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ABSTRACT

This thesis addresses the pressing issue of sustainable development and climate
change by examining the life cycle (degradation) of electrochemical energy storage
devices. Specifically, it investigates a green synthesis technique for high-performance
pseudocapacitor electrodes and uses machine learning algorithms to predict and prevent
degradation mechanisms in lithium-ion batteries. The research demonstrates the
effectiveness of the laser irradiation technique, called ultra-short laser pulses for in situ
nanostructure generation (ULPING) for fabricating a metal oxide layer on a titanium sheet
under ambient conditions, as well as the potential of machine learning algorithms as a tool
for constructing mathematical models to forecast the electrochemical behavior of
pseudocapacitors. The thesis also highlights the importance of utilizing data-driven
approaches in electrode design procedures and promoting sustainable habits in all aspects
of life. In addition, the study provides insight into the modeling and prediction of the
electrochemical behavior performance of pseudocapacitors, which could facilitate the
development of optimal electrodes. Moreover, the research examines one of the most
detrimental degradation mechanisms that occur during the fast-charging process, known as
the deposition of metallic lithium or lithium plating, in lithium-ion batteries. The proposed
machine learning approach based on ensemble selection accurately predicts the anode
potential under various charging conditions and achieves high accuracy in preventing
lithium plating. Overall, this research offers promising methods for employing ultra-short
laser pulses for in situ nanostructure generation to fabricate nanostructures on transition

metals that have the potential to be used in pseudocapacitor electrodes and highlights the



importance of utilizing machine learning techniques in predicting and preventing

degradation mechanisms in electrochemical energy storage devices.
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Figure 2-20: (a) The curve of specific capacitance of PANi-g-rGO/AgCI, PANi-g-rGO,
and PANi NFs at different current densities. (b) Cyclic performance of the PANiI-g-
rGO/AQCI, PANi-g-rGO, and PANi NFs. Reprinted with permission from [178]. ......... 58

Figure 2-21: (a) The fabrication of WO3 nanotubes and the PEDOT: PSS layer is depicted
schematically. The electrospun WO3 nanotube is coated with a thin layer of PEDOT: PSS
before being drop-coated onto an Ag nanowire-embedded PDMS substrate. (b) CV test of
all (transparent stretchable electrochromic supercapacitor (TSES) electrodes at a scan rate
of 1 mV s, The curve clearly shows that, with the addition of WO3 nanotubes and the

PEDOT: PSS, the capacity increases dramatically. Reprinted with permission from [182].

Figure 2-22: Lithium Plating Phenomena at Different Research Levels. ..........cc.ccocveunee. 64

Figure 2-23: Schematic of a Battery Cell During Charging Process and Lithium Plating
Behavior under Different Operational Conditions. (A) In the intercalation/de-intercalation
process, Li-ions intercalate into or de-intercalate from the active material between the two
electrodes in a reversible manner. (B) Schematic of lithium plating-stripping on the
graphite anode electrode. The primary SEI layer (yellow color) is formed at the anode
surface during the first charge of the cell to protect the electrode against corrosion. Because
the primary SEI layer prevents electrons from making direct contact with the electrolyte,
metallic lithium (red color) is deposited between the primary SEI layer and graphite
particles. Mossy and dendritic deposition are two well-known morphologies of deposited
lithium. When deposited lithium reacts with electrolyte solutions, the secondary SEI layer
(green color) forms. (C) Under ideal conditions, the charge-transfer process consists of
three steps: 1. de-solvation of solvated Li + ions, 2. Li + shuttle through the SEI, and 3.
solid-state lithium diffusion into graphite particles. (D) At low temperature, Li 4+ ions move
slowly in graphite due to the low diffusivities of lithium ions and the sluggish charge
transfer kinetics which leading to lithium plating. (E) At high charging C-rate, Li + ions
move fast and a large amount of Li + accumulate at the electrode interface because the

lithium solid diffusion is lower Li + diffusion in the electrolyte, then saturate concentration
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happens on the lithium ions, and lithium plating happens. (F) Under the high SOC

condition, Li + ions move slowly in graphite under high SOC conditions. ..................... 68

Figure 2-24: Degradation Modes, Ageing Mechanisms, and the Affected Components in
Lithium-ion Batteries. There are many different ageing mechanisms, and they are generally
divided into three different degradation modes (DMs): loss of lithium inventory (LLI), loss
of active material (LAM) and loss of electrolyte. There is a general relationship between
battery working conditions and the affected components with the corresponding ageing
mechanisms. Charging at a high C-rate, a high state of charge (SOC), or at a low
temperature are all critical operating conditions that accelerate battery degradation [220].

Figure 2-25: One-set Lithium Plating C-rates/ Temperature Summary. (A) Analyzing the
existing literature on lithium plating based on two common testing conditions: temperature
and C-rate. Larger dots represent a greater number of publications that used that C-rate at
that temperature. (B) Cells from the literature that had been evaluated for lithium plating

were compared. The data sources are listed in the supplementary file.............ccccceevenie 71

Figure 2-26: Overview of Post-Mortem Analysis for Lithium-lon Cells. A) Cell is required
to be deep discharged before any further steps. B) Cell is moved to the safe or controlled
environment for the opening procedure, where the controlled environment is chosen based
on the study goals. Cell casing is removed. C) Cell components are separated and washed,
and they are ready to be sent to the testing facilities. D) Cell components are subjected to

further analysis to investigate lithium plating...........ccccooeiiiiiiniii s 85

Figure 2-27: In-situ Cell Design and Results of Optical Microscopy and Ex-situ SEM for
Lithium Plating Morphology Characterization. (A) Schematic of the custom-made optical
in-situ cell with a quartz glass window. (B) In-situ optical microscopy at a current density
of 1 mA/cm? (t=0s -t =600 s), the gap between lithium metal and separator helps in the
observation of the dendrite growth until it reaches the separator. (C) In-situ optical
microscopy at a current density of 1 mA/cm? (t=0s - t = 795 s), there is no gap between
the separator and the lithium electrode, penetration started at (t = 595 s) and quickly

changed to the bush like structure (Reprinted from Liu et al. [282] with permission of
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American Chemical Society Publications). (D) The color of graphite is affected by the
concentration of lithium X in LixC6 (data adapted from Ref.[450], the random occupation
of all superlattices defined as 'liquid-like' or L stage). (E) Side-view schematic of a custom-
made coin-type half-cell for in-situ optical microscopy (Reprinted from Thomas-Alyea et
al. [286] with permission of Electrochemical Society). (F) The MCMB electrode surface
inside an in-situ optical half-cell, three different graphite colors (stages) were observed
over 3 hours. Lithium Plating on an MCMB electrode was observed when a voltage (+2
mV) is applied to the current collector, although according to bulk thermodynamics,
lithium metal plating should not occur unless the voltage becomes negative. The image (G)
is taken 8 h before (H) (Reprinted from Harris et al. [229] with permission of Elsevier). (I)
and (J) Ex-situ SEM images show the morphology of an anode surface with mossy lithium
plating. The anode is charged with a high current of 10 C and then instantly dismantled in
less than 5 minutes to interrupt the relaxation phase, scale bars: 20 um and 2 um (Reprinted

from Uhlmann et al. [285] with permission of EISEVIEr). ........ccccooiiiiiiiiiiiiiiis 92

Figure 2-28: Different Physical Characterization Approaches for Lithium Plating
investigation. (A) Schematic of the in-situ SEM EC-liquid cell setup for direct observation
of lithium plating, Li/Cu electrode during lithium plating for a)200 s, b)250 s, ¢)350 s, and
d)50s, €)270 s, 1)600 s for stripping under 0.15 mA cm — 2. Scale bars: 20 um, (Reprinted
from Rong et al. [294]with permission of Advanced Materials). (B) Schematic of Li-metal
nucleation on the uncoated graphite surface and coated graphite surface during high current
charging, the nucleation is significantly decreased due to increased overpotential for Li-
metal deposition, which was obtained by the nanoscale coating of Cu and Ni, backscatter
SEM images of the deposited lithium metal on the uncoated graphite and coated graphite
with Cu and Ni. Scale bar: 20 um (Reprinted from Tallman et al. [295]with permission of
American Chemical Society). (C) Schematic of in-situ TEM liquid cell for nanoscale
observation of electrode-liquid electrolyte interfaces using lithium dendrite growth. Scale
bars: 800 nm, (Reprinted from Zeng et al. [301]with permission of Nano Letters). (D) The
stacked in-situ NMR spectroscopy for different cells at -5 °C. These spectra were measured
at the fully charged state in the latest cycle. Pulse current mode: cells were cycled with

pulse current (PC) mode pattern, and no lithium plating was detected. Continuous current
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mode: cells were cycled with continuous current (CC) mode pattern and lithium plating
observed at 265 ppm (Reprinted from Arai et al. [306] with permission of Electrochemical
SOCTBLY ). ettt bbbttt b bbb ere s 97

Figure 2-29: Electrochemical Methods. (A) Differential voltage over time (dV/dt) for the
two discharge cases and the 5C charge relaxation event, as well as a schematic diagram of
the anode's interna characteristics at the start of relaxation. During relaxation Li + ions that
are not consumable at the separator travel and diffuse through the electric field (migration)
and concentration gradient (diffusion) towards the foil, where they are intercalated into
graphite (Reprinted from Yang et al. [23)4] with permission of Elsevier). (B) Differential
voltage over capacity (dV/dQ) in the discharge phase because of discharge capability and
a schematic diagram of the anode's internal characteristics at the start of discharge. During
discharge, Li + ions formed by Li stripping near the separator have three destinations: they
are intercalated into graphite, they travel to the cathode to deliver output current, and they
move under an electrical field (migration) and a concentration gradient (diffusion) towards
the foil and are intercalated along the path into graphite (Reprinted from Yang et al. [234]
with permission of Elsevier). (C) Cycling data versus time extracted by a high-precision
charger. A two-stage charge process is applied on pouch cells at different rates from (C/50
to 5C) at 30 °C ((a) Capacity, (b) Coulombic efficiency, (c) Coulombic inefficiency per
hour) (Reprinted from Burns et al.[356] with permission of Electrochemical Society). (D)

Resistance values Rcc + RSEI as a function of time for various electrolyte solutions

(Reprinted from Schweikert et al. [307] with permission of Elsevier)............cc.ccocvvene. 110
Figure 2-30: Non-Destructive Approaches for Detecting Lithium Plating. ................... 111
CHAPTER 3

Figure 3-1: Schematic diagram of the experimental setup for the formation of a TiO layer
with ULPING approach. (A). Laser parameters can be adjusted using computer-aided
software (Marking Mate 2.7). (B) An example of TiO properties and specimen components
derived using a combination of several characterization instruments (SEM and EDS) and

specified SOftWare (IMagEJ). .....ooirieieiire e 122

Figure 3-2: ULPING method worktable. (A) Top view. (B) Front view. ..........c.cc.co..... 124
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Figure 3-3: TiO electrode preparation. (A) Cleaned Ti sheet. (B) Oxide forming (TiO after

irradiation via ULPING method. (C) The irradiation samples were punched into 6 mm

circle discs using a round disc cutter. (D). TiO electrode is prepared. ...........c.ccocerveneee. 126
Figure 3-4: Coin cell electrochemical analysis Setup. ........c.ccoeovrireiiiiiieinince 128
Figure 3-5: 31 fabricated electrodes via ULPING. ...........cccccveveiievicic e 129

Figure 3-6: Dataset generation and preparation steps. Stage 1: data were collected from the
experimental setup, including laser fabrication parameters and results of electrochemical
and microscopy analysis. Stage 2: the data was pre-processed, which involved cleaning
and transformation to ensure the dataset was ready for use in the ML algorithm. Stage 3:
feature selection was used to finalize the dataset and select the most important features for
use in the ML algorithm. Stage 4: the ML algorithms were trained on the dataset to predict
the electrochemical behavior of the pseudocapacitors...........c.covvieieieienc i 131

