, as shown in Figure 4. Closed pores are fully
enclosed without void spaces, while blind pores open to a void space on one side
but are blocked on the other, trapping Li+ ions and potentially leading to dendrite
formation. Pores with open void spaces and high permeability allow effective Li+

ion transport.
• Geometric effect: The geometric effect of pore morphology on the conductivity of Li+

ions under certain pressure differences is known as tortuosity. It describes the mor-
phological changes in the pores of the separator. Pores exhibit various morphologies,
including interconnected, network-type hierarchical structures, circular shapes, and
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other microstructures. Tortuosity is the ratio of the mean path length that ions must
travel through the pores to the direct straight-line distance as follows:

Tortuosity(τ) = Sqrt
(

× Rs

Ro

)
(3)

where is porosity, and Rs and Ro are resistivity of separators before and after soaking
in liquid, respectively. Permeability is calculated using Darcy’s law, which describes
the rate of fluid flow through a porous surface as follows:

Average Velocity(μ) =
−κ

η∇P
(4)

where μ is average velocity, η and ∇P are viscosity and applied pressure gradient of
the fluid, respectively, and κ is permeability of separators.

• Wettability: It is a key aspect of the separator that directly influences the capacity
and cycle retention of LIBs. A separator must quickly absorb electrolytes and initiate
uniform Li+ ion transportation to prevent uneven Li+ ion deposition on the electrodes.
The wettability of the separator is measured through contact angle analysis and
assesses its affinity for liquid electrolytes by determining the angle formed between
the separator surface and the electrolyte droplet.

• Thermal stability: Thermal stability is a crucial factor for ensuring the safety of LIBs.
The separator must remain thermodynamically stable and withstand rising heat flux
during battery operation under extreme conditions. When the separator shrinks or
wrinkles at high temperatures, it leads to poor interfacial contact with electrodes,
resulting in significant energy loss. Excessive heat flow can trigger thermal runaway
and internal short circuits in the LIBs. To prevent these issues, the thermal shrinkage
of the separator must be kept below 5% after 60 min at 90 ◦C under vacuum and can
be measured using the following equation:

Thermal Shrinkage(%) =

(
Ai − Af

Ai

)
× 100 (5)

where Ai and Af indicate area of separators before and after heat treatment at a
certain temperature, respectively [114–116]. Furthermore, the separator must possess
a shutdown effect, where the pores are blocked once abnormal heat flow is detected.
This feature prevents direct contact between electrodes, inhibiting thermal runaway
and internal short circuits. In addition, the separator should be non-flammable, ideally
flame retardant, because if thermal runaway occurs, a flammable separator could catch
fire, potentially leading to a battery explosion [113,117].

• Mechanical properties: The mechanical properties (e.g., mechanical strength, strain
percentages, compression percentages) play a crucial role in determining the stability
of separators and LIBs. During cell assembly, the interaction between electrolytes and
separators causes mechanical softening and swelling under compression. Battery oper-
ation induces volume expansion in the electrode’s active materials, exerting pressures
of up to ~5 MPa. Under such stresses, the elastic modulus of the separator decreases,
reducing its tolerance, altering its microstructure, hindering ionic conductivity, and
leading to swelling. This compromises stability, promotes dendritic Li formation, and
increases the risk of internal short circuits in LIBs [118,119].

Therefore, separators with thermal stability, high porosity, and strong mechanical
properties must be designed, taking into account the aforementioned critical parameters to
achieve high-energy and high-safety LIBs.
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3.2.4. Current Collector

Current collectors, though non-active materials in full-cell LIBs, play a crucial role in
providing mechanical support for electrodes, enhancing electrical conductivity, corrosion
resistance, and reducing contact resistance. These, in turn, improve the specific capacity,
efficiency, cycle stability, and rate performance of LIBs. Comprising the second-largest
weight percentage (15%) of the total weight of a full-cell LIB, excluding the case, efforts
to reduce their thickness have been made to increase energy density. The essential design
parameters for current collectors include electrochemical stability, density, mechanical
strength, electrical conductivity, sustainability, and cost [120,121]. Furthermore, the choice
of material, availability, recyclability, and cost are other important factors when designing
current collectors for full-cell LIBs [122]. Each of these design parameters is discussed in
detail below.

• Electrochemical stability: It is essential to keep the stable reduction/oxidation en-
vironment during the battery operation as cathode and anode require high and low
electrochemical potentials in LIBs, respectively. Any undesired reactions between
the current collector and the electrolyte at these extremes can destabilize the system,
leading to capacity fading and a shortened cycle life. Therefore, selecting a current
collector with excellent electrochemical stability is crucial for achieving LIBs [123].

• Density: Current collectors with low densities are advantageous for reducing weight
and cost, which can enhance the energy density of LIBs. Furthermore, high mechanical
strength is crucial for preserving the integrity of the electrode materials and ensuring
strong bonding with the current collector, electrodes, and polymer binder materials.

• Mechanical strength: A current collector with high mechanical strength helps sup-
press volume expansion, prevent electrode pulverization and delamination, and main-
tain the integrity of active components, thereby enhancing cycle stability and prolong-
ing the cycle life of LIBs [94].

• Electrical conductivity: The electrical conductivity of the current collector and the
interfaces between the electrode and current collector is crucial for LIB performance,
as electrons generated at the electrodes travel through the current collector to the
external circuits. A current collector with high electrical conductivity improves energy
efficiency and minimizes heat generation, thus reducing the loss of chemical/electrical
energy as heat during battery operation [124].

The choice of materials for current collectors significantly impacts the electrochemical
performance, electrode stability, and high-rate performance of LIBs. Various materials, such
as copper (Cu), aluminum (Al), titanium (Ti), nickel (Ni), stainless steel, and carbonaceous
materials, are used as current collectors. These materials can be processed into different
forms, including foils, foams, meshes, etched surfaces, and coated layers. Chemical treat-
ments like etching and coating can notably improve surface roughness, corrosion resistance,
and contact resistance, thereby enhancing the overall performance of LIBs [125,126].

3.2.5. Electrolyte

Electrolytes, as non-electroactive components, should not participate in redox reac-
tions or allow electron flow. Their primary role in a battery system is to facilitate the ionic
transportation of species generated during redox reactions at the electrodes and to serve
as the medium for charge transfer. They also facilitate chemical reactions and accommo-
date thermal and mechanical variations to prevent damage or explosions of the battery
system. Ionic transport in electrolytes has been extensively studied, with computational
models suggesting that it occurs through mechanisms like migration, diffusion, and con-
vection. These processes contribute to the flux density of dissolved species within the
electrolyte [127]. Therefore, the electrolyte must exhibit the following characteristics to
ensure proper electrochemical reactions in LIB full cells:

• Ionic conductivity: The electrolyte must enable efficient ion transport, meaning it
should be highly conductive to ions. High ionic conductivity within the electrolyte
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facilitates the rapid movement of ions between electrodes, promoting efficient charging
and discharging of the LIB. This characteristic is crucial as it directly impacts the rate
performance and power density of the LIB. Therefore, to achieve a high-rate and
high-power density LIB, the electrolyte must exhibit excellent ionic conductivity.

• Wide potential stability window: The potential window of the electrolyte defines
the range within which ions can effectively move between the cathode and anode.
To ensure optimal performance, the electrolyte must support ionic movement from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) of the electrode materials. A broad potential window allows for
a wider range of electrochemical reactions, enhancing the specific capacity, cycle
life, and overall electrochemical performance of the LIB. Moreover, the potential
window must remain stable during cycling to preserve the reaction chemistry, prevent
thermal runaway, and maintain the structural and operational stability of the full-
cell LIBs. Any fluctuation in this window can compromise the cell’s performance
and safety. Therefore, a stable and wide potential window is essential for achieving
high-performance, long-lasting, and safe LIBs.

• Chemically inert: Electrolytes must be electrochemically inert and should not partici-
pate in the electrochemical reaction of the full-cell LIBs.

• Low cost: The electrolyte should be cost-effective and have easy accessibility.
• Reducible: The electrolyte must undergo reduction during the electrochemical reaction

so that Li+ ions can transfer under the migration, diffusion, and convection phenomena.
• Environment-friendly: The electrolyte materials should be non-toxic and environment-

friendly and should not cause any harm to human beings, animals, or the environment.
• Electron insulator: The electrolyte must block electron flow while allowing unin-

terrupted ionic transport. In other words, it should act as an electrical insulator,
preventing electron involvement in any reactions during the electrochemical process.

• High fluidity and low vapor pressure:

The electrolytes are composed of metal salts and various solvents. Conducting salts
must be fully dissolved to enhance ionic mobility and remain inert to the solvent and
other battery components to prevent degradation. These salts should also be non-toxic,
non-corrosive, and thermally stable to ensure safety during battery operation. Common
salts used in LIBs include lithium perchlorate (LiClO4), lithium hexafluorophosphate
(LiPF6), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), lithium triflate (LiTf), lithium
hexafluoroarsenate (LiAsF6), and lithium tetrafluoroborate (LiBF4) [128]. Among these,
LiPF6 is the most widely used commercial salt for LIBs. However, LiTFSI has been proposed
for high-energy density LIBs, despite its potential to corrode current collectors at high
voltages [129].

Electrolytes are categorized into various types based on the nature of solvents used,
and their general properties are outlined in Table 5. The types of electrolytes include:

(a) Aqueous electrolytes;
(b) Non-aqueous electrolytes;
(c) Ionic liquids;
(d) Polymer electrolytes (gel polymer, solid polymer);
(e) Hybrid electrolytes.

Furthermore, a brief comparison of their inherent properties is summarized in Table 6.
Aqueous electrolytes have undergone modifications through several approaches, such
as increasing salt concentration, incorporating additives, adjusting interfaces between
electrodes, electrolytes, and current collectors, and developing new types such as gelled
(hydrogel) and hybrid-solvent electrolytes. These modifications and their effects on dif-
ferent properties are detailed in Table 7. Aqueous electrolytes, with high wettability and
improved interfacial kinetics, contribute to stabilizing the SEI layers, thus enhancing re-
versibility and providing thermodynamic stability to LIBs. Consequently, optimizing the
potential window, increasing ionic conductivity, lowering the freezing point, and reducing
costs are crucial for the development of promising hybrid electrolytes for LIBs.
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Table 5. Types, advantages and disadvantages of various electrolytes used for LIBs.

Types Advantages Disadvantages Refs

Aqueous

• Non-flammable
• Non-toxic
• High fluidity
• High dielectric constant
• High ionic conductivity
• Low cost
• Safe operation
• Long cycle life

• Narrow potential window
• Low energy density
• Large overpotential
• Poor mechanical stability

[130,131]

Non-aqueous

• Combination of cyclic and linear
solvents enhance ionic
conductivity and lower viscosity.

• Form stable SEI layer at the anode
surface.

• Wide temperature range
• Wide potential window (~6.0 V)
• High energy density batteries

• Poor ionic conductivity and low salts
solubility

• High flammability and toxic reaction
products

• Instability at high temperature and
high current density

• Humid sensitive
• Thermal instability and high cost
• Extreme purification and handling

[107,132,133]

Ionic Liquids

• Environment-friendly
• High chemical/thermal stability
• Tunable molecular structure
• High oxidation potential (~6.0 V)
• Zero vapor pressure
• Flame retardant
• Non-volatile

• High viscosity
• Poor ionic conductivity
• Poor wettability
• Poor mechanical stability
• Large scale productivity

[134–136]

Polymers (GPEs,
SPEs)

• Low electrolyte leakage
• High flexibility
• Low flammability
• High stability
• No liquid solvents involvement
• Light weight
• Ease of processing
• Strong adhesion properties
• Large scale productivity

• High viscosity
• Poor ionic conductivity
• Poor wettability
• Li+ ion transference number
• Moderate potential window

(4.5 V~5.0 V)

[106,107,137,138]

Hybrids
• Mechanical robustness
• Excellent processability
• Reduced interface resistance

• Poor ionic conductivity
• Poor cation transference number
• Medium potential window

[100,108,109]

Table 6. Summary of the inherent properties of various types of electrolytes used for LIBs.

Types Aqueous Non-Aqueous Ionic Liquids Polymer (Gels, Hybrid)

Mechanical strength Poor Good Good Medium
Ionic conductivity >10−3 Scm−1 >10−3 Scm−1 10−3~102 Scm−1 >10−4 Scm−1

Thermal stability Poor Medium Good Medium
Electrochemical stability Poor Good Good Poor
Safety Poor Medium Medium Medium
Interfacial properties Good Medium Good Medium
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Table 7. Modification strategies and general properties of aqueous electrolytes used for LIBs.

Electrolytes Strategies General Properties Refs

Aqueous

Enriching salt concentration

Cut anions at anode surface
Enhance anion/cation interaction
Break hydrogen bonding to reduce O2 solubility and
H2 evolution
Develop eutectic system for better ORR kinetics to
improve the potential window (1.23 to ~3.0 V)
Improve the ionic conductivity (≈102)
Affect the rate performance and overpotential

[130,131,139]

Incorporating additive

Suppresses OER at the cathode surface
Prevent corrosion/dendrite formation
Modify interfaces (electrodes/current
collectors/electrolyte/separator)
Change solvation sheath to widen potential window for
high temperature and freezing temperature

[139]

Tuning interfaces \
(electrodes/current
collectors/electrolyte)

Suppresses free radicals, reactive anions/cations to
control side reactions
Affects interfaces stability and reactivity
To achieve thermodynamics (chemical, thermal) and
kinetic (charge/mass transportation activity) stability

[140,141]

Addition of decoupling
gel/polymer material

Solidifies water (lower fluidity)
Develop anti-freezing function at low temperature
Stabilize/widen the potential window and working
temperature range
Lowers the production cost

[142,143]

Solvent-hybrid electrolyte
Efficiently reduce the cost and environmental problems
Improve interfacial chemistry
Enhance performance of LIBs

[144]

The non-aqueous electrolytes, typically comprising lithium salts and organic solvents
(such as carbonates, acetals, ethers, esters, sulfones, sulfites, and sulfoxides), are designed
to maintain desired conductivity, viscosity, and compatibility with battery components.
Key parameters include ionic conductivity, viscosity (ideally < 2 mPa·s), dielectric constant,
wettability, working temperature range, flash point, and environmental impact [145]. Car-
bonates are commonly used due to their excellent electrochemical properties and ability to
support a high-quality SEI layer, crucial for preventing dendrite formation and ensuring
battery safety. For instance, ethylene carbonate (EC) is frequently employed in electrolytes
like 1 M LiPF6 in EC:DMC:DEC (1:1:1) and 1.2 M LiPF6 in EC:EMC (3:7), which showed
electrochemical stability windows of 4.5 V and 4.9 V, respectively [146,147]. Physicochemi-
cal and electrochemical properties of different organic solvents (carbonates, acetals, ethers,
esters, sulfones, sulfites, and sulfoxides) are summarized in Table 8. Selecting solvents
with high dielectric constants, low viscosity, and high ionic conductivity is essential for
enhancing the electrolyte’s oxidation potential and promoting electrocatalytic reactions,
thereby improving the performance of high energy density LIBs [148].

Table 8. Physicochemical and electrochemical data of some organic solvents for non-aqueous electrolytes.

Solvents Names m.p b.p
η (20
◦C)

μ ρ (Vm) κ
Eox vs.
Li+/Li

Ref

Carbonates

EC 36.4 248 1.90 89.8 4.61 1.32 (66.71) 8.3 6.7 [149]
PC −48.8 242 2.53 64.9 4.81 1.20 (85.08) 5.6 6.0 [150]

DMC 4.6 96 0.59 3.1 0.76 1.06 (84.98) 6.0 5.5 [148]
DEC −74.3 126 0.75 2.8 0.96 0.97 (121.78) 2.4 5.2 [133]
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Table 8. Cont.

Solvents Names m.p b.p
η (20
◦C)

μ ρ (Vm) κ
Eox vs.
Li+/Li

Ref

Esters
EA −84 77 0.45 6.0 1.83 0.90 (97.90) 11.5 5.4 [151]
MA −98.2 57 0.37 6.7 1.70 0.93 (79.66) 14.8 5.2 [152]
MB −84 102 0.60 5.5 1.71 0.90 (113.48) 4.2 4.6 [153]

Ethers/Acetals
EPE −126.7 63 0.31 - 1.16 0.73 (120.75) 4.5 5.5 [154]
DEE −74 121 0.56 5.1 1.76 0.84 (140.69) 5.8 4.5 [155]
THF −109 66 0.46 7.4 1.70 0.88 (81.94) 9.1 3.5 [156]

Sulfur
Compounds

DMSO 18.5 189 1.90 46.6 3.90 1.09 (71.68) 8.6 4.1 [157]
DMS −141 126 0.87 22.5 2.90 1.20 (91.78) 13.6 4.2 [158]
DES −112 156 0.83 15.6 2.96 1.08 (127.94) 10.2 2.9 [159]

Abbreviations: m.p = melting point, b.p = boiling point, η = dynamic viscosity in mPa, r = dielectric constant,
μ = dipole moment, ρ = density (g·cm−3), Vm = molar volume (cm3·mol−1), κ = ionic conductivity of 1 M
LiPF6 (m·Scm−1), Eox = oxidation potential. Chemical Name: EC = ethylene carbonate, PC = polycarbonate,
DMC = dimethyl carbonate, DEC = diethyl carbonate, EA = ethyl acetate, MA = methyl acetate, MB = methyl
butyrate, EPE = 3-(1,1,2,2-tetrafluoroethoxy)-1,1,2,2-tetrafluoropropane, DEE = 1,2-diethoxyethane, THF = tetrahy-
drofuran, DMSO = dimethyl sulfoxide, DMS = dimethyl sulfide, and DES = diethyl sulfite.

Ionic liquids (ILs) offer benefits such as flame retardancy, non-volatility, and ther-
mal stability, but their high viscosity can reduce ionic conductivity and affect the rate-
performance of lithium-ion batteries (LIBs). To address this, anti-freezing agents like
acetonitrile or ethylene glycol are added to enhance dielectric constants, miscibility, and ox-
idation stability at lower temperatures [160]. Despite their advantages, ILs face challenges
such as high viscosity and poor wettability with battery components, which limit their prac-
tical use. ILs are considered “green solvents” and are used to mitigate issues like volatility
and low oxidation potential seen in traditional organic solvents [146,148,161]. They are
composed of ionic bonds between cations and anions and can dissolve a variety of sub-
stances. Adding low-viscosity compounds can improve their ionic conductivity [134,136].
ILs are categorized into aprotic, protic, and zwitterionic types based on their chemical
composition. Aprotic ILs, which lack free protons, are used as co-solvents, while protic ILs,
which contain free protons, offer better ionic conductivity and are used in fuel cells and
batteries [162]. However, ILs generally have high melting points and strong ionic bonds,
leading to high viscosity and reduced ionic conductivity, which can hinder LIB perfor-
mance [135]. To overcome these limitations, strategies such as blending ILs with organic
solvents and modifying the cation side chains are being explored. These solutions, while
improving performance, often increase costs and require extensive purification, limiting
their commercialization in energy storage applications.

Polymer electrolytes (PEs) are emerging as a solution to the limitations of liquid elec-
trolytes, such as leakage, poor volume suppression, and safety issues. PEs offer benefits
including low leakage, high flexibility, low flammability, stability between electrolyte and
electrodes, no liquid solvents, lightweight, easy processing, and strong adhesion. Also
known as solid polymer electrolytes (SPEs), they consist of lithium metal salts dissolved in
a polymer matrix. These can be classified into organic electrolytes with polymer composites
and inorganic electrolytes with materials like ceramics and perovskites. While organic
electrolytes often suffer from poor ionic conductivity, inorganic electrolytes face issues
with mechanical stability and large-scale production. High ionic conductivity, large Li+
ion transference number, wide electrochemical stability window, high mechanical stability,
low electrolyte/electrode impedance, electrical insulation, low cost, ease of manufacturing,
sustainability, and environmental compatibility are the significant design parameters for
polymer electrolytes. [163–165] Ionic conductivity can be improved by choosing suitable
polymers (linear, branched, or crosslinked), adding new salts, and incorporating fillers.
Common polymers used in PEs include PEO, poly (vinylidene fluoride; PVDF), poly (ethy-
lene carbonate; PEC), poly (acrylonitrile; PAN), and poly (ethylene glycol; PEG) [166,167].
The size of the anionic component in lithium salts affects ionic conductivity; larger an-
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ions increase ionic contact distance and dissociation, thus enhancing conductivity. The
dissociation constants of commonly used salts can be explained in the following order:
LiCF3SO3 < LiBF4 < LiClO4 < LiPF6 < LiAsF6 < LiN (CF3SO2)2 [161,168]. Fillers, both
active (e.g., ionic liquids and lithium salts) and passive (e.g., carbonaceous compounds and
ceramics), can improve the ionic conductivity, thermal stability, and mechanical properties
of SPEs [137,169,170]. However, poor compatibility with separators and electrodes, along
with a moderate potential window (4.5 V~5.0 V), limits their application in high voltage
LIBs, necessitating further research for high-potential window polymer electrolytes.