Figure 3-7: Data generation steps from the experimental setup. A one-of-a-kind mix-and-
match testing matrix is introduced where each of the 31 prepared electrodes is individually

tested against itself and the other electrOdes. ........ccocvvieeiiereiiereee e 133

Figure 3-8: Heatmap of a correlation matrix. The threshold is set to 0.7 and the feature

above the threshold is eliminated from the dataset. ............c.cccceeeiveiiiei s 137
Figure 3-9: Multi-Layer Perceptron with one hidden layer. ...........cccccceeveviiieieeieennen, 142

Figure 3-10: The modeling and optimization process consist of four stages. Stage 1:
involves the generation of a comprehensive dataset from the experimental setup, which
includes information on laser fabrication parameters and results of electrochemical and
microscopy analysis. Stage 2: the generated dataset is structured and prepared for the next
stage. Stage 3: ANN is built and trained on the dataset to forecast electrochemical
performance measures, such as impedance and specific areal capacitance, of
pseudocapacitors. Stage 4: the trained ANN is employed in a meta-heuristic optimization

algorithm to identify the optimal laser fabrication parameters. ..........cccccoevvviieciieininns 146

Figure 3-11: (a) Schematic of lithium plating on the graphite anode electrode. The primary
SEl layer (yellow color) is formed at the anode surface during the first charge of the cell to

XXiii
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protect the electrode. Because the primary SEI layer prevents electrons from making direct
contact with the electrolyte, metallic lithium (red color) is deposited between the primary
SEl layer and graphite particles. (b) Charge curve of graphite anode potential, X-axis shows
the state of lithiation, and the Y-axis shows the anode potential [375]. .........c.ccocvvenneee. 152

Figure 3-12: Experiment setup and data generation steps based on a physics-based model.
Stage 1: data acquisition from experimental setup (CCCV charging protocol was used).
Stage 2: physics-based-model parameterization (CC phase was extracted and used as input
for the model). Stage 3: final dataset for use in data-driven approaches. ....................... 159

Figure 3-13: Flowchart for anode potential prediction through physics-based model
(@101 5@ I TSROSO 160

Figure 3-14: Disassembly of an 18650 cell and internal measurements. ...........c.cccceevee. 161

Figure 3-15: (A) Voltage comparison between model prediction and experimental data. (B)

Surface temperature comparison between model prediction and experimental data...... 162
Figure 3-16: A Model-based Approach for Lithium Plating Detection.......................... 164

Figure 3-17: Anode Potential Dataset Preparation for Machine Learning Algorithms
(lithium plating MITIGATION). .......ceiieieieierie e 166

Figure 3-18: Illustration of pairwise relationships for the dataset features, and the diagonal
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CHAPTER 4

Figure 4-1: Morphological characterization using SEM images with EDX element mapping
(weight %) of 12 selected samples. The EDX analysis demonstrated the presence of Ti and
O species in the samples. The samples analyzed were as follows: (A-C) S1, S2, and S3 at
x500 magnification (100 um); (D-F) F2, F4, and F5 at X500 magnification (100 um); 187

Figure 4-2: CV curves at a scan rate of 50 mVs™. (A) S1 exhibits superior redox and
capacitive capabilities compared to the other samples due to its faster oxidizing rate and

the presence of 3D nanoporous structures. (B) Among the samples with different
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frequencies, F2 shows better charge storage capacity compared to the other samples. (C)
Increasing the power in PN-2-2 leads to an improvement in the capacitive behavior of the
sample. (D) PD4 with the shorter pulse duration shows better electrochemical performance
compared to the Other SAMPIES. ........ooiiiii e 189

Figure 4-3: GCD Curves were generated at a constant current density of 0.25 mA cm™. (A)
S1 exhibits a larger charge depletion compared to S2 and S3. (B) F2 has the longest
discharge duration in the frequency samples. (C) PN2-2 shows a longer charge depletion
compared to other samples. (D) The discharge time of the PD4 with the shortest pulse

duration IS the JONQEST. .......c.eeiiee e s 191

Figure 4-4: EIS Analysis. (A, D, G, J) The Nyquist plot for all the selected samples. (B, E,
H, K) For each sample, a basic impedance vs frequency curve was plotted. (C, F, I, L) The
Bode plot (phase angle vs frequency) was plotted for all the samples. The Nyquist and
impedance versus frequency plots were used to evaluate the electrode conductivity, while
the Bode plot was used to investigate the capacitance behavior and diffusion properties of

T8 SAMPIES. ..o 193

Figure 4-5: Ragone Plot. The energy density and power density of the selected samples is
determined based on the calculated specific areal capacitance at a current density of 0.25
MAVCIMZ, <ottt ettt et ettt et s et s e st nens 194

Figure 4-6: The Electrochemical Analysis for All 496 Coin cell Setups. (A) a pie chart is
presented, showing the discharge time of all tested samples with a constant current density
of 0.25 mA cm. The sample set P1-PD2 displayed the longest discharge time among all
tested samples, suggesting excellent electrochemical performance. (B) a pie chart showing
the specific areal capacitance for all tested samples. Once again, the sample set P1-PD2
exhibited the highest specific areal capacitance of 5.7 mF/cm?. (C) a bar chart indicating
the impedance |Z| (maximum value at the lowest frequency) for all coin cell setups. The
sample set P1-PD2 displayed a low impedance of 2493.2 Ohm.cm?, indicating a better-

conducting material compared to other tested SamMPpIes. .......cccevvvieviiericceniere e 196

Figure 4-7: Comparison between experimental values for |Z| and specific areal capacitance
values and predictions made using the test set. (A-B) MLP. (C-D) RF. (E-F) GPR...... 198
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Figure 4-8: Morphological characterization was conducted using SEM images with EDX
element mapping (weight %). The EDX data demonstrates elemental composition and
presence of oxygen caused during laser irradiation. The samples analyzed were: S4 at X500
magnification (100 um) and x3000 magnification (10 um) (a and b, respectively); S2 at
x500 magnification (100 um) and x3000 magnification (10 um) (c and d, respectively);
OPT-SYM at x500 magnification (100 pum) and x3000 magnification (10 um) (e and f,
respectively); OPT-ASY (2) at x500 magnification (100 pum) and x3000 magnification (10
pum) (g and h, respectively); OPT-ASY(1) at x500 magnification (100 pm) and x3000
magnification (10 um) (i and j, respectively). The EDX results are presented in images (k-
0). Images (b, d, f, h, and j) were taken at x3000 magnification (10 um) to provide a closer

VIEW OF the SAMIPIES. ... 205
Figure 4-9: XRD analysis of electrode fabricated using the ULPING technique........... 207

Figure 4-10: (a) A survey scan of the XPS spectrum demonstrates Ti and O species. (b) Ti

2p peak (c) O 1s core levels with deconvoluted two peaks. ..........cccccveveeieeieeieeieseene. 208

Figure 4-11: (a) The CV profile of all samples at 50 mV s scan speed. (b) The CV curve
of all samples at 500 mV s scan rates. (¢) GCD Curves were generated at a constant
current density of 0.25 mA cm-2, OPT-ASY exhibits a larger charge depletion compared
to OPT-SYM and S2-S4. (d) Nyquist Impedance analysis of all the samples. () OPT-ASY
demonstrates the least impedance. (f) Bode plot of sample to achieve near 80° phase angle
for capacitive characteristics. These results suggest that OPT-ASY is the most promising
sample with superior electrochemical behavior, demonstrated by its lower impedance and
larger charge depletion in GCD. The CV and GCD curves also indicate that samples with
increased surface area perform better. The Nyquist and Bode plots further support this
observation, with OPT-ASY showing the least impedance and closest phase angle to the
ideal capacitance phase angle. Overall, these findings suggest that optimizing surface area

can lead to improved electrochemical performance in the tested samples. .................... 211
CHAPTER 5

Figure 5-1: Comparison of the anode potential predictions on the test data (EV driving
current profile -Manhattan) with the initial SOCs of 65% between the physics-based model
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and linear regression, gaussian process regression, support vector regression and random
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Figure 5-2: Anode Potential Estimation Error on the Test Data with the initial SOC of 35%,
65%, and 85% (linear regression-blue curve, GPR-orange curve, RF-green curve, SVR-
PUIPIE CUIVE). ..ttt ettt ettt e et e s s e te et e e te e beesaesneenaeenteennenneeneeas 218

Figure 5-3: Comparison of Anode Potential Predictions on the Test Data (EV Driving
Current Profiles) with the Initial SOCs of 65% between Physics-Based Model and
ENSEMDIE SEIECTION. ..o e 220

Figure 5-4: Anode Potential Estimation Error for Ensemble Selection Model and RF.. 221

Figure 5-5: Anode Potential Predictions on the Test Data with the Initial SOCs of 35%,
65%, and 85% Using 4 Common Regression Algorithms. REF (red curve-Physics-based
model), Linear regression (green curve), Gaussian process regression (blue curve),

Random forests (pink curve), and Support vector regression (yellow curve). ............... 223

Figure 5-6: Anode Potential Predictions on the Test Data with the Initial SOCs of 35%,
65%, and 85% Using Ensemble Selection Algorithm and Physics-Based Model (REF).
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Chapter 1 : Introduction

Our environment and human society are both complex systems that interact in a variety
of ways [1]. These interactions might be mild at times and robust at others, resulting in
unforeseen effects. Regrettably, industrial society has wreaked havoc on the environment and
ecosystems that sustain us, with some of the consequences lasting more than a century [1].
Though we have made steps to address some of these challenges, new ones are arising, such as
the impact of human activity on the climate, which might be disastrous if we do not respond.
These problems come from how we use energy and materials, and understanding the genesis,
design, scale, and consequences of our present usage patterns is crucial if we are to manage

them appropriately [1].

In this thesis | go beyond the conventional environmental conversation by investigating
the material life cycle chain. It aims to cut through the material life cycle chain and separate
the manufacturing and product/use window from material and disposal window (see Figure 1).
It explains how we can improve the design, manufacturing, and usage of resources by
introducing methods for controlling product operation modes. At a broader level, the goal is to
achieve sustainable development by bridging renewable energies and addressing climate
change while minimizing environmental impact. Sustainable development entails meeting
present needs without jeopardizing future generations' ability to meet their own. Renewable
energies play a crucial role in sustainable development since they can provide energy without
depleting finite resources or damaging the environment. Their use can help to reduce

greenhouse gas emissions and mitigate the impacts of climate change.

Renewable energy sources, such as wind, solar, hydro, geothermal, and biomass, are
increasingly being utilized worldwide as they have the potential to play a significant role in

mitigating climate change. However, in ideal condition where the clean energy can be

1



produced, storing the energy generated from these sources remains a significant challenge due
to their intermittent and location-dependent nature. Electrochemical energy storage devices
(EESDs) is one of the common approaches used to store energy from renewable energy
sources. EESDs include several types such as lithium-ion batteries (LiB), supercapacitors (SC),
fuel cells, and redox flow batteries. Each type has its specific energy and power density, with
lithium-ion batteries having high energy density and supercapacitors having high power
density. Fuel cells are efficient and have a high energy density, while redox flow batteries have
a high energy density and are used in grid-scale energy storage and renewable energy systems.
It's worth noting that the specific energy and power density of each type of electrochemical
energy storage device can vary widely depending on the specific application and design.
Although EESDs operate on different principles, they share a similar configuration, where two
electrodes transfer charge through the electrolyte via ion Kinetics in response to an applied
potential. Electrochemical processes primarily occur at the electrode, making the development
of advanced electrode materials a pressing task for the advancement of these electrochemical

solutions.
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Figure 1-1:The relation between material life cycle and sustainable development [1].
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1.1 Problem statement and Motivations

The development path for improved electrode materials has begun in the production of EESDs
such as lithium-ion batteries and supercapacitors and centers around extending lifespan. The
concept of a lifespan has its origins in biological sciences. Living organisms are born, develop,
mature, age (degradation), and eventually die. EESDs, like humankind, have a finite life; we
design, develop, and utilize them until they degrade and become disposal. The main distinction
here is that we may design, use, or operate EESDs in a way that reduces or controls degradation

and improves overall lifespan.