Hybrid electrolytes (HEs) are an advanced research focus, combining polymer and
inorganic/organic electrolytes to achieve mechanical robustness, high ionic conductivity,
and reduced interfacial resistance. Despite these advantages, they generally exhibit lower
ionic conductivity, a lower cation transference number, and a medium potential window.
The properties of HEs, such as melting point, glass transition temperature, and crystallinity,
are influenced by the molecular groups attached to the polymer chain, affecting their overall
performance. HEs are classified into solid/liquid, solid/solid, or liquid/solid/liquid types,
incorporating inorganic or organic compounds as fillers to modify the polymer matrix. The
liquid electrolytes are organic or aqueous, whereas the solid electrolytes are polymers and
LISICON [171–173]. While they combine characteristics of both polymers and other types
of electrolytes, further research is needed to improve ion transport, interfacial properties,
and potential window. New polymer matrices and fillers need to be designed and tested
to enhance high-performance hybrid electrolytes [174,175]. For effective design, hybrid
electrolytes must have high ionic conductivity, a wide electrochemical stability window,
versatility across temperatures, good interfacial compatibility, high cation transference
number, mechanical strength, low viscosity, high dielectric constants, and safety features
such as non-flammability, non-toxicity, and eco-friendliness. These qualities are essential
for developing high-power, high energy density LIBs.

The liquid electrolyte offers high ionic conductivity, good wettability, and superior
interfacial contact, contributing to excellent electrochemical performance. However, its
volatility and flammability pose safety risks, leading to irreversible active material loss
during charge–discharge cycles. In contrast, solid-state electrolytes prevent the transfer
of intermediate products, reducing the shuttle effect and lithium dendrite growth. They
provide low flammability, high thermal stability, and no leakage, enhancing safety and
battery lifespan. Solid-state electrolytes also minimize material usage, resulting in reduced
mass and volume per capacity unit and enable the use of higher-capacity electrode mate-
rials, boosting energy density and safety [176]. Common solid-state electrolytes include
oxide (e.g., garnet-type Li7La3Zr2O12) [177–180], sulfide (e.g., Li2S-SiS2) [181–183], and
polymer electrolytes (e.g., PVDF) [184–186]. Oxide electrolytes achieve ionic conductivity
of 10−4 Scm−1 at room temperature, while sulfide electrolytes can reach up to 10−3 Scm−1

due to their wider ion transport channels. Polymer electrolytes facilitate ion transport
through Li+ complexation, reducing reactivity with electrodes and enhancing safety. Xiong
et al. reported that the mechanical failure of solid-state electrolytes in lithium metal batter-
ies, driven by lithium anode growth, is linked to interfacial and internal defects [187,188].
A modified electro-chemo-mechanical model reveals how these defects influence stress
transmission and damage propagation, providing insights for designing safer, high energy
density solid-state batteries.

3.3. Design Parameters Directly Affecting Performance

Performance is a crucial metric for assessing the energy storage capability of LIBs,
specifically their ability to endure electrochemical reactions over time under severe con-
ditions. It encompasses a correlation among all design parameters, material selections,
reaction kinetics, and thermodynamics. Reaction kinetics, in particular, explores the rela-
tionship between physicochemical and electrochemical reactions. The physicochemical
reaction includes both physical properties such as surface area, porosity, density, wetta-
bility, conductivity, and thickness and chemical properties such as chemical potentials,
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reactions, and thermodynamics. They together clarify the reaction kinetics at the interfaces
among electrodes, electrolytes, and current collectors, as well as the transportation of ions
within the electrolyte (refer to Figure 6). Electrochemical reaction kinetics, on the other
hand, focus on the ion/charge transportation mechanism during the chemical reactions
within the electrolyte throughout the charge and discharge processes. The relationship
between various physicochemical and electrochemical properties defines key critical design
parameters, such as conductivity, electrochemical potential window, reaction chemistry,
and thermodynamics of LIBs. Optimizing these design parameters is essential for achieving
optimal performance that meets industrial energy consumption demands.

 

Figure 6. Substantial properties influencing the overall performance of full-cell LIBs.

3.3.1. Conductivity

Both electronic and ionic conductivities are intrinsic performances that play a cru-
cial role in determining the flow of electrons and ions within the electrodes. They can
be extrinsically modified to improve the capacity, cyclability, and rate performance of
LIBs. The electrical conductivity depends mainly on the electronic structure of electrode
materials. The electronic structure has multiple electrons in the valence band with the
minimum energy band gap to increase electrical conductivity. Materials such as metalloids,
post-transition metals, and some reactive nonmetals exhibit higher electrical conductivity
compared to transition metals and their oxides. Several methods have been employed to
enhance electrical conductivity, such as introducing point defects in the crystal structure,
doping with other elements, forming composites, surface etching, and coating materials
with metals, metal oxides, or carbonaceous compounds [189–193]. For instance, doping
metal elements into electrode materials can increase electrical conductivity by up to 103

times, while coating with carbonaceous or metal oxide layers can reduce the energy band
gap and improve conductivity. Enhancing electrical conductivity lowers charge transfer
resistance and boosts the specific capacity and energy density of LIBs. A recent study
demonstrated that developing an eco-friendly carbon composite made from microalgae
combined with an SnO2 anode led to increased reversible capacity, improved cycle stability,
and mitigation of volume expansion issues in LIBs [60]. Additionally, coating CN-LTO
using a chemical reflux technique increased the electrical conductivity of pristine LTO from
1.58 × 10−9 to 4.29 × 10−6 S/cm [194].

Ionic conductivity, which governs ion transport mechanisms, is another factor influ-
encing the rate performance and power density of LIBs. It can be improved by modifying
the morphology, particle size, and physicochemical properties of the electrode materials,
electrolyte, separators, and binders, which in turn affect the adsorption and diffusion be-
havior at electrode surfaces. In particular, nanomaterials significantly reduce the diffusion
length of Li+ ions and enhance their diffusivity. The residence time (τ) is the duration for
which Li+ ions remain within the electrode, while diffusion length (L) describes the length

174



Batteries 2024, 10, 340

of the diffusion pathway through the crystal structure of the electrode. They are related
through the diffusivity (D) as follows:

τ =
L2

D
(6)

Moreover, ionic conductivity is related to porosity and tortuosity of electrodes and
separators. Porous structures in electrodes and separators provide extensive diffusion
pathways, facilitating faster diffusion of Li+ ions, reducing charging time, and enabling
rapid charging in LIBs. Tortuosity, the complexity and geometry of the surfaces, offers
multiple diffusion channels that enhance the movement of Li+ ions. Voids and pores,
formed by particle interactions and distances, play a crucial role in electrolyte penetration,
thereby increasing the diffusion of Li+ ions. Moreover, the surface area of the electrode
materials significantly affects the adsorption kinetics of Li+ ions, as well as the behavior of
redox couples and free radicals generated during electrochemical reactions. A high surface
area allows for more active sites for Li+ ion adsorption and promotes better electrolyte
penetration, facilitating improved Li+ ion diffusion during electrochemical reactions, which
is essential for achieving high specific capacity and energy density.

The cationic transference number, affecting the rate performance and power density of
LIBs, is another critical factor, particularly in selecting appropriate electrolytes to enhance
conductivity. Therefore, it is necessary to identify electrode materials with high porosity,
appropriate tortuosity, many voids, and a substantial specific surface area to optimize
Li+ ion diffusion and reduce the charging times of LIBs. Furthermore, it is advisable to
use electrolytes with high conductivity and an optimized cationic transference number to
improve rate performance, ensure electrochemical potential stability, and enhance specific
capacity, cycle life, and safety. In addition, separators must be porous to maintain open
pores and prevent the formation of lithium dendrites, which can cause internal short circuits
and thermal runaway. Consequently, the careful design and optimization of both electrical
and ionic conductivity are vital for enhancing the overall performance of full-cell LIBs.

3.3.2. Electrochemical Potential Window

An electrochemical potential window is a design parameter that determines the range
within which various electrochemical reactions can occur, directly impacting the perfor-
mance of a full-cell LIB. It is influenced by the standard redox potentials of electrodes,
electrolytes, separators, binders, and current collectors versus the standard hydrogen po-
tential (SHE) [195]. The difference in potentials between cathode and anode in the absence
of applied current is called electromotive force (EMF) or open-circuit voltage (OCV) of the
LIBs and is determined by the nature of electrode materials. The voltage potential VOC (φ)
is determined by the Nernst equation given below:

VOC (φ) = −ΔFF = −
(
μC − μA

F

)
(7)

where F is the Faraday constant, and μC and μA are the chemical potentials of cathode and
anode materials in full-cell LIBs, respectively [196,197]. The energy band gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the electrolyte determines the voltage potential. The energy band gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the electrolyte determines the voltage potential of a full-cell LIB. For
optimal performance, the chemical potential of the cathode material should be above the
HOMO, while that of the anode should be below the LUMO of the electrolyte, as shown in
Figure 7 [198]. This arrangement ensures a stable electrochemical environment, minimizing
undesirable reactions and improving the overall voltage stability and efficiency of the LIBs.
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Figure 7. Energy phases of electrochemical potentials of Li metal and LiCoO2, and their respective
HOMO and LUMO energy positions in electrolytes. (Dotted Box) Relative energy of electrolyte, and
HOMO and LUMO positions of electrolytes and electrodes.

In addition, electronegativity, the ability of an atom or a functional group to attract
electrons, plays a crucial role in determining the electrochemical potential of electrode
materials. The higher the electronegativity of an atom or functional group, the greater
its oxidation potential. Obviously, fluorine and oxygen atoms are commonly used in
the development of cathode materials for LIBs. Conversely, atoms or functional groups
with lower electronegativities possess low reduction potentials, making them suitable for
constructing anode materials. A functional group with high oxidation potential and low
reduction potential creates electrodes with a high potential difference, leading to high
energy density [199]. The potential difference between electrodes is influenced by the
nature of polyanionic groups and the percentage of ionic bonding between cations and
anions. Replacing oxygen atoms in polyanionic groups with fluorine increases the ionic
bond characteristics, resulting in a larger potential difference. For example, transition
metal phosphates, silicates, and sulfates exhibit higher potential differences compared to
oxygen-based compounds [200].

Another crucial factor affecting the potential difference is the occupation of different
lattice sites by various atoms, each corresponding to a distinct energy level and crystal
structure. The insertion and extraction of Li+ ions and corresponding electrons from the
3D orbitals of transition metals alter the crystal structure or cause phase transformations.
The energy required for these processes correlates with the electrochemical potential of the
LIBs [201]. Lattice energy, the enthalpy change (ΔH) involved in the Li+ ion intercalation
process, affects the Gibbs free energy (ΔG), which ultimately determines the electrochemical
potential of the battery [202,203]. Crystal defects, such as the substitution of foreign atoms
or ions in place of inherent lattice atoms, cause lattice distortion, altering the lattice energy
and influencing both the electrochemical potential and thermal properties of electrode
materials [204]. The electronic structure, which defines the number of electrons inserted or
extracted during oxidation and reduction reactions, also correlates with the electrochemical
potential. Changes in crystal and electronic structures can cause phase transformations,
contributing to changes in enthalpy and Gibbs free energy (ΔG) [201]. Thus, it is essential
to consider the electronegativity of atoms, the nature of chemical bonds (describing polyan-
ionic groups), crystal structures, lattice energy, crystal defects, and electronic structures
of both electrodes and electrolytes to design a stable and wide electrochemical potential
window for full-cell LIBs.
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3.3.3. Electrochemical Reaction Kinetics

The electrochemical reaction mechanism is a key determinant of the redox behavior of
electrodes and their overall performance in LIBs. This mechanism is influenced by several
factors, including the nature of the electrode materials, their crystal and electronic structures,
the properties of the electrolyte, and the electrochemical potential window. Based on the
characteristics of lithiation and de-lithiation processes, electrochemical reaction mechanisms
are generally categorized into intercalation/de-intercalation, alloy/de-alloy, conversion,
and mixed-type reactions. Each type of reaction has its own fundamental issues and
theoretical specific capacity range, as illustrated in Figure 8. These mechanisms play a
pivotal role in dictating the efficiency, stability, and specific capacity of the electrodes, with
each presenting its own set of challenges and advantages. Understanding and optimizing
these mechanisms is crucial for the development of high-performance LIBs.