Indeed, degradation in EESDs can be defined as the gradual deterioration in performance over
time. The degradation can be caused by various factors such as the breakdown of the
electrolyte, degradation of electrode materials or damage to the device structure. The
degradation mechanisms are related to the electrochemical reactions that occur during charge
and discharge cycles. As the device is cycled, the reactions can lead to changes in the electrode
or electrolyte materials which can result in reduced device performance such as decreased

capacity, lower power output, and shorter lifespan.

Degradation management is a critical concern for EESDs since it can have a considerable
impact on the device's performance and overall cost-effectiveness. When we look at the

degradation issue from different perspectives, we can see several ways to mitigate degradation:

e Optimizing device design (particularly electrode),

e Using high-quality materials (transition metals (TM)),
e Improving electrolyte stability,

e Implementing effective cycling protocols,

e Monitoring and controlling degradation based on data-driven approaches.
By addressing these factors, it is possible to extend the lifespan and improve the performance

of electrochemical energy storage devices.



As a result, the major motivations in this thesis can be split into two categories.

1. The primary motivation is to provide a new avenue for understanding and managing
degradation in the two most common EESDs, lithium-ion batteries and supercapacitors
(pseudocapacitors).

2. Another motivation for this thesis is to track the degradation of lithium-ion batteries
from an operational standpoint, as well as pseudocapacitors from a manufacturing
standpoint (optimal electrode design), with data-driven approaches serving as the

primary tool.

1.2 Scope of Research

The degradation mechanisms in electrochemical energy storage devices can be intricate and
interconnected, which poses challenges in accurately quantifying or forecasting the impact of
degradation on device performance. Nevertheless, a comprehensive comprehension of these
mechanisms is crucial for devising efficient approaches to alleviate degradation and prolong
the lifespan of EESDs. The present research is primarily segmented into two significant parts,
namely the manufacturing section and the operational section. The manufacturing section
focuses on comprehending the degradation mechanism in supercapacitors, specifically
pseudocapacitors, followed by the fabrication of pseudocapacitor electrodes through the ultra-
short laser pulses for in-situ nanostructure generation (ULPING) technique. Subsequently,
different machine learning (ML) algorithms are employed to examine the relation between
laser fabrication parameters and the performance of the pseudocapacitor electrode. Finally, an
optimization algorithm, simulated annealing (SA), is implemented to design an optimal

pseudocapacitor electrode with improved performance and minimal degradation.

In the operational section, this research concentrates on comprehending the degradation
mechanisms in lithium-ion batteries, specifically one of the most intricate degradation

4



mechanism, lithium plating. Subsequently, ML algorithms are implemented to forecast and
manage the occurrence of lithium plating during the charging procedures. In summary, this

research seeks to address the following questions for both sections,

1. How will other TMs behave as pseudocapacitor electrodes when fabricated
using the ULPING method?

2. What is the impact of input laser parameters or fabrication parameters on the
electrochemical behavior of the produced samples?

3. How might data-driven methodologies, notably machine learning (ML), provide
insight into the relationship between fabrication parameters (structural features)
and pseudocapacitor electrochemical behaviour or performance metrics?

4. How does the use of an optimization algorithm result in optimal electrode
design and consequently an improvement in the electrochemical performance
of the pseudocapacitor?

5. How can a data-driven anode potential estimation algorithm predict and regulate
degradation (lithium plating)? Furthermore, how can it be computationally

efficient and accurate enough to be suitable for online implementation?

The answers to the above questions are of utmost importance, as advanced lithium-ion batteries
and supercapacitors (pseudocapacitors) are critical tools in the pursuit of sustainable
development and the fight against climate change at this point in time. Therefore,
understanding the behavior of transition metals as pseudocapacitor electrodes, the impact of
fabrication parameters on electrochemical behavior, and the use of data-driven approaches to
optimize electrode design and predict degradation are essential for developing more efficient
and durable energy storage devices. Achieving these goals will facilitate the transition towards

a more sustainable and environmentally conscious future.



1.3 Objectives

This research aims to achieve the following objectives:

To understand degradation mechanisms for both lithium-ions and
supercapacitors (pseudocapacitors) at electrode level.

To generate an immense dataset for ML algorithms by fabricating numerous
pseudocapacitor electrodes on Titanium sheet using ULPING.

To theoretically bridge between the fabricated pseudocapacitors (input laser
parameters) and their electrochemical performance through machine learning
algorithms.

To predict electrochemical behavior of fabricated pseudocapacitors electrode
via ML.

To design and implement an optimization algorithm to aid in identifying the
optimal laser parameters for the most efficient electrode fabrication.

To design and develop a ML algorithm based on an ensemble selection to
accurately predicts the anode potential and mitigate lithium plating under

various charging conditions.

1.4 Work Novelties

The research contribution for this thesis is divided into two phases, manufacturing

phase and operating phase.

1.4.1 Manufacturing phase

This thesis presents a single-step, environmentally friendly in-situ procedure
for generating titanium oxide by irradiating a titanium sheet with an ultra-short

pulses laser, which can be used as pseudocapacitor electrodes.



e A scalable and straightforward data generation strategy is proposed to generate
a large dataset that is suitable for machine learning approaches.

e Machine learning algorithms are constructed, compared, and optimized to
predict the electrochemical properties of pseudocapacitors, including
impedance and specific capacitance. To the best of the authors' knowledge, this
is the first time an ML approach for predicting electrochemical behavior
performance has been developed and comprehensively evaluated using three
distinct regression learning algorithms.

e A simulated annealing optimization algorithm is presented to maximize the
objective function, which, in our case, was the specific capacitance value, and

determine the most optimal laser fabrication parameters.

1.4.2 Operational Phase

e The use of an ensemble selection approach has been introduced to develop a
data-driven solution for real-time anode potential estimation, with the aim of
preventing lithium plating. This approach is the first of its kind to be developed
for anode potential prediction.

e The proposed method relies solely on sensors to monitor battery signals such as
voltage, current, and temperature, eliminating the need for an additional filter
in the data generation steps. The data generation strategy is straightforward and
can generate large-scale instances covering both stationary charging scenarios
and EV driving profiles.

e The experimental results validate the proposed data-driven anode potential
estimate model's adaptability and generalization capacity, proving its suitability

for online applications with significantly improved computational efficiency.



The algorithms and methodologies developed in this thesis can be universally used
for studying degradation at electrode level in lithium-ion batteries and

supercapacitors (pseudocapacitors).

1.5 Thesis Outline

This thesis is structured into several chapters. Chapter 2 is divided into two sections, where the
current literature about degradation in lithium-ion batteries and supercapacitors is reviewed. In
chapter 3, the fabrication of pseudocapacitor electrodes using the ULPING approach is
explained, followed by the use of ML algorithms to predict their electrochemical behavior
performance. An optimization algorithm is then utilized to improve the performance of the
pseudocapacitor electrodes while reducing degradation. The second part of chapter 3 focuses
on the generation of a large dataset for predicting anode potential in LiB to mitigate lithium
plating. An optimized ensemble selection method is also presented to enhance the prediction
of anode potential. In chapter 4, the fabricated pseudocapacitor electrodes are analyzed and
compared based on various factors such as morphological structures and electrochemical
behavior performance. Chapter 5 compares the developed ensemble selection method with
different ML algorithms to evaluate their performance and applicability in online applications.

Finally, the last chapter provides conclusions and suggestions for future research.



Chapter 2 : Literature Reviews

2.1 Manufacturing Phase: Unwanted Degradation in Pseudocapacitors

2.1.1 Introduction

SFor more than a century, fossil fuels — namely coal, oil, and natural gas — have been the
primary source of energy, accounting for more than 80% of global energy demand [2].
However, global fossil fuel reserves are expected to become nearly inaccessible by 2050, and
virtually inaccessible by the end of the twenty-first century [3]. The combustion of fossil fuels
releases carbon and other greenhouse gases into the atmosphere, causing significant climate
change, which is expected to continue with increased fossil fuel consumption. Nonetheless, as
energy technologies advance, cleaner alternatives, such as renewable energy combined with
EEDSs, offer a zero-carbon energy solution. As a result of their promising energy storage
capabilities, the development of EEDSs such as batteries, electrochemical capacitors, and fuel
cells has been the subject of extensive research. The primary research focus is to create the
most efficient EEDSs technology capable of storing and rapidly delivering large amounts of
energy. Although lithium-ion batteries have high energy densities (200 Wh Kg™), due to
diffusion-limited redox reactions, they are insufficient for applications that require rapid charge
and discharge within a few seconds, rather than hours. Supercapacitors are a type of
electrochemical capacitor that can supplement batteries' energy storage capabilities. However,
supercapacitive materials rely on the formation of electrical double layers whereby, at the
material's interface with an electrolyte, an electrical double-layer capacitive material can store

electrical charge in an electric double layer. This material is frequently used in energy storage

> This section is based on a previously published article:

S. M, Kavian Khosravinia, and A. Kiani. "Unwanted Degradation in Pseudocapacitors:
Challenges and Opportunities”, (2023), Journal of The Energy Storage. The material is
reproduced here with permission from the publisher, [Elsevier].
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devices such as capacitors and supercapacitors. Supercapacitors (5-30 Wh Kg) can store much
less energy than lithium-ion batteries but charge and discharge quickly (within seconds). This
begs the question of whether energy storage materials exist that can achieve both high energy
density and high power density, both of which are required for practical applications.
Pseudocapacitors, which provide high energy density and high power density, are a promising
solution to this problem. The primary distinction between pseudocapacitors and lithium-ion
batteries is that pseudocapacitive materials have charging and discharging times that range

from seconds to minutes.

Pseudocapacitors have exceptional electrochemical performance, with high energy and power
densities and exceptional cycle stability. The degradation of electrode materials, on the other
hand, is a significant barrier to their widespread acceptance in the supercapacitor market.
Several factors, including applied voltages and temperatures, initiate this degradation process,
causing the electrode materials to degrade after a certain number of cycles. To address this
problem, it is critical to investigate the root causes of degradation and identify practical
solutions in both manufacturing and operational procedures. One promising area of study is the
development of nanostructured materials with improved surface morphologies and electrode—
electrolyte interactions, which can significantly improve ion-transfer kinetics and, as a result,

the device's electrochemical performance and storage capacity.

2.1.2 Background

Supercapacitors are a type of electrochemical capacitor that offer high energy output while
fulfilling the need for high energy and power density. There are three primary types of
supercapacitors: electrostatic capacitors, pseudocapacitors, and hybrid capacitors. Electrostatic
double-layer capacitors (EDLCSs) rely on the interfaces between the electrodes and electrolytes

to store charge electrostatically [4]. In contrast, pseudocapacitors store charge
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electrochemically through the Faradaic charge mechanism, making them a potentially effective
solution for energy storage with excellent performance. Pseudocapacitors bridge the gap
between electrostatic capacitors, which have less energy density, and batteries, which have less
power capacity and delivery. Although EDLCs lack high energy density, batteries face
challenges with performance and cost, including limited lifetime, long charging times, and low
charging rates [5], [6]. Pseudocapacitors offer a solution to both problems. Pseudocapacitor
materials have a higher energy density than EDLCs because they have a higher capacitance
due to their charge storage via surface and Faradaic mechanisms (reversible redox reactions).
Faradaic processes have relatively slow kinetics and pseudocapacitive materials may have
lower power density than EDLCs, but they outperform EDLCs in terms of energy storage
capacity and performance. Pseudocapacitors are a promising compromise between batteries'
high energy density and supercapacitors' high power density (Figure 2-1 (a)). Figure 2-1 (b)
depicts a general overview of a pseudocapacitor and its operation. A pseudocapacitor is made
up of two redox-active electrode materials that are separated by an electrolyte. Electron transfer
between the electrode and electrolyte via redox reactions, ion adsorption (underpotential), and

intercalation processes store the charge, which is referred to as pseudocapacitance.