 

Figure 8. Illustration of fundamental electrochemical reaction mechanisms for LIBs (Reprinted/adapted
with permission from Ref. [205] published by Royal Society of Chemistry, 2015).

The movement of Li+ ions between cathode and anode, known as intercalation/de-
intercalation mechanism, is the foundational electrochemical reaction mechanism in LIBs.
It is explained as follows:

LiMO2 → Li1−xMO2 + xLi+ + xe− (8)

Nevertheless, some electrode materials undergo phase transition during this process,
which can hinder the electrochemical process and restrict the electrochemical activity of
LIBs. For example, V2O5 cathode material undergoes various phase transformations during
lithiation, as expressed by Refs [76,205].

V2O5 + 0.5Li+ + 0.5e− → ε-Li0.5V2O5 (9)

ε-Li0.5V2O5 + 0.5Li+ + 0.5e− → δ-LiV2O5 (10)
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δ-Li0.5V2O5 + Li+ + e−→ γ-Li2V2O5 (11)

The intercalation/de-intercalation process maintains the system’s thermal stability
by preserving structural integrity and limiting the evolution of gases such as H2 and O2,
making it suitable for long-life LIBs. Anode materials like carbon compounds and titanium
oxides are preferred for LIBs because they follow this mechanism. For cathode materials,
oxides of vanadium (e.g., V2O5, VO2, LiV3O8), spinel oxides (e.g., LiM2O4 where M = Mn,
Co, Ni), polyanionic oxides (e.g., LiMPO4 where M = Fe, Mn, Co, Ni), and certain layered
oxides (e.g., LiMO2 where M = Co, Mn, Ni, including NCM variants such as 811, 622,
333) are prominent choices. However, electrodes using the intercalation/de-intercalation
mechanism often suffer from poor intrinsic conductivity, limited specific capacity, and
potential hysteresis. To address these issues, the alloy/de-alloy reaction mechanism has
been developed. Metal electrodes such as Si, Sb, Zn, and Sn, which follow the alloy/de-alloy
reaction, offer high specific capacities, high-rate performance, and high energy density. With
the exception of Ge and Sb, these metals are characterized by high electrical conductivity,
abundance, low cost, and non-toxicity. They form distinct lithium alloys until the lower
cut-off voltage of LIBs. Therefore, it is crucial to investigate the distinct phases of lithium
alloys and the number of moles of Li+ ions involved in the alloy/de-alloy reaction [19]. For
example, SnO2 nanoparticles encapsulated in a mesoporous carbon composite (SnO2@MPC)
anode form lithium alloys with distinct phases under several steps as follows:

SnO2 + 4Li+ + 4e− → 4Li2O + Sn (711 mAhg−1) (12)

Sn + xLi+ + xe− ←→ LixSn (x < 4.4) (783 mAhg−1) (13)

The alloy/de-alloy reaction in LIBs often results in an unstable SEI layer during
charge and discharge cycles. This reaction is characterized by significant volume expansion
and contraction—up to ~300% for Si anodes—far exceeding the ~150% expansion seen
with intercalation/de-intercalation mechanisms [60]. These large volume changes lead to
severe issues such as substantial capacity fading, poor rate performance, sluggish reaction
kinetics, and structural instability [48,49]. In contrast, the conversion reaction involves
transforming the electrode material into its constituent or derivative compounds. For
example, the formation of Li2O has been observed with N-doped reduced graphene oxide
(rGO) wrapped around Mn2O3 nanorods, along with the conversion of MnO and Mn [206].
It addresses major issues such as poor specific capacity and environmental concerns,
offering excellent rate performance and high energy density for LIBs. This improvement is
demonstrated by the following general electrochemical reaction:

MaXb + (b. n) Li+ + (b. n) e− → aM + bLinX (14)

where ‘X’ is any of chalcogenides such as oxides, sulfides, nitrides, carbides, etc. Common
materials used as anode materials for LIBs in the conversion-type reaction mechanism
include 3D-transition metal oxides such as CuO, NiO, and M’2O3/M’3O4 (M’ = V, Mn, Fe,
Co, and Ni), as well as binary oxides like ferrites, manganites, and cobaltites (M’M”2O4,
where M’/M” = Ni, Zn, Fe, and Co). These materials typically exhibit potential stability
windows around ~3.0 V vs. Li/Li+, deliver high specific capacities (~700 mAhg−1), and
are suitable for high energy density LIBs. However, they encounter significant challenges,
including large potential hysteresis, capacity fading, poor intrinsic conductivities, and
irreversible capacity loss [207]. To address these issues, a new electrochemical reaction
mechanism known as the mixed reaction mechanism has been developed. This mecha-
nism involves lithium insertion/extraction combined with alloy/de-alloy or conversion
reactions. Vanadium-based binary oxides such as MV2O4/M2VO4, MV2O6, MV2O7, and
M3V2O8 (where M = Ni, Zn, Co, Mn, and Fe) are used in this mixed reaction mecha-
nism. For instance, Zn-based vanadium metal oxides undergo alloy/de-alloy reactions
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upon lithiation, leading to the formation of a vanadium-based matrix that follows the
insertion/extraction reaction mechanism, while Zn metal/metal oxides participate in the
alloy/de-alloy reaction. For example, ZnV2O4 converts into ZnO and a lithiated vanadium
oxide matrix (LiyVO2). During the charge/discharge process of LIBs, these components
separately and spontaneously undergo alloy/de-alloy (LixZn) and insertion/extraction
reactions as follows:

ZnV2O4+ (2x + y) Li+ + (2x + y) e− → 2LixVO2 + LiyZn (15)

ZnO + (y + 2) Li+ + (y + 2) e− → LiyZn + Li2O (16)

LixVO2 ↔ LiVO2 + (x − 1) Li+ + (x − 1) e− (17)

LiyZn ↔ Zn + y Li+ + y e− (18)

Zn + Li2O ↔ ZnO + 2 Li+ + 2 e− (1 ≤ x ≤ 2, y ≤ 1) (19)

Transition metals based on vanadium oxides typically follow conversion and inser-
tion/extraction reaction mechanisms. For instance, Ni3V2O8 hollow microspheres convert
into NiO/Ni metal and a lithiated vanadium oxide matrix (LixV2O5), delivering a high spe-
cific capacity [208]. The excellent rate performance of these materials for LIBs is attributed
to the in situ formation of metal/metal oxide layers during the mixed electrochemical
reaction mechanism. This process enhances thermal stability, minimizes irreversible ca-
pacity loss and volume changes, and improves conductivity due to the electroactively
lithiated vanadium oxide matrix. Consequently, intercalation and mixed electrochemical
reactions are considered the most desirable mechanisms for the development of high energy
density LIBs.

3.3.4. Efficiency

The efficiency, the ratio between output energy to input energy for a full-cell LIBs,
measures the battery’s ability to deliver a specific amount of energy for applications such
as smartphones, laptops, and tablets. It is described in terms of coulombic efficiency and
energy efficiency as follows:

Coulombic Efficiency(%) =
Total Discharge Capacity

Toal Charge Capacity
× 100 (20)

Energy Efficiency(%) =
Discharge Energy Density

Charge Energy Density
× 100 (21)

Coulombic efficiency refers to the proportion of Li+ ions effectively cycled within a
full-cell LIB, comparing the amount of Li+ ions extracted from the cathode to those inserted
into the anode during cycling. It represents the ratio of the obtained specific capacity to the
amount of Li+ ions cycled. Ideally, if the same amount of Li+ ions is extracted and inserted,
coulombic efficiency would be 100%. However, practical observations show that some Li+

ions are not fully recovered due to factors like SEI layer formation and electrode material
characteristics. For instance, LiCoO2 might deliver a certain number of Li atoms to reach
a fully charged state (Li0.5CoO2) but only recover a reduced amount (0.9× number of Li
atoms), leading to a coulombic efficiency of around 90%.

Energy efficiency, on the other hand, pertains to the overpotential of the LIB. Each
electrode has a different redox potential, and Li atoms require varying amounts of energy
for insertion or extraction. If some Li atoms are extracted at 2.0 V while others require
4.0 V during charging, the energy used to insert or extract these atoms differs, indicating
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large overpotentials that cannot be recovered. Thus, energy efficiency is determined by
the discharge/charge curves of the LIBs, where each point on the curve represents the
energy required for the insertion or extraction of Li atoms. The height of these profiles,
alongside the length of the x-axis, is crucial for assessing the energy efficiency of the LIB.
Both the nature of the electrodes, including their physicochemical properties, particle sizes,
and electrochemical reaction kinetics, play significant roles in defining the efficiency of
full-cell LIBs.

3.4. Productivity and Cost of Full-Cell LIBs

The cost and weight of a full-cell LIB are influenced by the selection of materials,
the fabrication process, and the desired dimensions, which are determined based on the
intended application. We primarily focused on coin-type full cells with CR2032 dimensions
for simplicity. The weight of a coin cell is determined by several components: current
collectors (aluminum and copper foils), reference electrodes (lithium foil), the amount
of electrolyte, the mass loading of electrode materials (both anode and cathode), and
additional winding components such as wave springs, gaskets, casings, spacers, and
separators. The mass loading and weight of the electrodes need to be controlled during
fabrication. The active mass of the electrodes is determined by the proper mixing of carbon
additives and polymer binders with the active material to produce the final electrodes.
Variations in the mixing ratios (e.g., 60:20:20, 70:20:10, and 80:5:5) affect the final weight
of the electrodes in the coin cell. The total weight of the coin cell is composed of 25.5%
cathode material, 14.5% anode material, 6.9% aluminum current collector, 8.1% copper
current collector, 11.2% electrolyte, 3.6% separator, and 30.2% battery casing, as depicted
in Figure 9 [209]. Likewise, the cost of a full coin cell is dependent on the cost of each cell
component, including spacers, gaskets, wave springs, casings, production line equipment
(e.g., mixing machines, roller presses, electrode and electrolyte materials, and electrode
cutters), lithium foil, current collectors, and the coin cell assembly environment, such as an
argon-filled glove box. Therefore, optimizing the performance of the full coin cell LIBs is
essential for determining its overall cost and achieving high energy density LIBs.

Figure 9. Weight percentage of main components of full-cell LIBs (re-drawn from the data from
Ref. [209]).

3.4.1. Cell Fabrication Processes

The cell manufacturing process plays a crucial role in determining various parameters
such as electrode weight, thickness, porosity, tortuosity, mixing ratio, slurry rheology, and
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granule characteristics, all of which impact the potential window and performance of
LIBs [210]. The manufacturing of electrodes typically involves a two-step process: slurry
preparation and film formation, as shown in Figure 10 [211]. This process encompasses the
entire sequence from active material mixing to slurry coating, solvent evaporation (drying),
and further processing, such as calendaring, cutting, notching, etc. [104].

 

Figure 10. The manufacturing process of electrodes for full-cell LIBs along with main steps with most
influential parameters. Adapted from Ref. [104] and modified.

Slurry preparation involves mixing active materials, carbon additives, and binders.
Key factors include mixing time, particle size, chemical characteristics, and the choice of
solvent. The mixing ratio of active materials with carbon additives and binders, along with
the uniformity of granules and slurry rheology, directly affects the quality of the electrode
film. A homogeneous slurry with minimal agglomeration and sedimentation ensures
stable particle–solvent interactions, impacting viscosity and stability. At the laboratory
level, proper particle dispersion and uniform mixing can be achieved through manual
grinding with a mortar and pestle, ball milling, ultrasonic grinding, or magnetic stirring.
In industrial sectors, methods such as ball milling, planetary mixing, high-speed mixers,
hydrodynamic shear mixing, and homogenizers are used to achieve optimal particle dis-
persion and mixing [212]. The choice of solvent is crucial for determining the dispersibility
and wettability of the slurry used in electrode manufacturing. The contact angle describes
how well the solid particles interact with the solvent in the slurry. Key factors such as
mixing time and the appropriate amount of solvent are vital for achieving uniformity
and the desired rheological properties of the slurry. Extended mixing may improve the
uniformity of the slurry’s rheology but can lead to solvent evaporation. For instance,
mixing carbon additives into the binder enhances mechanical and cohesive properties,
forming an electronic network within the binder. However, this can make it challenging to
achieve uniform mixing with active materials, potentially suppressing volume expansion,
providing thermal/mechanical stability, and increasing irreversible capacity loss. On the
other hand, when carbon additives are uniformly mixed with active materials, they cover
the surfaces of active particles, enhancing the electron conductive network, improving
conductivity, and potentially increasing specific capacity and energy density, although it
may lead to slurry detachment from the current collector during the charging process.

The film preparation process involves spreading the slurry over the current collector,
followed by drying to evaporate the solvent, and calendaring to optimize the thickness,
porosity, tortuosity, and density of the film. The electrode thickness is controlled by the
slurry spreading process, which can be performed using methods such as doctor blade
coating in academic sectors or electrostatic deposition, roll coating, slot-die coating, and
screen printing in industrial sectors [213,214]. The solvent evaporation is managed by
drying the slurry at specific temperatures, times, and under vacuum conditions to ensure
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good adhesion and mechanical strength without cracking [215]. The calendaring process
reduces electrode thickness and porosity, optimizing electrode density and affecting the
wettability of the electrolyte and the overall performance of the full-cell LIBs [216,217].

In cell assembly, electrodes and separators are cut or slit to specific dimensions, stacked
and wound together with the required amount of electrolyte before being packed using a
punching machine. The dimensions of the LIBs are determined during the cutting/slitting
process, and electrolyte filling creates the necessary environment for the electrochemical
reactions. Proper stacking and winding are essential to prevent gas leakage (O2/H2), avoid
component disintegration, and ensure mechanical stability. This delicate assembly process
is typically conducted in an argon-filled glove box to maintain a dirt- and moisture-free
environment. Finally, cell aging and inspection involve two stages: calendar aging and cycle
aging. Calendar aging assesses capacity loss over time, while cycle aging measures capacity
fading due to factors like voltage range, operating temperature, and charging rate [210,218].
The efficiency of the full-cell LIB is analyzed by charging and discharging cells under
constant current (CC) and constant voltage (CV) phases for a specified number of cycles.
Specific capacity, energy density, power density, efficiency, and charge/discharge times
are determined, with specific C-rates correlating to the inspection time. The test scheme
must specify the working voltage window, C-rate, weight, and thickness of electrodes to
accurately determine the lifespan of the LIBs.

3.4.2. Mass Loading of Active Material

The specific capacity, energy density, overall cell packaging weight, and cell perfor-
mance of LIBs are determined by the N/P ratio, which is defined as the ratio of the active
mass loading amounts of negative (anode) to positive (cathode) electrode materials:

N/P ratio =
Mass o f anode material

Mass o f cathode material
(22)

Higher or lower mass loading leads to poor specific capacity and hinder charge
transportation. The mass loading amount is crucial for balancing the capacity of a full-cell
LIB and is adjusted through the thickness of the electrode materials during film fabrication.

The anode materials such as Li metal (3860 mAhg−1), graphite (372 mAhg−1), sili-
con (4200 mAhg−1), and SnO (782 mAhg−1) deliver higher theoretical specific capacities
than those of cathode materials, such as NCM811 (220 mAhg−1), LiCoO2 (140 mAhg−1),
LiMn2O4 (148 mAhg−1), LiFePO4 (170 mAhg−1), and LiV3O8 (280 mAhg−1) [219–222].
To achieve higher capacity and energy density in LIBs, the specific capacities should be
considered based on nearly twice the mass loading amount of cathode materials. An anode-
free configuration (0 N/P ratio) indicates no extra lithium is involved, which helps extend
the life of LIBs. Thus, the recommended N/P ratio for full-cell configurations typically
ranges between 1 and 1.2 [223]. The N/P ratio can be adjusted by varying the density of
the anode materials. Increasing the N/P ratio generally reduces initial coulombic efficiency
and increases the electrochemical potential of the anode material at the end of charge. This,
in turn, can degrade the specific capacity and cycle life of the LIB. Research on different
N/P ratios (1.10, 1.20, and 1.30) at room temperature (25 ◦C) and a C-rate of 0.85C shows
that cells with an N/P ratio higher than 1.10 suppress Li plating, while an N/P ratio of
1.20 enhances cycle life [224]. The impact of different N/P ratios (1.02, 1.06, 1.10, and 1.14)
on the electrochemical performance of LiFePO4 batteries at various temperatures (0 ◦C,
45 ◦C) indicates that higher N/P ratios (1.10 and 1.14) provide better capacity retention
compared to lower ratios [225]. Additionally, studies with different current collectors (Al
and C) and mass loadings (1, 4 mg cm−2 and 1, 4, 8 mg/cm−2) for LiAl0.1Mn1.9O4 cathodes
demonstrate that although high mass loading reduces specific capacities, it significantly im-
proves capacity retention. Carbon-based current collectors showed higher specific capacity
and retention compared to aluminum-based ones [226]. The tap density of materials affects
LIB performance as it regulates the total mass per unit volume. The N/P ratio is influenced
by the amount of active mass loading, which determines the utility of electrode materials
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during cycling. The diameter and thickness of materials also play a role; for example, a
CR2032-sized coin cell LIB typically has an anode diameter of 10–12 mm and a cathode
diameter of 12–14 mm. Using a smaller diameter for the anode plate helps adjust the utility
of anode and cathode materials and minimize waste during cycling. Optimizing the N/P
ratio is crucial for fabricating high energy density LIBs in a full coin cell configuration.

4. Summary and Outlook

LIBs are prominent energy storage devices to meet the growing energy demands of
the modern era. They offer high specific capacity, energy density, thermal stability, and
long calendar life compared to other types of batteries. LIBs are used in a diverse range of
applications, from powering household appliances to supporting electric vehicles. Effective
LIB design must accommodate a significant number of Li+ ions while maintaining structural
integrity, thermal and mechanical stability, and an optimal balance between energy and
power density. This requires careful consideration of electrochemical reaction mechanisms.
The design of LIBs involves numerous parameters that collectively impact their overall
performance. This review aimed to detail key design parameters, their modification
strategies, and their effects on the electrochemical performance of LIBs and reached the
following summary.

• The full-cell configuration of LIBs includes electrodes (cathodes, anodes), current col-
lectors, a separator, and an electrolyte. The cathode functions as the positive electrode
with a high oxidation potential, facilitating the delivery of Li+ ions to the battery
system. On the other hand, the anode acts as the negative electrode with a low re-
duction potential, accepting incoming Li+ ions. Current collectors are typically metal
foils, metal oxides, or carbon fibers. Commonly used commercial current collectors
include copper and aluminum foils. PP sheets, glass fibers, and sodium alginates
are commonly used separators that prevent the flow of electrons while allowing the
conduction of Li+ ions within the electrolyte. The electrolyte manages the transporta-
tion of Li+ ions and supports the chemical reactions. The electrolyte is a mixture
of lithium salts (LiClO4, LiPF6, LiTFSI, LiTf, LiAsF6, LiBF4) and solvents (aqueous
solutions, organic solvents, ionic liquids, polymers, and gels). A commercially used
electrolyte is 1.0 M LiPF6 in a solvent mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC) at a 1:1 volume ratio, or in EC and dimethyl carbonate (DMC) at a 3:7
volume ratio.

• The design of full-cell LIBs involves several critical factors, including form factors
(such as length, width, height, shape, and volume), material selection, performance,
and productivity/cost aspects. Obviously, the form factors must be carefully consid-
ered to meet the requirements of LIBs. Material selection is most fundamental and
crucial since it defines the electrochemical reaction mechanism, performance, and cost
of LIBs. Designing electrode materials requires careful consideration of both intrinsic
and extrinsic approaches. Binders should be designed with robust adhesion and cohe-
sion properties, optimal binder selection, excellent distribution, free radical quenching
capabilities, strong chelation, and electrochemical compatibility. Current collectors are
evaluated based on electrochemical stability, density, mechanical strength, electrical
conductivity, sustainability, and cost. Separators should be designed with attention to
thickness, porosity, mean pore size (typically less than 1 μm), pore morphology, wetta-
bility, thermal stability, and mechanical properties. The development of electrolytes
involves considering characteristics such as ionic conductivity, wide potential stability
window, temperature tolerance, mechanical and thermal stability, chemical stability,
and the ability to support the reaction kinetics of LIBs.