Pseudocapacitors are devices that utilize electrochemical active materials such as conducting
polymers and transition metal oxides to store electrical energy. The transfer of electrons in
these materials occurs through Faradaic reactions [6]. Pseudocapacitance, which is the transfer
of ions between the electrode and the electrolyte, is the principle underlying the operation of
pseudocapacitors. The adsorption of ions and the Faradaic reactions contribute to
pseudocapacitance [7]. The electrochemical combination of these factors helps to store energy,
as the molecules formed on the electrode surface due to electrochemically induced

pseudocapacitance have potential. Since the capacitance is not constant, it is referred to as
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pseudocapacitance [8]. Pseudocapacitors store electrical energy by the Faradaic charge-transfer
reaction of specifically adsorbed and de-solvated ions, which results from electro-sorption,
redox reactions, and intercalation occurring on the electrode surface. Although there is some

contribution from static electric double-layer capacitance, it is insignificant [4], [5].
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Figure 2-1: (a) Sketch of Ragone plot to compare different types of energy storage devices (b) A typical
diagram of a pseudocapacitor.

In pseudocapacitors, the Faradaic reactions are rapid and reversible, and they are accompanied
by reactions with Li+ or Na* ions, which compensate for the lack of formation or breaking of
chemical bonds during the reaction [9]. Table 2-1 shows the three main factors of the working
principle of the pseudocapacitor: Faradaic charge, electrode surface area, and potential change
(electrochemical potential window). The rate of ion Kinetics and accessibility over a suitable
range of potential is determined by these three factors. Faradaic charge pertains to the transfer
of charge that transpires during a redox reaction. Such charge transfer is required for the
electrochemical reaction to occur. The rate of charge transfer is influenced by several factors,
including electrolyte concentration, electrode surface area, and applied potential. A larger

surface area provides more sites for electrochemical reactions, increasing the rate of charge
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transfer and improving overall system performance. Furthermore, potential change, or the
difference in electrochemical potential between the electrode and the electrolyte, is important
in determining the rate of electrochemical reactions. Changes in potential can affect the rate of
charge transfer and define the potential window, which is the range of potential within which

the electrochemical reaction can occur without causing unwanted side reactions.

These factors can be optimized to achieve high performance and stability in the electrochemical
systems, which slow down the rate of degradation. Pseudocapacitors are classified into three
types: underpotential deposition, redox, and intercalation. The adsorption of ions, specifically
cations, on the surface of a metal electrode with a higher redox potential generates the
pseudocapacitance of an underpotential deposition pseudocapacitor [10]. This process involves
a partial charge transfer between the ions and the electrode, which is known as “electrosorption
valency" in principle. Metal monolayers such as copper and gold, as well as metal oxides such
as ruthenium oxide (RuO) [11], [12] and iridium oxide (IrO2) [13], are examples of typical
underpotential  pseudocapacitive  materials. To achieve advanced adsorption
pseudocapacitance, two factors are critical: a high electrolyte anion surface area, which
provides more active adsorption sites, and a high electrosorption valence, which leads to a

greater charge transfer between the electrolyte anion and the electrode [14], [15]

In the case of a redox pseudocapacitor, the pseudocapacitance occurs near the electrode surface,
where the cations and anions are adsorbed/desorbed to store energy [16]. A large proportion of
pseudocapacitance is caused by surface redox reactions, in which only a thin layer of the
electrode surface participates in Faradaic processes. Faradaic redox pseudocapacitance occurs

only at the material's surface, and the electrolyte ions never enter the bulk of the electrode.
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Table 2-1. The relation of the three main factors of a pseudocapacitor.

Factors Relation Reasons
Faradaic Directly If the amount of charge transferred is high between the
charge electrode and electrolyte; it benefits the Faradaic charge transfer
mechanism.
Electrode Directly The larger the area of the electrode, the more ions can access it.

surface area

Potential Inversely The less potential applied enhances the pseudocapacitance.
change

Rapid and reversible redox reactions between the electro-active species on the electrode surface
and the electrolyte characterize these pseudocapacitive phenomena. For example, during the
process of potential cycling, redox reactions involving the 2p, 3p, and 4p oxidation states in
RuO. were observed [11], [12], [17], [18]. These reactions, combined with proton transfer, give
rise to pseudocapacitance. Among the most used active materials in these electrode systems
are RuO2 [12], manganese oxide (MnO) [19], electrically conducting polymers such as

polyaniline (PANI) [20], and oxygen- and nitrogen-containing surface functional groups [21].

In intercalation pseudocapacitors, the intercalation pseudocapacitance arises when electrolyte
cations such as Na*, Li*, and H* are intercalated or deintercalated into or from the layers,
tunnels, or channels of the electrode materials. This process is accompanied by Faradaic charge
transfer without any significant crystallographic or phase change [22]. For intercalation
pseudocapacitance to occur, a crystal structure that can provide a two-dimensional (2D) ion
diffusion channel that is both fast and stable must be present. This is required to avoid structural
phase transitions during the ion intercalation process. lons occupy tunnels or vacancy positions

within the bulk of materials during intercalation [23], [24].
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This process is extremely fast and more closely resembles the electrode reaction of a
supercapacitor than that of a battery. RuO2 [12], MnO- [19], titanium dioxide (B-TiO2), and
niobium oxide (Nb.Os) [25] are some of the most well-known intercalation pseudocapacitive
electrode materials. Figure 2-2 illustrates the three types of pseudocapacitors and their
respective principles. Further information on recent advances in the types of pseudocapacitors

can be found in comprehensive reviews [26]-[29].

In an electrochemical capacitor, the pseudocapacitor is a crucial component that combines with
the EDLC to form a supercapacitor. However, pseudocapacitive materials have a significant
drawback in that they exhibit high resistance to ion/electron transfer, which results in low
cyclability, low capacity, and, consequently, low power density. This is primarily due to their
low conductivity and structural degradation during cycling [30]-[32]. The low conductivity of
many pseudocapacitive materials increases the resistance of the electrode material and reduces
the rate of charge/discharge processes, which can limit the power density of pseudocapacitor
devices. Another limitation is their energy density, when compared with batteries. The
relatively narrow operating voltage window of most pseudocapacitive materials limits the
device’s energy density. As a result, the degradation of the pseudocapacitor is the main reason
for its limited applications in various sectors. Unlike other supercapacitors, the degradation of
pseudocapacitors is primarily caused by chemical reactions that occur under operating
conditions [33]. During cycling, irreversible components accumulate, leading to the
development of cracks in the structure and the formation of an unstable solid electrolyte

interphase (SEI) layer.
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Current Collector

Pseudocapacitance

Figure 2-2: Pseudocapacitor working principles. (a) Underpotential pseudocapacitor where lead (Pb)
is deposited on the gold (Au) electrode, forming an adsorbed monolayer. The working principle is
electrosorption, which is potentially induced adsorption on the surface of the active electrode material
[35], [36]. (b) Redox pseudocapacitor where ions from the electrolyte are electrochemically adsorbed
onto the surface or near the surface of RuO; accompanied by Faradaic charge transfer. The principle is
a redox transfer mechanism in which a chemical reaction takes place between an oxidizing
substance/substrate and a reducing substance/substrate. (c) Intercalation pseudocapacitance where ions
like lithium are intercalated or inserted into the layers of the electrode material. The working principle
is the intercalation of ions of molecules into layers of a material or a substrate [37], [38].

The SEI layer is typically composed of a thin film of various organic and inorganic compounds
formed due to electrochemical reactions that occur at the electrode surface during device
charging and discharging. Overall degradation is attributed to the degradation of the electrolyte
via electrolyte parasitic processes and the degradation of the electrode due to precipitate
formation. Table 2-2 shows the common advantages and disadvantages of pseudocapacitors
(including all three types) which helps in deciding the factors to be focused on for its
applications [34]. The table concludes that improving the kinetics of redox reactions as well as
optimizing the morphology and composition of pseudocapacitive materials may lead to the
development of high-performance pseudocapacitive materials with high energy and power

density values.
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Table 2-2. Common advantages and disadvantages of all types of pseudocapacitors.

Advantages Disadvantages

No crystallographic change (Intercalation) Electrode materials might suffer from high
resistance to ion/electron transfer

Dependence on particle size and morphology Specific crystalline materials with specific

(redox and intercalation) structures are needed for fast ion transport
pathway
lons occupy vacancy positions inside the bulk Ideal electrolytes are required (e.g.,
of the materials (intercalation) potassium hydroxide [KOH])
Potentially more stable than supercapacitors Irreversible electrode reaction leads to
and batteries pseudocapacitor degradation

High-rate capability (redox and intercalation)  Transport pathways may get blocked due to
degradation

High specific capacitance (underpotential and Low cyclic stability
redox)
High energy density (Intercalation) Inferior power density

2.1.3 Degradation mechanisms of pseudocapacitors

The fundamental downside of using pseudocapacitors in real life is degradation in all forms of
pseudocapacitors, including intercalation, redox, and underpotential pseudocapacitors. The
ability of a capacitor to store and release energy determines its worth in industrial applications.
The better they have ease of production, low cost, and slow degradation rates, the better they
can perform for real-life appliances for an extended period of life. Figure 2-3 outlines all the
primary factors for the degradation mechanism in a pseudocapacitor at all levels
(microstructure, electrode, cell, and application), as well as the various types of degradation
mechanisms that are observed or caused as a result. At the microstructural level, the irregular
morphology of the microstructures and the presence of cracks makes the structure unstable.
Furthermore, blocked pores result in a less effective Faradaic transfer mechanism, which may
result in the decomposition of the ions present in the active electrode. Moving on to the
electrode level, chemical products are formed on the surface of the electrode material due to
cracks and pore blockage. A weak SEI layer results from further ion decomposition in the

electrolyte and electrode degradation. The significance of SEI film in diffusion kinetics is
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highly important as it acts as a protective passivation layer of high ionic conductivity and low
electrical conductivity. A weak SEI layer leads to low cyclic stability as it affects the rate of
intercalation of ions through it. As a direct consequence of the weak SEI layer and slow ion-
transfer Kinetics, at the cell level, the pseudocapacitor has limited rate capability with
compromised energy density [39]-[43]. Furthermore, novel materials for the electrode are
limited, which makes the manufacturing cost quite high. At the application level, aerospace (in
airplanes or satellites), electronics (semiconductors and electronic devices), renewable energy
devices (e.g., solar cells, wind power, thermal energy), and research and development are areas
where pseudocapacitors have the potential to revolutionize. Figure 2-4 depicts a step-by-step
breakdown of degradation mechanisms and effects, beginning with the microstructure and
progressing to application-specific scenarios. Degradation is important in pseudocapacitors,
and different factors of the degradation mechanisms (such as underpotential factors, redox
factors, and intercalation factors) are showcased in the same figure. Figure 2-4 also showcases
how Pseudocapacitors deteriorate via a variety of reaction pathway, including phase
transformation (microstructure), surface oxidation, electrolyte decomposition, structural
degradation of the electrode material, and irreversible chemical reactions. These pathways can
lead to a decrease in active surface area, an increase in resistance, and a decrease in capacitance
over time, resulting in decreased performance and failure of the pseudocapacitor. We have
divided the degradation mechanism into three major categories in the following subsections:
the electrode level (3.1), the microstructural level (3.2), and the operating conditions (3.3), with

detailed subsections in between.
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2.1.3.1 Degradation mechanism in pseudocapacitor at the electrode level

The degradation of the pseudocapacitor happens as a result of several events that take place
during cycling (gravimetric charging/discharging) [44]. Degradation relates to the
electrochemical performance of the device and electrochemical performance depends on the
type of electrolyte and the physical and chemical properties of the electrode material.
Generally, metal oxide electrodes are used as redox, intercalation, or hybrid-type materials (a
battery-type electrode and a double-layer capacitor-type electrode are used in hybrid
electrochemical supercapacitors) for pseudocapacitors [45]. These electrodes usually have low
conductivity and a slow ion diffusion process, which leads to the deterioration in the rate

capability and cycle stability and, thereby, degradation of the material and the device [34].
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Figure 2-3: Main findings or observations for degradation mechanisms at several levels ranging from
microstructure to electrode, the electrode to the device, and device to applications in various
sectors/industries.
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Figure 2-4: Degradation occurs due to many factors that take place in the electrolyte and electrode, and
to external factors such as Kkinetics, potential, and temperature. All of these factors lead to different
degradation mechanisms through which we can identify the deterioration of the device happening in
real time during the experiment.