• Performance in full-cell LIBs is determined by several factors: conductivity, electro-
chemical reaction mechanisms, voltage window, efficiency, and thermodynamics. Both
electrical and ionic conductivities significantly impact the specific capacity, energy
density, power density, and cycle stability of LIBs. Electrical conductivity is governed
by the electronic structure of the electrode materials, whereas ionic conductivity is

183



Batteries 2024, 10, 340

influenced by the crystal structure, physicochemical properties, morphology, and
particle size of the electrode materials, as well as the porosity and geometry of the
separator. These factors directly or indirectly influence Li+ ion diffusion, which in turn
affects the rate performance and power density of LIBs. Thus, a thorough investigation
is necessary to evaluate the performance of LIBs. The potential window indicates
the range of electrochemical reactions that can occur within HOMO and LUMO of
the electrolyte. It is influenced by factors such as the electronegativity of atoms, the
nature of chemical bonds, lattice energy, crystal defects, and the crystal and electronic
structures of both electrodes and electrolytes.

• Productivity is determined by factors such as the electrode fabrication process, mass
loading amount, and processability, all of which impact the cost and weight of the final
product. Key factors influencing the final electrode’s properties include process param-
eters that affect the compact density, thickness, mass loading amount, and porosity of
the electrode. The mass loading amount of the cathode and anode, determined by the
thickness and mixing ratio of the electroactive materials, directly influences the specific
capacity, energy, power density, and overall performance of the LIBs. Thus, each step
in the fabrication process should be carefully managed to meet the requirements of
full-cell LIBs. The final cost of full-cell LIBs is influenced by the costs of materials,
cell components, and manufacturing processes, necessitating the optimization of cost
analysis for each component to minimize the overall expense.

Consequently, numerous parameters have been specifically designed, modified, and
optimized to enhance the efficiency of full-cell LIBs. Critical parameters include the form
factor (shapes and dimensions) of the battery, choice of materials for the main component,
and factors affecting performance such as the electrochemical potential window, electro-
chemical reaction chemistry, conductivity, efficiency, and thermodynamics. The last factor
to be considered is productivity and cost of LIBs. It is essential to apply standard synthesis
techniques with meticulous care, including structural and surface treatments to enhance
intrinsic and extrinsic properties, as well as to employ novel in situ and ex situ technological
approaches to assess the precise performance of full-cell LIBs under extreme temperatures.
Additionally, understanding the physicochemical factors that influence LIB performance
and preventing impurities that could cause internal short circuits are crucial. Therefore, a
thorough investigation of electrode fabrication and cell assembly processes is necessary to
achieve high-energy density and high-performance full-cell LIBs.
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Abstract: Series of PO4
3−/Fe3+ co-doped samples of LiNi0.5Mn1.5-5/3xFexP2/3xO4 (x = 0.01, 0.02,

0.03, 0.04, 0.05) have been synthesized by the coprecipitation–hydrothermal method, along with
high-temperature calcination using FeSO4 and NaH2PO4 as Fe3+ and PO4

3− sources, respectively.
The effects of the PO4

3−/Fe3+ co-doping amount on the crystal structure, particle morphology and
electrochemical performance of LiNi0.5Mn1.5O4 are intensively studied. The results show that the
PO4

3−/Fe3+ co-doping amount exerts a significant influence on the crystal structure and particle
morphology, including increased crystallinity, lowered Mn3+ content, smaller primary particle size
with decreased agglomeration and the exposure of high-energy (110) and (311) crystal surfaces in
primary particles. The synergy of the above factors contributes to the obviously ameliorated elec-
trochemical performance of the co-doped samples. The LiNi0.5Mn1.45Fe0.03P0.02O4 sample exhibits
the best cycling stability, and the LiNi0.5Mn1.4333Fe0.04P0.0267O4 sample displays the best rate perfor-
mance. The electrochemical properties of LiNi0.5Mn1.5-5/3xFexP2/3xO4 can be regulated by adjusting
the PO4

3−/Fe3+ co-doping amount.

Keywords: lithium-ion battery; cathode material; LiNi0.5Mn1.5O4; PO4
3−/Fe3+ co-doping; electrochemical

performance

1. Introduction

At present, lithium-ion batteries (LIBs) are widely adopted in portable electronic prod-
ucts, electric vehicles and energy storage equipment due to the advantages of high energy
density, a long cycle life and high safety [1]. The capacity, energy density and cycling
performance of LIBs mainly depend on the cathode material [2]. The current mainstream
commercial cathode materials include LiCoO2, LiMn2O4, LiFePO4 and LiNixCoyMnzO2
(x + y + z = 1) ternary material. The low energy density of LiMn2O4, the complex prepara-
tion technology of LiFePO4 and the high cost of Co for LiCoO2 and ternary material limit
their further application in electric vehicles and energy storage equipment. Therefore, there
is an urgent need to develop a cathode material with a higher energy density, higher safety
and lower cost. As is well known, the energy density of LIBs is directly affected by that of
the cathode material, which is the product of its specific discharge capacity and operation
voltage. Therefore, finding a cathode material with a higher specific capacity or operation
voltage can effectively improve the energy density of LIBs.

Spinel LiNi0.5Mn1.5O4 (LNMO) has been regarded as a promising next-generation
cathode material due to its high operation voltage of 4.7 V (vs. Li/Li+), high energy density
of 650 Wh kg−1, fast Li+ insertion/extraction kinetics and abundant raw materials [3,4].
However, LNMO usually exhibits rapid capacity fading, mainly originating from irre-
versible structure change, transition metal ion dissolution and side reactions with liquid
electrolytes [3]. Many endeavors have been undertaken to alleviate the above problems,
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such as surface coating and element doping. A surface coating using oxide [5], fluoride [6],
phosphate [7] and other compounds (LaFeO3 [8], Li0.35La0.55TiO3 [9], etc.) has been applied
to reduce side reactions with an electrolyte. Element doping is believed to be a cost-effective
method to improve the structural stability and rate capability of a cathode material. In
previous works, cations (Na+ [10], Mg2+ [11], Cr3+ [12], Ru4+ [13], etc.) and anions (F− [14],
S2− [15], Cl− [16], etc.) have been used to dope into the LNMO lattice to improve the
electrochemical performance. Presently, much attention has been paid to cation or anion
single-doping, which can only improve the specific aspect of electrochemical performance.
Therefore, in consideration of the integrated advantages of cation and anion doping, the
cation and anion co-doping strategy has been proposed to regulate the spinel structure of
LNMO material.

On the other hand, because the polyanion bonds are stronger than TM-O (TM = Ni,
Mn) bonds, polyanion doping (PO4

3−, BO4
5−, SiO4

4−, etc.) has been used to enhance the
electrochemical performance of Ni-rich and Li-rich cathode materials [17–19]. However,
until now, there are few reports on polyanion doping modification on LiNi0.5Mn1.5O4 mate-
rial. In our previous work [20], it was found that a PO4

3−/Fe3+ co-doped sample exhibited
better electrochemical performance than un-doped and single-doped samples. Herein, a
series of PO4

3−/Fe3+ co-doped samples of LiNi0.5Mn1.5-5/3xFexP2/3xO4 (x = 0.01, 0.02, 0.03,
0.04, 0.05) were synthesized via the coprecipitation–hydrothermal method together with
two-step calcinations using FeSO4 as an Fe3+ source and NaH2PO4 as a PO4

3− source. The
influence of the PO4

3−/Fe3+ co-doping amount on the structure, particle morphology and
electrochemical properties of LiNi0.5Mn1.5O4 are intensively studied.

2. Materials and Methods

2.1. Material Synthesis

The preparation process of a PO4
3−/Fe3+ co-doped sample is illustrated in Scheme 1.

Firstly, a coprecipitation–hydrothermal method was adopted to prepare a PO4
3−/Fe3+

co-doped carbonate precursor by using FeSO4 and NaH2PO4 as Fe3+ and PO4
3− sources,

respectively. To be specific, according to the formula LiNi0.5Mn1.5-5/3xFexP2/3xO4 (x = 0.01,
0.02, 0.03, 0.04, 0.05), 0.6 mmol FeSO4·7H2O (99.0%, ShengAo, Tianjin, China) and 0.4 mmol
NaH2PO4·2H2O (99.0%, BoDi, Tianjin, China) were added to a mixture of deionized water
(160 mL) and ethylene glycol (80 mL). After 30 min of stirring, NiSO4·6H2O (15 mmol, 99%,
DaMao) and MnSO4·H2O (45 mmol, 99%, GuangFu, Tianjin, China) were added and stirred
for 30 min to obtain a metal salt solution. NH4HCO3 (300 mmol, 99%, FuChen, Tianjin,
China) was totally dissolved in deionized water (160 mL), and the obtained solution was
added to the above metal salt solution via a peristaltic pump. After stirring for 30 min, the
resulting suspension was placed into a Teflon-lined stainless-steel autoclave and maintained
at 180 ◦C for 8 h in a blast oven. After cooling, repeated filtering and washing, the resultant
PO4

3−/Fe3+ co-doped carbonate powder was pre-sintered in a muffle furnace at 900 ◦C
for 4 h to obtain a black oxide powder, which was uniformly blended with 5 wt.% excess
Li2CO3 and sintered at 800 ◦C for 10 h. After sieving through a 325-mesh sieve the
final LiNi0.5Mn1.5-5/3xFexP2/3xO4 (x = 0.01, 0.02, 0.03, 0.04, 0.05) products were achieved
and named as LNMO-FeP0.01, LNMO-FeP0.02, LNMO-FeP0.03, LNMO-FeP0.04, LNMO-
FeP0.05, respectively. For comparison, the un-doped LNMO sample was synthesized based
on the above process but with the absence of FeSO4·7H2O and NaH2PO4·2H2O.

2.2. Material Characterization

The crystal structure was analyzed using an X-ray diffractometer (XRD, Smartlab 9KW,
Rigaku, Japan) using CuKα radiation in the range of 2θ = 10–80◦ and Fourier transform in-
frared spectroscopy (FT-IR, V80, Bruker, Germany) in the range of 700–400 cm−1. Scanning
electron microscopy (SEM, JSM-7610F, Japan) was used to observe the particle morphology.
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Scheme 1. Illustration of preparation process for PO4
3−/Fe3+ co-doped sample.

2.3. Electrochemical Tests

CR2032 coin-type cells were assembled in an Ar-filled glove box, which consists of a
cathode sheet, lithium metal anode, Celgard 2400 microporous membrane and commercial
electrolyte purchased from Tinci Company. The cathode sheet was prepared as follows:
LNMO powder, polyvinylidene fluoride (PVDF) and Super P (weight ratio 8:1:1) were
mixed uniformly in N-methyl-2-pyrrolidone (NMP) to obtain a slurry, which was casted on
aluminum foil using a doctor blade. After vacuum desiccation, the resultant Al foil was
cut into 12 mm diameter round sheets. The constant-current charge/discharge tests were
measured between 3.5 and 4.95 V at 25 ◦C on a Land battery test system (CT2001A, Wuhan,
China). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests
were conducted on the electrochemical workstation (CHI660E, Chenhua, Shanghai, China)
using a two-electrode system. An EIS test was conducted in the frequency range of
100 kHz–100 mHz with a 5 mV amplitude.