2.1.3.2 Electrode material degradation

The manufacturing process of the electrode material is the first and most important factor that
decides the rate of degradation [46]. For instance, in the case of intercalation pseudocapacitive
materials, having a small interlayer spacing and strong interlayer interaction in the electrode
decreases the ion diffusion process. As a result, the charge/discharge rate is slower, and the
capacitance value is lower. This is because the narrow interlayer spacing creates a higher
energy barrier for ion diffusion, while the strong interlayer interaction prevents ion movement.
In the case of redox pseudocapacitive materials, having a large distance for the transfer of

ions/electrons through the tunnels/layer results in a decrease in the active area. The decrease in
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the active area is due to the increase in the resistance of charge kinetics [34]. In redox electrode
materials, ion diffusion is primarily determined by the size and morphology of the electrode
particles; interlayer spacing, or interaction have no significant effect on the diffusion process.
Finally, in the case of adsorption-based materials, such as activated carbon or monolayer
metals, the charge is stored via reversible ion adsorption on the electrode material's surface.
The pore structure and surface area of the electrode material have a large influence on the ion
diffusion process. To understand electrode degradation, Wang X and colleagues identified two
primary factors contributing to the breakdown of nickel oxide (NiO) electrodes, namely self-
discharge, which resulted in partial dissolution of NiO, and the impact of oxygen bubbles [47].
The degradation of the pseudocapacitive performance of the Ni (I1)/Ni (I11) couple was found
to occur gradually due to the NiO/Ni(OH). Faradaic process. During cycling, oxygen evolution
took place, leading to the formation of oxygen bubbles that struck the electrode film and further
accelerated the rate of electrode degradation. Figure 2-5 (a) depicts the degradation process in
a NiO film electrode [47]. Aside from the manufacturing process, material selection is an
important factor in ion-transfer kinetics. Non-crystalline and amorphous materials, for
example, do not easily support the ion transport process [48]. Because the properties of the
electrode's active materials are important for the charge storage mechanism in
pseudocapacitors, improving and enhancing the electrode surfaces or the current collector is
required for future considerations. Binder-free electrodes and novel current collectors have
recently been investigated for their effects on slowing the degradation process [34]. Another
important factor could be buffer layer formation on the electrode as it helps to control the
volume expansion and shrinkage of active materials during gravimetric charging and
discharging, respectively [49]. Acknowledging that it may provide adequate interspace

between layers of electrode active materials, the nanostructural design of the electrode surface
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with strong buffer-layer compatibility may necessitate further research. As a result, the active
area and ion accessibility of these surfaces increase, which improves the charge storage

mechanism.

2.1.3.3 Electrolyte degradation

During cycling, over a range of potentials applied over a specific or varying temperature, it was
found that the electrolyte volume shrinks and leads to the decomposition of the ions, which
slows down the process of adsorption of ions from the electrolyte on the electrode surface [50]—
[52]. It was previously assumed that the irreversible reduction caused by the chemical reactions
was not a problem, but more recently, with the aid of sophisticated microstructural analysis
techniques (characterization tools), it has been observed that the structure changes quite
gradually and that many chemical products are formed [53]-[55]. Therefore, these
factors/mechanisms lead to further deterioration of the electrode—electrolyte interphase and
reduces the electrochemical performance of the cell. To gain a better understanding of
electrolyte degradation, Hashem and colleagues investigated the electrochemical performance
of nanorod-like particles composed of Sn-doped a-MnO> [56].

Figure 2-5 (b) shows the specific discharge capacities by cycle number for P-MnO> and Sn-
MnO: electrodes. The specific capacity for the Sn-doped MnOz is 80 mAh g at the 40" cycle,
compared with 65 mAh g at the 40" cycle for a pristine MnO> electrode. One of the main
reasons for the electrochemical degradation of MnO: is the generation of Mn3" during the
redox process and the reduction of Mn?* ions, which dissolve in the electrolyte and lead to

electrolytic decomposition [56]-[58].
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Figure 2-5: (a) Degradation mechanism of the NiO film, which is used as a redox pseudocapacitive
electrode. Reprinted with permission from [47]. (b) P-MnO; and Sn-doped MnO- discharge capacity
vs. cycle number at C/15 rate in the voltage range 1.5-4.0 V vs. Li*/Li°% The electrolyte used for this
pseudocapacitor is 1 mol L™ LiPFs in ethylene carbonate-dimethyl carbonate (1:2), which is an organic
electrolyte. Reprinted with permission from [56].

2.1.3.4 Separator

Although significant progress has been made in improving the performance of pseudocapacitor
electrodes, research into developing properly engineered separators has been limited. Poorly
designed separators can cause additional resistance within the pseudocapacitor, which can
potentially lead to short circuits. The separator must be non-porous. Less capacity retention
may also lead to slow ion diffusion between the electrolyte and the electrolyte. Non-
conductivity, electrolyte ion permeability with minimal ionic resistance, chemical and
mechanical resistance, and ease of wetting by electrolytes should all be considered when
selecting appropriate separators for pseudocapacitors. In pseudocapacitor development,
separators made of highly porous films or membranes — such as cellulose, polymer
membranes, and glass fibers — are commonly used [4], [59]. The materials used in separators
are determined by the type of electrode, working temperature, and pseudocapacitor voltage.
Although cellulose separators work well in organic solvents, they may degrade in a sulfuric

acid (H2SOa4) electrolyte [59], [60]. The ionic conductivity of the electrolyte in the separator
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can also influence pseudocapacitor performance by changing the internal resistance (equivalent
series resistance [ESRY]), especially when viscous electrolytes (e.g., ionic liquids) are used [59],

[61].

2.1.4 Degradation mechanism in pseudocapacitors at the microstructure level

The chemical or side reactions during cycling in a pseudocapacitor lower the energy efficiency
or may lead to an increase in the self-discharge rate [62]. An unstable electrolyte—electrode
surface interaction results in microscopic cracks, chemical products on the grain boundaries,
and pore blockage due to side reactions. This is mostly caused by various structures that were
created because of various compositions at the microstructural level. This unstable interaction
causes the electrode to degrade and results in an overall irreversible decrease (no discernible
cyclic voltammogram). Therefore, to estimate the performance and cycle stability of the

pseudocapacitor, the degradation mechanism at the microstructural level should be considered.

2.1.4.1 Electrode-interface degradation

Non-uniform morphology in the structure of the electrode material — such as dissimilar
spacing and random spacing between layers — may lead to an overall cracking structure when
cations from the electrolyte intercalate into the layers of the material of the electrode [51], [55],
[63]. The cycling of the electrode toward cathodic potential, combined with proton diffusion
toward the cathode, leads to the accumulation of chemical products on the electrode surface
[64], [65]. This occurs because of chemical reactions occurring in real time during the process,
and as a result, phase transformation occurs with microstructural changes when the sample is

examined post-experiment [66], [67].
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The electrode surface is covered with insulating materials, and this further prevents close
contact between the electrode surface and the electrolyte. Even though ion intercalation is an
effective method, it will not be able to progress due to blocked pathways and pore blockage in
the microstructure of the electrode material [68]-[70]. Figure 2-6 shows the blockage of pores
accompanied by blocked pathways, the formation of chemical products on or near the electrode
surface, and the formation of cracks, leading to unstable SEI. This phenomenon causes the

degradation rate in the pseudocapacitor to increase much faster.
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Figure 2-6: Cracks in the microstructure because of irreversible reduction and chemical products
formed during cycling. Low ion-transfer kinetics are caused by dissimilar interlayer spacing and non-
uniform morphology. No intercalation or redox transfer occurs because of the formation of pore
blockages and obstruction of the ion/electron transfer pathway (post-precipitation).

Dubat and colleagues synthesized copper oxide (CuO) nanosheets using
hexamethyltetrammine (HMT) as a complexing agent, and the resulting Cu:HMT electrode
was examined by scanning (SEM) and transmission (TEM) electron microscopy [71], [72].

Figure 2-7 shows the SEM and TEM images of the Cu:HMT electrode after cycling. The SEM
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image (see Figure 2-7 (a)) revealed that the CuO thin films were uniformly distributed but had
cracks due to the varying sizes of micro-woolens, which are related to the thickness of the
Cu:HMT films. The nanosheets aggregated to form hierarchical, multilayer nanosheet clusters
with a well-developed porous structure, resulting in a uniform morphology, as shown by the

TEM image (see Figure 2-7 (b)).

The porous nanosheets were discovered to have a surface area of 81 m? g and a pore volume
of 0.20 cm® g [71]. This morphology, with large pore channels (micro- and meso-pores),
allowed for faster electrolyte transport and more active sites (increased surface area) for
chemical reactions [71]-[76]. The interlayer and intralayer structures were found to be crucial
for the porosity of the nanosheets, emphasizing the importance of the microstructure in
preventing electrode deterioration and influencing th electrochemical properties of the CuO

electrode [71], [77], [78].

Figure 2-7: Morphology of the CuO electrodes synthesized from a Cu:HMT complexing agent after
5000 cycles in 1 M NaxSO;4 electrolyte. (a) SEM image of the electrode, showing cracks. (b) TEM
image of the electrode, showing uniform morphology with good porosity. Reprinted with permission
from [71].
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2.1.4.2 Electrolyte degradation and its consequences on the resulting microstructure of
SEI

The degradation of electrolytes through volume shrinkage and precipitation formation on the
electrode causes an unstable SEI layer. This causes the electrolytic ions to get into layers with
water, and a tremendous number of gaseous products evolve during cycling as the internal
pressure in the layers is increased due to the evolution of gas, which blocks the layers/tunnels
for further intercalation/de-intercalation [79], [80].

Further volumetric deformation of pseudocapacitive electrode materials results in small
internal stresses and cracking of the protective layer. Although volumetric deformation
(swelling/expansion) is a relatively insignificant process if no energy is lost or wasted, this
could result in the aggregation of such structures during long-term cycling, resulting in a large
structure that annihilates the overall microstructural integrity of the active material [81].

The importance of electrolyte structure in pseudocapacitive energy storage devices was
investigated by Dubal and colleagues [71]. They employed a CuO electrode with Cu:HMT in
a 1 M neutral, agueous sodium sulphate (Na2S0Os) electrolyte. The electrode was created with
interspaces between nanosheets and woolen-shaped nanostructures to let the electrolyte volume
expand. The ionic resistance was reduced and electrolyte entry into the electrode matrix was
facilitated by porous channels, excellent porosity, and a large ion accessible area [71], [73],

[74], [76].

A high specific capacitance of 346 Fg and increased overall stability of the supercapacitor
were made possible by the ions' stability in the electrolytic microstructure. Only a small number
of gaseous compounds were produced while cycling process but these were not significant to
cause degradation over a large number of cycles [72]. Two mechanisms of using aqueous

electrolytes can be used to explain the reduced degradation: (1) the intercalation and de-
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intercalation of smaller H+ or alkali metal cations like Na" in the electrode material’s matrix
during the redox reaction, and (2) the adsorption of H* and Na* ions on the electrode surface,
as opposed to the electrode material’s interior bulk. The reaction is shown as:

2Cu0 + 2A™ + 2e = Cu200A (2-1)

(2CuO) surface + 2A" + 2e” = (Cu200A) surface (2-2)
where A is either H* or Na* ions [71], [72], [82].

Overall, this study emphasizes the importance of electrolyte structure in pseudocapacitive

energy storage systems and offers suggestions for enhancing their functionality and stability.

2.1.4.3 Separator

The influence of separator performance in ion kinetics in pseudocapacitors can be attributed to
their low cost and high porosity (>80%) [4], [62]. Furthermore, the separator's chemical
composition, thickness, pore size distribution, and surface morphology have a significant
impact on performance indicators such as polarizability limits, ESR, specific capacitance,
specific energy, and power densities [83]. For example, having a thick separator produces high
internal resistance and stresses, and increases the manufacturing cost. Recently, polymer
separators have been used extensively as they have good flexibility and high porosity, and are
low cost to produce. Based on their microstructure, polymer separators are classified into two
types: fibrous networks and monolithic networks with defined pores [4]. Figure 2-8 shows the
types if the polymer separators. Graphene oxide (GO) films are also promising separators, as
demonstrated in a study by Shulga and colleagues [4], [59], [84]. After being penetrated with

an H>SOq4 electrolyte, the separator exhibits proton conductivity.

28



Figure 2-8: SEM images of (a) A fibrous Millipore JVWP separator. (b) a monolithic/defined
GE Osmotics K50CP01300 separator. Reprinted with permission from [85].

2.1.5 Degradation mechanism through electrochemical and kinetic analysis

Capacity retention is the amount of ability of a battery or a capacitor to retain the stored energy
during an extended open-circuit rest time, and depends on rest time, the temperature of the cell
during the rest period/time, and the preceding history of the cell. This demonstrates how crucial
capacity retention is in predicting cell electrochemical performance, and having an electrode
material that works optimally is defined by the end life of the pseudocapacitor when capacity
retention is less than 80% and/or the internal resistance of the cell is doubled [86]. Another
aspect of this factor is Coulombic efficiency, which is the ratio of the discharge capacity and
the charge capacity after a full charge over a cycle; it is also known as Faradaic efficiency, the
efficiency with which the electrons (charge) are transferred in capacitors/batteries [87] A
Coulombic efficiency ratio of the cathodic and anodic capacity of 100% is expected for no loss

of electrons due to electrolyte parasitic reactions [50]. Pseudocapacitors have Kkinetic
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limitations, as well as a limited potential range, depending on the type of electrode material

used [88].

An increased electrochemical potential window and current density with a large number of
cycles lead to a smaller number of oxygen vacancies in the active material. The number of
oxygen vacancies also plays an important role in the performance of storing and releasing
charges [89]. When the potential on which the device is operated exceeds the potential optimal
of the electrolyte itself, the evolution of gas takes place in the form of oxygen and hydrogen
gas. The gas molecules evolve on the electrode surface and get into the interlayers, blocking
the further redox reaction and by doing so, degrading the electrode surface by delamination of
active materials from the substrate. Delamination leads to more interspace between the layers
of the active material layers and, hence, creates a pinning effect, which indicates more internal
resistance. As a result, corrosion of the current collector and the electrode surface takes place

[81], [90], [91] and storage capacity is limited.

2.1.5.1 Potential range or potential window

The voltage range or operating charge/discharge rate specified for cycling is an important factor
that decides the mechanism of gas evolution in the form of H2 or O, gas molecules. The
potential range within a high potential scan rate range enhances the specific capacitance, but at
the same time, impacts the reversibility of the reaction. Excess gas evolution that occurs when
the potential window is increased results in a rapid degradation rate during cycling [7], [92]-
[94]. As the potential window is expanded, the reversible charge and discharge rate of
pseudocapacitors decreases, resulting in a decrease in capacity retention and Coulombic
efficiency. This implies that the potential window must be carefully considered in the design

and optimization of pseudocapacitors for various applications, as an increase in potential
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window can compromise their overall performance [57], [95]. Furthermore, high temperature

and kinetic constraints have a direct effect on irreversible pseudocapacitive behavior.

2.1.5.2 Current density

An increase in current density can result in a decrease in both specific capacitance and
Coulombic efficiency of Pseudocapacitors [57]. This can result in a variety of changes or
variations in Coulombic efficiency and specific capacitance, ultimately resulting in a decrease
in storage capacity and stability of the pseudocapacitors. As a result, when designing and
optimising pseudocapacitors for specific applications, it is critical to carefully consider the

impact of current density.

Operating
Conditions
Potential Current Number of High
density cycles Temperature
| Irreversibility of R Capacity R Chemical ,| Reduced Pore
reaction retention reactions Sized
Ll Gas evolution ,| Coulombic ,|  Electrolyte ,| Current collector
efficiency decomposition corrosion

Degradation

Figure 2-9: Flow chart for operating conditions that influence the rate of degradation or deterioration
of the device, including potential range or potential window, current density, number of cycles (charge
and discharge cycles).

2.1.5.3 Number of cycles (charge/discharge rate)
When the number of cycles is increased with increased current density, capacity retention

decreases significantly lower. This shortens the charge and discharge times of the electrolytes
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[66]. With a high number of cycles, the pore size is decreased due to precipitates formed by
side reactions. This reduced pore size distribution may lead to less capacitance and, hence,
capacitive deterioration. The ions from the electrolyte play an active role in the irreversible
reduction process over a large number of cycles, causing the atomic ratio (cathodic to anodic)
and the number of oxygen vacancies to decrease. This reduces electrolyte concentration,
resulting in electrolyte decomposition. Figure 2-9 shows the significance of the operating
conditions and how they are associated with each other to collectively increase the rate of

degradation.

2.1.6 Degradation characterization approaches

In the previous section, we discussed the various types of degradation mechanisms at various
levels. However, in this section, the emphasis is on detecting the degradation mechanism using
various existing methods and techniques in the current literature. Characterization aids in
determining the structures and properties of the materials used in the fabrication of
pseudocapacitors. Characterization entails a variety of techniques and processes for further
analyzing the material's properties in terms of mechanical, microscopic, and operational
factors. The composition of the materials and their structural analysis are currently being
studied using a variety of qualitative and quantitative techniques that are emerging or already

in use.

2.1.6.1 Materials characterization

Pseudocapacitors have a high capacitance and a high output power due to reactions occurring
at the surface of the electrode surface. Furthermore, the characterization of structures and
electrode surface area is critical for a thorough understanding of the degradation mechanism.
Materials characterization is useful when it comes to understanding certain parameters such as

the surface morphology of the electrode and the electrolyte, their compositions, and various
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external factors such as doping and element additions at a microscopic and nanoscopic level.
All microscopic techniques are thoroughly explained in Table 2-3 along with specific examples
and materials utilized. It highlights the significance of microstructural changes and how they

affect the surface morphology of the microstructures and their functionality throughout cycling.

2.16.1.1 Surface analysis

The nanoparticle characterization of the pseudocapacitors at the microscopic level is done
using various imaging techniques such as TEM, SEM, atomic force microcopy (AFM), and in-
situ Raman spectroscopy. These techniques have advanced technology to detect and determine
the materials at an atomic or microscopic scale [96]. They have different principles through
which they operate to produce a highly magnified and high-resolution image of the sample.

a) Transmission electron microscopy

This technique is used to analyze crystal structure and has the advantage of imaging and
diffractometry, which helps in providing the crystal lattice structure of the electrode material
with higher resolution than SEM [97]. It determines the surface topography of the active
electrode and focuses on the crystallinity of the surface.

b) Scanning electron microscopy

This method is used to determine the morphology of the microstructures of the electrode active

material in the pseudocapacitor (surface morphology) [98]. SEM, accompanied by element

analysis, helps to determine the existence of element and weight (mass) percentage [99], [100].
c) Atomic force microscopy

This technique is widely used to determine the thickness of the nanoparticles in a

pseudocapacitor. It also detects if there is any folding or corrugation in the layer of the active

electrode material [101].
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d) In-situ Raman spectroscopy

Like SEM, this technique is also used to analyze the quality of the amorphous layer on the
electrode material. In-situ Raman uses femtosecond laser pulses and is excellent for rapid
prototyping and custom-scale manufacturing for nanofabrication of pseudocapacitors. It is also
used to study and determine the crystal properties of the electrode during Faradaic charge
transfer at a microstructural level through the laser irradiation technique. Although SEM is
more advanced, in-situ Raman is extensively used to study the chemical composition of the
electrode active material and the electrolyte in a pseudocapacitor [102].

2.1.6.1.2 Mass loss (surface/microstructure characterization)

Mass loss characterization can provide information on how much material is lost from an
electrode over time because of repeated cycling, which can be indicative of degradation
mechanisms in a pseudocapacitor. Researchers can determine the rate of degradation and the
specific factors that contribute to degradation by measuring mass loss [103]. Identifying
materials or manufacturing processes that reduce degradation can be used to improve the design
and performance of the pseudocapacitor. Table 2-4 discusses different mass loss
characterization techniques for pseudocapacitive materials and how they relate to degradation
mechanisms or the rate at which the pseudocapacitor degrades.

a) X-ray photoelectron spectroscopy)

From the above sections, it is clear that, for a pseudocapacitor, the surface Faradaic reaction is
very important and is its working principle. X-ray photoelectron spectroscopy (XPS) helps to
detect different valence states of the atoms on the electrode surface [104]. For instance,
Belanger observed the changes in the oxidation state of Mn for the reduced and oxidized forms
of thin-film electrodes during cycling [105]. XPS detects the presence of any functional group
present on the surface with the level or amount of doping of any homogeneous heteroatom.

The biggest drawback of XPS is its sampling depth (50 A°) and is highly sensitive technique
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to retrieve the rate of the Faradaic mechanism. As a result, it cannot be used to detect functional

groups for the bulk of the surface layers [106].

b) Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is used to detect and analyze the formation of
the surface layer of the electrode with doping, the presence of heteroatoms, and so on. It

helps to show the differences between the reference spectrum and the spectra of the oxidized,
or between the oxidized, and the reduced sample [104]. This method is an alternative to XPS.

c) x-ray powder diffraction
X-ray powder diffraction (XRD) is commonly used to identify and determine the nanoparticle

morphology of the resultant products formed during cycling [98], [107]. For example, having
a broad peak in the XRD spectrum indicates an amorphous nature [108]. It confirms any mixed
phases present in the nanocomposites of the electrode material. For example, the mixed phase
of cuprous oxide (Cu20) and copper hydroxide (Cu(OH).) was found in the XRD pattern of
reduced GO (rGO)/ polypyrrole (PPy)/ Cu.O/ Cu(OH)2[109], [110]. XRD is used to determine
the formation of these different crystalline phases of the nanoparticles with the help of the
crystalline planes [100]. It is an efficient method when it comes to estimating and calculating
the spacing between the adjacent layers of the electrode material [101].

d) In-situ nuclear magnetic resonance spectroscopy

This method uses element selectivity to detect individual ionic species to study the charge
storage mechanism of the pseudocapacitor. The method is used to investigate the variations at
the SEI during the cycling process [111]. Grey applied in-situ nuclear magnetic resonance
(NMR) spectroscopy to quantify the number of anions and cations in a pseudocapacitor and
used microporous carbon as the electrode material [112]. Figure 2-10 (a) depicts the *H NMR
spectrum of quinoxaline-based amine compound (dpga). Aromatic protons are found between

7.1 and 7.9 ppm, while amine protons are found at 4.23 ppm. Figure 2-10 (b) depicts the peaks
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at 5.49 ppm and 4.75 ppm in the *H NMR spectrum of quinoxaline-based benzoxazine (BA-
dpga) correspond to the O-CH2-N- and Ar-CH2-N- groups of the oxazine ring of BA-dpga.
Furthermore, the aliphatic protons appear at 1.63 ppm. Aromatic protons are found in
concentrations ranging from 6.6 to 8.1 ppm [113]. Therefore, the NMR spectra reveal
information about the materials’ chemical compositions, including the presence of specific
functional groups such as aromatic protons, amine protons, and aliphatic protons. If the NMR
spectra show a shift or broadening of the peaks corresponding to the aromatic protons, this
could indicate the formation of oxidation products or the degradation of the polymer backbone
due to repeated cycling. Likewise, changes in the chemical shifts or intensities of the amine or

aliphatic protons could indicate polymer structure degradation or the formation of degradation

products.
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Figure 2-10: 'H NMR spectrum of (a) The quinoxaline-based amine compound (dpga). (b)
guinoxaline-based benzoxazine (BA-dpga). Reprinted from [113].
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Table 2-3. Individual techniques (with examples) for the characterization of the materials used in

pseudocapacitors.