3. Results and Discussion

Figure 1a shows the XRD patterns of the pristine LNMO and co-doped LiNi0.5Mn1.5-5/3x
FexP2/3xO4 samples. For all samples, the diffraction peaks can be ascribed to an Fd3m cubic
spinel LiNi0.5Mn1.5O4 (PDF #80-2162), and the sharp and narrow diffraction peaks suggest a
well-crystallized spinel structure for all samples. The absence of impurity diffraction peaks
also suggests that the Fe3+ and PO4

3− ions have been successfully doped into the spinel
lattice without changing the crystal structure of the LNMO material. The high phase purity
contributes to less side reactions and the ameliorated electrochemical performance of the
LNMO material. In contrast, the peak intensities of the co-doped samples are obviously
increased in comparison with the un-doped sample, implying enhanced crystallinity after
PO4

3−/Fe3+ co-doping, which also benefits the electrochemical performance of the co-doped
samples.

Jade 6.5 software was adopted to refine the XRD patterns, and the refined lattice con-
stants a for the LNMO, LNMO-FeP0.01, LNMO-FeP0.02, LNMO-FeP0.03, LNMO-FeP0.04
and LNMO-FeP0.05 samples are 8.1804 Å, 8.1738 Å, 8.1640 Å, 8.1625 Å, 8.1597 Å and
8.1574 Å, respectively. It is evident that the lattice constants show a gradually decreasing
trend with the PO4

3−/Fe3+ co-doping amount increasing. This is primarily attributed to
the P-O (410 kJ mol−1, 298 K) and Fe-O (409 kJ mol−1, 298 K) bonds being stronger than the
Ni-O (392 kJ mol−1, 298 K) and Mn-O (402 kJ mol−1, 298 K) bonds, which can reduce oxy-
gen evaporation during the calcination process, thus generating less Mn3+ ions to keep the
charge neutrality. In consideration of the smaller ionic radius of Mn4+ (0.530 Å) compared

195



Batteries 2024, 10, 341

with Mn3+ (0.645 Å), the increasing co-doping amount leads to the gradually decreased
Mn3+ content, thereby inducing the gradually decreasing lattice constants. Figure 1b shows
the magnified pattern of the (111) peak, where we observe that the (111) peak gradually
shifts to higher angles along with the increase in the co-doping amount, in good corre-
spondence with the gradually decreasing lattice constants. The shift of the (111) peak after
PO4

3−/Fe3+ co-doping also suggests their successful incorporation into the spinel lattice.

 
Figure 1. XRD patterns (a) and magnified pattern of (111) peak (b) and FT-IR spectra (c) of all samples.

As mentioned previously, for LiNi0.5Mn1.5O4 materials, the higher the I311/I400 peak
intensity ratio is, the better the structural stability is [21]. According to Figure 1a, the
calculated I311/I400 intensity ratios for the LNMO, LNMO-Fe0.01, LNMO-FeP0.02, LNMO-
FeP0.03, LNMO-FeP0.04 and LNMO-FeP0.05 samples are 1.071, 1.104, 1.170, 1.181, 1.142
and 1.084, respectively. That is, the enhanced I311/I400 ratios of the co-doped samples imply
improved structural stability and cycling stability after PO4

3−/Fe3+ co-doping, mainly due
to the higher bonding strength of the Fe-O and P-O bonds. Among the co-doped samples,
the LNMO-FeP0.03 sample has the highest I311/I400 ratio, suggesting that it has the best
cycling capability However, further increasing the co-doping amount to x = 0.05 leads
to a decrease in the I311/I400 ratio, maybe due to the lattice distortion resulting from the
excessive doping of PO4

3−/Fe3+ ions.
In addition, the relative peak intensity in the XRD pattern can reflect the relative

exposure of crystal planes [22]. In order to analyze the changes in the exposed crystal
planes of samples, the relevant diffraction peaks were normalized to the (111) peak to
explore the effect of PO4

3−/Fe3+ co-doping on the selective growth of the (440) and (311)
planes, and the obtained I440/I111 and I311/I111 intensity ratios are listed in Table 1. It is
found that appropriate PO4

3−/Fe3+ co-doping (x ≤ 0.04) can enhance the I440/I111 and
I311/I111 intensity ratios, whereas overmuch co-doping (x = 0.05) decreases the ratios again.
That is, appropriate PO4

3−/Fe3+ co-doping can increase the proportion of exposed (110)
and (311) crystal planes. The changes in exposed crystal planes after PO4

3−/Fe3+ co-doping
can also be observed from Figure 2.

Table 1. I440/I111 and I311/I111 intensity ratios for un-doped and co-doped samples.

Sample I440/I111 I311/I111

LNMO 0.0857 0.312
LNMO-FeP0.01 0.0862 0.313
LNMO-FeP0.02 0.0871 0.314
LNMO-FeP0.03 0.0895 0.321
LNMO-FeP0.04 0.0967 0.328
LNMO-FeP0.05 0.0870 0.309

LiNi0.5Mn1.5O4 material generally displays two different crystal structures, including a
disordered Fd3m structure and an ordered P4332 structure [23], which can be distinguished
by means of FT-IR, and the corresponding spectra are shown in Figure 1c. Generally, the
ordered structure usually has eight absorption peaks, while the disordered one only has
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five broadened absorption peaks [24]. From Figure 1c, all samples exhibit five broadened
absorption peaks at 625, 580, 555, 503 and 465 cm−1, manifesting the dominant disordered
Fd3m structure. As is widely accepted, the disordered structure usually exhibits higher
electronic conductivity than the ordered one because of the presence of Mn3+ [25]. In
addition, from Figure 1c, the 625 cm−1 absorption peak is stronger than the 580 cm−1

absorption peak, also suggesting a dominant disordered Fd3m structure [21]. At the
same time, the Ni/Mn disordering degree can be evaluated by the ratio of the 625 cm−1

peak to the 580 cm−1 peak (I625/I580), and a higher I625/I580 ratio usually means a higher
degree of Ni/Mn disordering [26]. According to Figure 1c, the I625/I580 intensity ratios of
the LNMO, LNMO-Fe0.01, LNMO-FeP0.02, LNMO-FeP0.03, LNMO-FeP0.04 and LNMO-
FeP0.05 samples are 1.193, 1.143, 1.054, 1.021, 1.020 and 1.018, respectively. In other words,
the degree of Ni/Mn disordering (Mn3+ content) gradually decreases with the co-doping
amount. In our previous work [20], the XPS analysis results of un-doped LNMO and
co-doped LNMO-FeP0.02 samples also verify the decreased Mn3+ content in the LNMO-
FeP0.02 sample. In addition, the XPS results imply that Fe3+ and PO4

3− ions have been
successfully doped into the LNMO-FeP0.02 lattice.

Figure 2 shows SEM images of the un-doped and co-doped samples. From Figure 2a,g,
we observe that un-doped LNMO displays a secondary microspherical structure constituted
by truncated octahedral primary particles with poor crystallinity and severe agglomeration,
which may affect the Li+ ion insertion/extraction process, which is detrimental to the
electrochemical properties of the LNMO material.

From Figure 2b,h, LNMO-FeP0.01 shows a similar particle morphology to un-doped
LNMO but with improved crystallinity and reduced agglomeration. At a co-doping amount
of x = 0.02 (Figure 2c,i), the particle morphology and size of the LNMO-FeP0.02 sample
change greatly, and most microsphere particles are replaced by dispersed small particles
with greatly decreased primary particle sizes. Besides the (111) and (100) planes, a (110)
plane also appears. The emergence of small dispersed particles with high-energy (110)
crystal planes is mainly attributed to the enhanced crystal stability caused by the stronger
Fe-O and P-O bonds, which allows the particles to exist as small dispersed particles with
additional (110) planes.

When x = 0.03 and 0.04, the primary particle size becomes smaller, as shown in
Figure 2j,k. However, differently from LNMO-FeP0.02, the primary particles of LNMO-
FeP0.03 and LNMO-FeP0.04 agglomerate together to reduce the total surface energy. And
as seen from Figure 2j,k, the primary particles even exhibit a (311) plane besides the (111),
(100) and (110) planes, which is induced by the synergistic effect of PO4

3−/Fe3+ co-doping.
When x further increases to 0.05, as shown in Figure 2f,l, primary LNMO-FeP0.05 particles
agglomerate into the secondary microsphere structure, and the (311) and (110) planes
decrease or even disappear. This may be due to the fact that excessive PO4

3−/Fe3+ doping
may cause lattice distortion, which in turn destroys the stability of the crystal structure.

Figure 3a shows the first-cycle charge/discharge curves of the un-doped and co-
doped samples at a 0.2 C rate. The first specific discharge capacities at the 0.2 C rate
are 120.0, 131.4, 134.5, 134.6, 145.2 and 130.6 mAh g−1, respectively, for LNMO, LNMO-
Fe0.01, LNMO-FeP0.02, LNMO-FeP0.03, LNMO-FeP0.04 and LNMO-FeP0.05. That is, the
first specific discharge capacities are increased after co-doping because of the improved
crystallinity, decreased primary particle size and agglomeration, as well as the appearance
of high-energy crystal planes. The emergence of high-energy (110) and (311) crystal planes
contribute to LNMO-FeP0.04 having the highest first discharge capacity.
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Figure 2. SEM images of all samples: (a,g) LNMO, (b,h) LNMO-FeP0.01, (c,i) LNMO-FeP0.02,
(d,j) LNMO-FeP0.03, (e,k) LNMO-FeP0.04, (f,l) LNMO-FeP0.05.

Figure 3. First-cycle charge/discharge curves at 0.2 C rate (a), rate capability curves (b) and cycling
and coulombic efficiency curves (c) for all samples.
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In addition, the ~4.7 V and ~4.0 V plateaus in the charge/discharge curves of all
samples can be separately ascribed to Ni2+/Ni4+ and Mn3+/Mn4+ redox couples. The
presence of a ~4.0 V plateau also confirms the dominant disordered structure, consistent
with the above FT-IR results. In addition, the relative Mn3+ contents can be evaluated
by the discharge capacity between 3.8 and 4.25 V divided by the total discharge capacity
according to the first-cycle discharge curves [27], which are 14.83%, 11.47%, 9.37%, 9.21%,
8.92% and 8.03%, respectively, for LNMO, LNMO-Fe0.01, LNMO-FeP0.02, LNMO-FeP0.03,
LNMO-FeP0.04 and LNMO-FeP0.05. That is, the Mn3+ content gradually decreases with
the co-doping amount, due to the fact that that the stronger Fe-O and P-O bonds reduce
oxygen loss during calcination and then result in the formation of fewer Mn3+ ions.

Figure 3b shows the rate capability curves of the un-doped and co-doped samples,
with five cycles at 0.2 C, 1 C, 2 C, 5 C and 10 C rates and then back to 0.2 C. The discharge
capacities at each rate are enhanced after co-doping, suggesting that the rate performance is
improved after co-doping. The 10 C discharge capacities for LNMO, LNMO-Fe0.01, LNMO-
FeP0.02, LNMO-FeP0.03, LNMO-FeP0.04 and LNMO-FeP0.05 are 111.7, 116.4, 125.2, 132.3,
134.6 and 122.8 mAh g−1. That is, LNMO-FeP0.04 displays the optimal rate capability
among the co-doped samples. When x ≤ 0.04, the gradually improved rate capability is
mainly induced by the smaller primary particles, higher crystallinity, lower agglomeration
and exposure of high-energy (110) and (311) crystal planes. The smaller primary particles
may enlarge the electrode/electrolyte contact area and make the Li+ ions’ diffusion path
shorter. The increased exposure of high-energy (110) and (311) crystal planes is more
conductive to Li+ ion diffusion [12]. The optimal rate capability of the LNMO-FeP0.04
sample is mainly attributed to the greater exposure of the (110) and (311) crystal planes. As
x further increases to 0.05, the rate performance deteriorates adversely due to the lower
Mn3+ content and the reduction or disappearance of the (311) and (110) crystal planes.

The cycling performance test was conducted on the un-doped and co-doped samples
at 1 C and 25 ◦C, as shown in Figure 3c. The gradual decrease in discharge capacities with
the cycle number is mainly ascribed to interfacial side reactions between the electrode
and electrolyte and the accompanying continual growth of a CEI (Cathode–Electrolyte
Interphase) layer on the electrode surface. The capacity retention rates are 76.7%, 80.9%,
85.9%, 88.8%, 83.1% and 78.6%, respectively, for LNMO, LNMO-Fe0.01, LNMO-FeP0.02,
LNMO-FeP0.03, LNMO-FeP0.04 and LNMO-FeP0.05 after 200 cycles. It is evident that
the cycling performance is obviously improved after PO4

3−/Fe3+ co-doping. The LNMO-
FeP0.03 sample exhibits the optimal cycling performance. When the co-doping amount
x ≤ 0.03, the cycling performance is gradually enhanced because of the reduced Mn3+

content and the decreased (111) crystal plane. A lower Mn3+ content may reduce the
Jahn–Teller effect and Mn2+ dissolution during cycling [22]. In addition, the crystal planes
contacting the electrolyte greatly affect the cycling capability of the LNMO material [28].
The (111) crystal plane has been reported to accelerate Mn2+ dissolution and demonstrate
unstable interface behaviors at a high voltage, thereby adversely affecting the cycling
capability of the LNMO material [28,29]. Therefore, increased exposure of the (111) crystal
plane is disadvantageous to the cycling performance of the LNMO material. On the other
hand, stronger Fe-O and P-O bonds can make the crystal structure more stable and reduce
lattice stress during cycling, which is also conductive to the cycling performance of the
LNMO material. However, a further increase in the co-doping amount leads to a decline
in the cycling capability of LNMO-FeP0.04 and LNMO-FeP0.05, probably because of the
lattice distortion caused by excessive doping disrupting the crystal structure stability.
Additionally, the increased agglomeration and decreased Mn3+ content are also detrimental
to the cycling performance of the LNMO-FeP0.04 and LNMO-FeP0.05 samples.

Figure 4 shows the CV curves obtained at different scan rates. Due to the limitations
of Li+ diffusion dynamics, the oxidation/reduction peaks of all electrodes shift towards
higher and lower potentials, respectively, as the scan rate increases. As shown in the insets
of Figure 4a–f, the peak current (ip) of the oxidation/reduction peaks exhibits a linear
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relation with the square root of the scan rate (ν1/2). The Li+ diffusion coefficient (DLi) for
each redox peak can be obtained based on the Randles–Sevcik equation [30]:

ip = (2.69 × 105)n3/2ADLi
1/2ν1/2C0 (1)

where ip is peak current (mA), n is 1, A is the electrode surface area (~1.13 cm2), ν is
the voltage scan rate (mV s−1), and C0 is the initial Li+ ion concentration in the cathode
(mol cm−3), which can be calculated according to the equation C0 = 8/(NA·V), where NA
is 6.02 × 1023, and V is the refined lattice volume from the XRD pattern. The average Li+

diffusion coefficient (Da) was obtained by averaging the four DLi values, as shown in Table 2.
The Da values are 1.084 × 10−10, 2.251 × 10−10, 3.609 × 10−10, 4.011 × 10−10, 4.582 × 10−10

and 2.594 × 10−10 cm2 s−1, respectively, for LNMO, LNMO-Fe0.01, LNMO-FeP0.02, LNMO-
FeP0.03, LNMO-FeP0.04 and LNMO-FeP0.05. Evidently, all the co-doped samples exhibit
higher Li+ diffusion coefficients than the un-doped ones, which is attributable to improved
crystallinity, reduced agglomeration, smaller primary particle size and a higher proportion
of exposed (110) and (311) crystal planes. Compared to the (111) and (110) planes, the (110)
and (311) planes expedite Li+ ion diffusion during the cycling process [28], leading to a
better rate capability of LNMO materials with more (110) and (311) planes, which accounts
for the largest Li+ ion diffusion coefficient of LNMO-FeP0.04. However, when x = 0.05, the
Li+ diffusion coefficient decreases significantly, possibly due to the disappearance of the
(110) and (311) planes and increased agglomeration.

Table 2. Li+ ions diffusion coefficients (DLi) for un-doped and co-doped samples.

Sample
DLi (×10−10 cm2 s−1) Da

(×10−10 cm2 s−1)O1 R1 O2 R2

LNMO 0.497 1.694 1.327 0.817 1.084
LNMO-FeP0.01 1.947 3.933 2.027 1.098 2.251
LNMO-FeP0.02 2.039 2.959 6.136 3.302 3.609
LNMO-FeP0.03 3.665 6.502 2.606 3.269 4.011
LNMO-FeP0.04 1.694 6.058 6.850 3.725 4.582
LNMO-FeP0.05 1.565 4.745 1.410 2.657 2.594

To further determine the improved cycling capability of the co-doped samples, the
EIS was tested to observe the impedance change after 50, 100, 150 and 200 cycles. Figure 5
shows the obtained Nyquist plots and fitting curves. All plots comprise two semicircles
and a sloping line, representing the resistance of Li+ ions passing through the electrode
surface film (Rsf), charge transfer resistance (Rct) and Warburg resistance associated with
Li+ ion diffusion in the electrode bulk (Zw). Manthiram et al. [31] pointed out that Rsf and
Rct include surface film and charge transfer resistances from the cathode and Li anode.
Because the Li anode goes through the same electrochemical process before the EIS test,
the obtained Rsf and Rct values can roughly represent the resistances from the cathode.
Table 3 lists the fitted Rsf and Rct values, obtained using ZView2 software, according to the
equivalent circuit in the inset of Figure 5. For all electrodes, the gradual increase in Rsf with
the cycle number may be caused by the continual side reactions and CEI growth. However,
after different cycle numbers, the Rsf of co-doped samples is decreased compared to the
un-doped sample, implying the effectively inhibited side reactions and CEI growth after
co-doping. On one hand, stronger Fe-O and P-O bonds have a strong inhibitory effect on
lattice distortion during cycling. On the other hand, the exposed crystal planes also affect
interfacial side reactions. The exposure of more (110) and (311) crystal planes could reduce
interfacial side reactions, thereby decreasing interfacial impedance. Additionally, when the
co-doping amount x = 0.03, the LNMO-FeP0.03 sample exhibits the lowest Rsf values due
to its higher proportion of exposed (110) and (311) planes and moderate agglomeration.
However, when x ≥ 0.04, the particle agglomeration rates of the samples increase, and the
(110) and (311) crystal planes gradually decrease until their disappearance at x = 0.05, thus
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leading to increased side reactions. Consequently, LNMO-FeP0.04 and LNMO-FeP0.05
exhibit higher Rsf values than LNMO-FeP0.03.

Figure 4. CV curves obtained at different scan rates and linear relationship between peak current
and square root of scan rates for un-doped and co-doped samples: (a) LNMO, (b) LNMO-FeP0.01,
(c) LNMO-FeP0.02, (d) LNMO-FeP0.03, (e) LNMO-FeP0.04, (f) LNMO-FeP0.05.
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Figure 5. Nyquist plots and fitting lines after different cycle numbers for un-doped and co-doped
samples: (a) LNMO, (b) LNMO-FeP0.01, (c) LNMO-FeP0.02, (d) LNMO-FeP0.03, (e) LNMO-FeP0.04,
(f) LNMO-FeP0.05.

In addition, the Rct values after 50, 100, 150 and 200 cycles are also compared in
Table 3, showing a gradually increasing trend with cycling. Among them, the LNMO-
FeP0.03 electrode displays smaller Rct values during the whole cycle process, suggesting
its faster electrochemical kinetics, maybe due to the fewer interfacial side reactions.
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Table 3. Fitted Rsf and Rct values according to Figure 5a–f.

Sample
Resistance

(Ω)
After 50
Cycles

After 100
Cycles

After 150
Cycles

After 200
Cycles

LNMO
Rsf 38.56 68.16 79.70 91.11
Rct 65.22 72.16 123.70 136.20

LNMO-FeP0.01
Rsf 30.60 49.26 72.25 97.14

Rct 49.37 68.34 78.01 92.70

LNMO-FeP0.02
Rsf 21.75 36.36 44.34 46.70

Rct 34.54 36.04 43.86 48.64

LNMO-FeP0.03
Rsf 12.48 18.84 24.09 25.71

Rct 15.60 24.38 41.57 43.21

LNMO-FeP0.04
Rsf 38.74 57.52 66.39 74.19

Rct 26.65 45.79 52.78 65.52

LNMO-FeP0.05
Rsf 39.10 44.73 72.28 78.66

Rct 70.32 77.62 84.31 114.50

4. Conclusions

LiNi0.5Mn1.5O4 materials with different PO4
3−/Fe3+ co-doping amounts have been

synthesized using a combined coprecipitation–hydrothermal method along with high-
temperature calcination. The results reveal that the Ni/Mn disordering degree and Mn3+

content gradually decrease with the co-doping amounts. SEM observations show that the
particle morphology of the samples is influenced significantly by the co-doping amounts.
The aggregation degree first decreases and then increases with the co-doping amounts.
Additionally, when the co-doping amount x ≤ 0.04, high-energy (110) and (311) crystal
planes gradually increase with increasing co-doping amounts. However, when the co-
doping amount increases to x = 0.05, the (311) and (110) crystal planes gradually decrease
or even disappear. Electrochemical tests demonstrate that the LiNi0.5Mn1.45Fe0.03P0.02O4
sample (x = 0.03) exhibits the best cycling stability, and the LiNi0.5Mn1.4333Fe0.04P0.0267O4
(x = 0.04) sample exhibits the optimal rate performance. This co-doping strategy can also be
adopted to other cathode materials to achieve an intriguing electrochemical performance.
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