Technique

Description

Image

SEM

(a) and (b) display the SEM measurements
of the amorphous Ni (OH), sample that is
synthesized on the graphite electrodes. SEM
image at 1 um. The amorphous nanospheres
are  wrinkle-like  with  this  smaller
magnification. Reprinted with permission
from [114].

SEM image at 100 nm.
The well-defined nanospheres are ravine-like
surfaces. Reprinted with permission from
[114].

Both (a) and (b) illustrate how the
morphology is not uniform and could
potentially lead to micro-cracks in the
electrode material.

(@)

(b)

TEM

(c) reveals the microscopy measurement of
the amorphous Ni (OH), sample. TEM image
at 20 nm. The microstructure indicates
wrinkled surfaces and is quite dense. The
nanospheres are highly irregular and could
also contribute to degradation mechanisms
by generating stress and strain within the
material during cycling. Reprinted with
permission from [114].

(©)

AFM

AFM image of an exfoliated individual B-
Ni(OH)./graphene hybrid nanoflake is
shown in (d). It is observed from the graph
that the thickness is approximately 10 nm.
The graph indicates folding and corrugation,
which is important for the nanofabrication of
pseudocapacitors and its flexibility in
applications. (e) represents the AFM
measurements of the thickness of the
nanoflakes before and after cycling, which
can provide insight into the extent of
degradation, such as changes in morphology
and material loss. Reprinted with
permission from [101].
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Raman
spectroscopy

In-situ Raman spectra of e-PPy and c-PPy
during cycling stages (f). There is no peak for
c-PPy post-cycle, indicating the deterioration
of the electrode material and, hence, the
device. Reprinted with permission from

[81].
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Table 2-4. Mass loss surface characterization techniques with examples of the materials used in

pseudocapacitor.

Technique

Description

Image

XPS

In a study conducted by Khot and Kiani
[[115], XPS was used to look for the
presence of Ni species in different
samples. It was observed that the Ni* -
O bonding signal increased after the
discharge cycle, which is believed to be
due to the presence of NiOOH on the
surface, as the oxidation state of NiOOH
is 3*. (@) and (b) showcase the O 1 s
peaks pre-cycle and after 7000 cycles,
respectively. A sharp decrease in the
NiO peak is seen, which can be
attributed to material degradation.
Reprinted from [115].

Intensity (a.u.)

Pre cycle

536

532 530 528

Binding Energy (eV)

534 526

Intensity (a.u.)

Post 7000 cycles

O1s

536

534 532 530 526

Binding Energy (eV)

528

FTIR

(c) shows the vibration bands of an
undoped, chemically  synthesized
polyaniline by the FTIR spectrum.
There are prominent vibration bands in
the spectrum at 1588, 1495, 1322, 1164,
848, and 622 cm™. The vibration bands
at these different wavelengths are
explained in detail in [116]-[120].

Changes in the intensities or positions of
the vibrational bands associated with the
C=C and C-N bonds, as mentioned in
the paper, can indicate polyaniline

3850

3350

2850 2350 1850
Wavenumber (cm)

1350 850 350
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electrode material degradation [116],
[117]. This spectrum can be used to
study the changes in the chemical
structure and vibrational modes of the
material as it degrades in a
pseudocapacitor.  Reprinted  with
permission from [116].

XRD

Using an XRD spectroscopy system, the
composition, and  crystallographic
structures of different electrodes
(untreated Ti as control sample [S1], Ti
sheet treated with one-time laser
irradiation [S2], and Ti sheets treated
with two-time laser processing [S3]) has
been studied by [121]. (d) shows the
XRD results and confirms the presence
of micro and nano web-like titanium
oxide structures in both the S2 and S3
samples. The control sample, on the
other hand, showed no oxide peaks (S1).
So, increasing the number of laser
treatments from one to double resulted
in an increase in oxide intensity in XRD
results. This increase in oxide intensity
suggests that electrode degradation may
be linked to titanium oxide formation
during laser treatment. Reprinted with
permission from [121].
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2.1.6.2 Electrochemical profile evaluation (analysis)

Capacitance and energy/power density, measured at a specific current density, are commonly

used to assess the electrochemical performance of a pseudocapacitor's electrode material. Table

2-5 shows the electrochemical characteristics through different types of analysis such as cyclic

voltammetry (CV), galvanostatic charge/discharge test (GCD), and electrochemical impedance

spectroscopy (EIS), and how they are related to operational parameters such as rate capability,

structural stability, power capacity, and capacity retention.
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2.1.6.2.1 Cyclic voltammetry
CV is used to measure average capacitance for the pseudocapacitive behavior with a
rectangular CV curve [110], [122], [123]. The capacitance of electrode material is estimated
from the rectangular CV curves:

c=; (2:3)
where C is the capacitance (Fg™), i is the current density at the mean voltage (Ag™?), and v is
the scan rate (Vs) [104]. The capacitance of an electrode layer can also be estimated with the

following formula:

19
Ci=l (2-4)

where Q is the total charge accumulated throughout the electrode layer and C; is the
capacitance; the area under the CV in both directions in the potential window from E; to E>
can be used to quantify Q [122]. The main drawback of the CV method is it cannot be used to
evaluate the average capacitances in the case of intercalation pseudocapacitors due to the
presence of redox peaks in the CV curves.

2.1.6.2.2 Galvanostatic charge/discharge test

GCD is another efficient method to measure the capacitance of pseudocapacitors and can be

estimated using the following formula:

_ IxXAt

T mxAV (2'5)
where C is the capacitance (F g%), i is the current density (A g), At is the charging/discharging

time (s), m is the mass of the active electrode material (g) and AV is the working/operating
potential window of the electrode [100], [104]. The method is considered efficient because it
can determine the electrochemical properties of the electrode materials used in the
pseudocapacitor under certain controlled current situations [124]. In this test, the

pseudocapacitive behavior depends on the specified potential window (Eq 5). Through general
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trends, it is observed that the specific capacitance is decreased when the current density is
increased. This is because of insufficient response time for the ions in the electrolyte to
reach/diffuse to/onto the electrode surface at a significant current rate [125].

Furthermore, GCD can be used to predict the rate of degradation of a pseudocapacitor through
the charge/discharge curves. The more symmetrical the curves are, the more the
charge/discharge process is reversible, indicating the high Coulombic efficiency of the
electrode. The presence of slight plateaus in the curve also confirms the presence of a

pseudocapacitor [98].

2.1.6.2.3 Electrochemical impedance spectroscopy

EIS is a technique for collecting and analyzing pseudocapacitor impedance data at the open-
circuit potential with a small amplitude of interruptive potential (alternate) of +5 or £10 mV
across a wide frequency range of 0.01 Hz to 100 kHz. The EIS measurement is expressed
through Nyquist plots and is plotted as the imaginary part of the impedance Z(f)’’ versus the
real part of the impedance Z(f)’. The plot is composed of three regions. The pseudocapacitive
mechanism lies in the middle region and represents the internal resistance through a high-to-
medium frequency (i.e., 10 kHz to 1 Hz) [104], [110], [122], [126]-[128]. The intersection of
the curve in the Nyquist plot represents the ESR, which is the sum of the intrinsic resistance of
the electrode material, the electrolyte resistance, and the contact resistance at the interface
between the current collector and the electrode material [116], [129], [130]. Through the EIS
measurements, the relationship between the imaginary part of the impedance and the frequency

is easily determined. The capacitance is calculated through the following equation:

_ 1

C = (2-6)
where the capacitance is known through the Bode plot (linear part of log|Z| vs. log(f) curve).

The plot trend displays the decrease of capacitance with increasing frequency. The plot further
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explains how supercapacitors perform as a pure resistance at the high-frequency region and
thereby indicating the failure of ions in the electrolyte to penetrate the microstructural pores
under considerable frequencies [104], [110], [122]. Therefore, EIS shows how a
pseudocapacitor is an ideal mechanism in the middle region for ion kinetics transfer. The value
of ion transfer resistance is determined from EIS measurements and depends on the dielectric
and the insulating features at the SEI [100]. To conclude, EIS is used to study the response time

of the pseudocapacitors [108].

Table 2-5. Different electrochemical analysis techniques were used to predict their operational
properties.

Example Characteristics Graph

cv (a) CV curves for graphene-carbon (a) 9
nanofiber/MnO nanocomposite paper
(GMP) at different scan rates. At low
scan rates (10 mV s?), the curve is
more rectangular and symmetric,
indicating much faster reversible
Faradaic redox reactions compared
with slow diffusion at high scan rates,
where the shape deviates significantly ol —

from the rectangular-like curve [109]. 06 04 02 00 -02 -04
Potential (V)

— 10 mvis
e 20 MWV/S

30 mvis
— 40 mvis

Current density (A/g)

(b) CV curves for MnO,, MnO2/rGO, (b)
GMP, PPy were used in 1M Na,SO, at

a specific scan rate of 50 mV s, It is
observed that GMP has the highest
area under the curve, which indicates
higher  capacitance than  other
electrodes used. Reprinted with
permission from [109], [131].

3k —— MnO,
== MnO, /rGO

/ GMP
-6 w—— PPy

0.6 0.4 0.2 0.0 02 -04
Potential (V) vs. SCE

Current density (A/g)
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GCD

(c) GCD curves for different
composites/aqueous electrodes (a) Csa
(sulfonated carbon), (b) Ag- PANi-SA
(polyaniline-sulfate salt by aqueous
polymerization pathway), (c) Int-
PANIi-SA+Csa (polyaniline-sulfonated
carbon  hybrid by  emulsion
polymerization pathway), (d) Eml-
PANIi-SA+Csa (polyaniline-sulfonated
carbon  hybrid by interfacial
polymerization pathway) and (e) Ag-
PANIi-SA+Csa (polyaniline-sulfonated
carbon hybrid by aqueous
polymerization pathway) respectively
with a current density of 0.35 A g
Through measurements, it is observed
that the aqueous polymerized
electrode (Ag-PANi-SA*Csa) shows
the best electrochemical performance
due to high conductivity, yield, and
fast ion transport process.

(d) GCD curves for (Polyaniline) Ag-
PANi-SA+Csa at different current
densities (a) 0.35, (b) 0.7, (c) 1, (d) 1.7,
and (e) 3.5 A g? respectively. The
graph has an inset plot known as the
Ragone plot showing the relationship
between the energy storage and the
power capabilities of the
pseudocapacitor. Through this plot, it
is concluded that the electrode has a
high rate capability meaning good
specific capacitance with high-
capacity retention Reprinted with
permission from [108], [131].
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EIS (e) exhibits a Nquist plot for the (e)

OLC/MnO; (onion-like

carbon/manganese oxide) symmetric 35+ | 20 a
pseudocapacitor before and after 50- ol | s >
hour voltage holding experiments % .
[132]. The low-frequency region is — 251 ¢ %10 >
represented by the straight line. The <] 0] + = o
inset is the expanded portion of the @ ‘ 05 s 8
high frequency region, and the £ 159 100 Hz

semicircle corresponds to the charge LA : /’ 00 \015 R
transfer resistance. Extrapolating the 4 Re(2) ()
vertical portion of the plot to the real 51 = Jelorm Vokege hokg

axis, considering both the ESR and the oM T TR
ionic resistance within the porous 0 5 10 15 20 25 30 35
structure, yielded the equivalent Re(2) (Q)

distributed  resistance  for  the
OLC/MnO; nanohybrid material and
OLC alone (RC semicircle). The
OLC/MnO; nanohybrid  material
demonstrated an increase in ionic
resistance within the porous structure,
as evidenced by a slightly larger RC
semicircle (1.8 Q cm? when
compared with the OLC alone (1.2 Q
cm?). Therefore, EIS helps to
determine the rate of charge and
discharge and the power capability of
the material, which is crucial to
degradation rate. Reprinted from
[132].

2.1.7 Optimizing and controlling the rate of degradation

To increase the efficiency of the pseudocapacitor, it is crucial to reduce the rate of degradation
or optimize the factors affecting it. All the mechanisms mentioned in Section 2.1.3 have their
consequences on the deterioration of the device and slow down the efficiency of the
pseudocapacitors. It is therefore important to address this mechanism and enhance or modify
the parts used in the pseudocapacitor for their prolonged lifetime with an increase in efficiency.
Furthermore, we refer the reader to the supplementary information, which includes a comma-

separated values file, for an exhaustive account of the various electrode and electrolyte variants
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implemented in a pseudocapacitive device. This file contains information on 40 different
electrode and electrolyte combinations, providing a comprehensive look at the materials used
in pseudocapacitive devices. This data set's inclusion aims to facilitate further investigation and
analysis of pseudocapacitive devices, contributing to the scientific community's understanding

of these promising energy storage systems.

2.1.7.1 Enhancing the electrode material used at (the fabrication or structure level)

This subsection focuses on the electrode material and how different manufacturing techniques
for different electrodes have been carried out to modify the structure of the electrode. In doing
so, various operational parameters — such as potential window, current density, and the
number of cycles — can be improved, leading to excellent electrochemical performance of the
pseudocapacitor device. Changing the properties of the electrode by varying different
parameters during manufacturing has enabled many desired outcomes, such as good capacity
retention, cyclic stability, and rate capability. As shown in the following subsections, we have

briefly explained various types of pseudocapacitive materials used in pseudocapacitors.

21711 Metallic oxides

Huarong Peng conducted research on molybdenum disulfide (MoS;)-coated vanadium trioxide
(V203) composite nanosheet tubes [133]. The MoS: and V.0:@MoS, composite tubes were
created using a one-step hydrothermal reaction, as shown in Figure 2-11, and electrochemical
measurements showed that the hollow tubular V.03@MoS> composite exhibited typical
pseudocapacitive behaviors, including a wide operational window, high specific capacitance,

and excellent cycling stability.
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Figure 2-11: The schematic detailed diagram for the fabrication process of the MoS; nanosheets and
the tubular (hollow) V,0;@MoS; composites. Reprinted with permission from [133].

Figures 2-12 (a) and (b) show the CV curves of symmetric pseudocapacitors
(V203@M0S,/V203@MoS>) and asymmetric pseudocapacitors (V203:@MoS2/AC) at a scan
rate of 20-100 mV sX. The CV curves show a quasi-rectangular shape with minimal distortion.
Interfacial modification in the composite, such as atomic layer deposition and molecular layer
deposition, has proven to be very effective in suppressing electrochemical degradation
behavior. Atomic layer deposition is a technique whereby the deposition of the thin film
develops rapidly due to unique properties, including excellent uniformity, atom-scale
stoichiometric deposition, and operation at low-growth temperatures [133]. The main
drawbacks — such as restacking propensity and self-aggregation tendency caused by the
reduction in surface energy — are avoided by either changing the structure to 3D to minimize
restacking propensity or combining it with other materials to build Van der Waals
heterostructures [134], [135]. This separates the layers of MoS, and prevents aggregation.

Doing this also increases the potential window for the pseudocapacitor and allows it to function
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as a cathode as well as the anode. MoS> has higher intrinsic ionic conductivity than metal
oxides and higher theoretical specific capacity (670 mA hg*) than graphite [136], [137]. Owing
to the multivalence of both Mo and V, the potential window of the composite can straddle
between negative and positive potentials and offers opportunities to achieve high energy
density [138], [139]. An asymmetric device made of V.Oz:@MoS; and activated carbon (AC)
demonstrated a high energy density of 31.8Wh kg™ at the power density of 0.37kWkg™, as well
as an ultra-high cycling stability, with approximately 100% capacity retention after 35000
cycles [133]. In his review paper, Chunyu Du concluded that Ti-based oxides (TiO2) are useful
for structural stability in pseudocapacitors/hybrid Pseudocapacitors [140]. Because it is used
to control the thickness of 2D materials, atomic layer deposition has proven to be a powerful
tool for electrode fabrication in hybrid pseudocapacitors applications [141]-[143]. Figures 2-
12 (c) and (d) showcase the TiO2 nanotubes manufactured by the electrospinning process, a
process that achieves high surface area and high electron-enhanced mobility [140]. Ti-based
oxides have a high operating voltage in comparison to alkali metal deposition such as Li, Na,
and so on, and this ensures complete safety by preventing the formation of lithium and sodium
dendrites. High working potential, on the other hand, prevents electrolyte decomposition,
resulting in excellent rate capability via the unique pseudocapacitive kinetics [51]. The intrinsic
poor electrical conductivity and slow ion-transfer kinetics limit its use in pseudocapacitors, but
recent advances in morphological control and bulk-phase doping have demonstrated its
potential for future research. When amorphous TiO>@CNT/CFP (carbon nanotubes/carbon

fiber papers) is used as an anode, structural stability and excellent rate capability is achieved.
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It has a high reversible capacity of 272 mAh g at 0.1 Ag™ and excellent cycling performance,

retaining 93% of its capacity after 10,000 cycles at 20 Ag™ [51], [144].

MnO: is an excellent material for use in pseudocapacitors due to its high rate and capacity
performance; however, due to electrochemical instability in the aqueous electrolyte, it cannot
be used at a low electrochemical potential. Yu-Ting Weng's experiment demonstrates the
possibility of stabilizing the MnO: electrode using a silicon dioxide (SiO2)-confined
nanostructure [145]. Surprisingly, this approach achieved an exceptionally good
electrochemical stability under large negative polarization in aqueous (Li2SO4) electrolyte
between -1 V and +1 V with no Mn dissolution, which is normally unattainable for MnO»-
based electrodes. Even more intriguing, this MnO2-SiO2 nanostructure composite exhibits
distinct mixed pseudocapacitance-battery behavior involving consecutive reversible charge
transfer from Mn(IV) to Mn(ll), allowing for simultaneous high-capacity and high-rate
characteristics via different charge-transfer kinetic mechanisms [145]-[148]. Figure 2-12 (e)

shows the cycling stability of the MSO (Mn-Si-O) electrode. It is CV scanned at 20 mV s,
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Figure 2-12: (a) CV curve for the symmetric pseudocapacitor V,0:@MoS,/ V.0;:@MoS,. (b) CV
curve for the asymmetric pseudocapacitor V,Oz;@MoS,/AC. (¢) & (d) TiO, nanosheets (hollow
nanofibers) manufactured by electrospinning method. (e) Graph for capacity retention against the
number of cycles for the MSO and MnO; electrodes. The inset in the graph shows the solution after
cycling tests. Reprinted with permission from [51], [133], [145].
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In < 500 cycles, the MnO- lost > 90% of its capacity and formed a brown precipitate in the
electrolyte, indicating Mn?* dissolution. After 5000 cycles in MSO, the electrode retained 68%
of its capacity and no precipitate was formed in the electrolyte. As a result, when utilized at
low potentials, the MSO electrode prevented electrode corrosion [145].

Through the manufacturing process of electrodeposition and hydrothermal method, NiCoO>
nanowires (NCO NWs) and NiCoO- nanoflakes (NCO NFs) covered with CoS; (CS) were in-
situ formed on gold-coated nickel foam (NFA). The NFA/NCO/CS electrode's manufacturing
procedure is shown in Figure 2-13. The formed layered structure facilitates the rapid
transmission of electrolytes and improves the mechanical stability of the electrodes [149]-

[151].

" electrodeposition
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Figure 2-13: Synthesis route of NFA/NCO/CS. Reprinted with permission from [151].
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Meanwhile, adding a gold layer improves conductivity and electron/ion transmission. Zhicheng
Chi and his colleagues discovered experimentally that an electrode based on NiCoO:
nanowires/CoSz (NFA/NCO NWs/CS) nanocomposite has an ultrahigh specific capacitance of
3.28 Fem™ (2186.7 Fgt) at 2 mA cm and retains 90.4% of the initial capacitance after 4000
cycles [52], [151], [152]. In addition, Figures 2-14 (a) and (b) show that, at a scan rate of 10
mV s?, the response current of each NFA/NCO/CS electrode is extremely strong,
demonstrating the CS layer's contribution to the pseudocapacitance and showing that the

pseudocapacitance is primarily caused by the second stage of the charging process [150]-[153].
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Figure 2-14: (a) CV curve for composite electrode for pseudocapacitors, using NFA/NCO NWs/CS or
NFA/NCO NFsCS at a scan rate of 10 mV s. (b) GCD curve of the NFA/NCO NWs/CS composite
electrode at different current densities. Reprinted with permission from [151].

21.7.1.2 Carbon-based materials

In a study led by Yun-Guang-Zhu, NiO nanoflakes/graphene (NiO/G) nanocomposites were
prepared using a hydrothermal method, followed by heat treatment with nitrogen (N2) gas
[154]. In this composite, NiO nanoflakes (30-80 nm in diameter) are uniformly anchored on
graphene sheets layer by layer, effectively preventing aggregation and providing 2D diffusion
channels for electron and ion transport. The NiO/G composite electrode outperforms bare NiO

nanoflakes in terms of electrochemical properties. The specific capacitances of the NiO/G
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electrode are 240 Fg* at 5 Ag™ and 220 Fg* at 10 Ag™, which are significantly greater than
the specific capacitances of the NiO electrode, which are 100 Fg* at 5 Ag™* and 90 Fg* at 10
Agt. NiO/G offers better channels for quick ion-transfer kinetics and aids in customizing the
surface area, porosity, and pore distribution of the electrode because NiO has poor ionic
conductivity and poor long-term stability due to crack formation in the electrodes. The addition
of graphene boosts the ionic conductivity, as well as the energy and power density [154]-[158].
Furthermore, graphene prevents NiO nanoflakes from aggregating, and NiO nanoflakes can
also impede graphene aggregation. The cycling stability of the NiO/G supercapacitor is quite
high due to this hybrid structure, which exhibits a superior cycling stability of 100%-120%
retention of specific capacitance after 1500 cycles at a current density of 5 Ag™ between 0-0.5
V (Figure 2-16 (a)), compared with 66.7% for NiO [154]. The EIS plot of NiO and NiO/G is
shown in Figure 2-16 (b). The spectra of NiO/G are very close to 90°, which is much larger
than that of NiO, and the spike begins around the mid-high frequency. Therefore, this indicates
that NiO/G is a much better composite than NiO, and that it can be used as an electrode material
for a low-leakage supercapacitor [154], [159].

Xinjie Liu conducted an experiment whereby he used a composite structure of ZIF-67@Co-
NTC that was synthesized by using ZIF-67 as a sacrificial template/precursor and rigid 1,4,5,8-
naphthalene tetracarboxylic acid (NTC) as a linking ligand [160]. The composite structure was
then partially vulcanized to form layer-like CosSs nanosheets to synthesize a composite
heterostructure of Co- NTC@Co03S4. Figure 2-15 depicts the Co-NTC@Co3Ss manufacturing
process. During the charge and discharge processes, the layered structure can improve the
electron transport efficiency via small diffusion electrolyte channels, while also preventing
nanosheet accumulation/aggregation [160]-[162]. Also, the layered structure helps in the large
specific surface areas, and it helps in the penetration of ions into the electrolyte, which

improves the ion-transfer kinetics during the cycling of the electrode [160], [163]-[165].
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Figure 2-15: Schematic diagram of the processing of hierarchical Co-NTC@Co0sSs. Reprinted with
permission from [160].

Based on these advantages, Co-NTC@Co03S4 exhibits excellent electrochemical properties. It
can achieve up to 3117.3 Fg! at 1 Ag?, and the magnification capacity is about 80% at 10 Ag
1. after 1000 cycles, the retention rate can reach up to 87% at the same current density. A hybrid
supercapacitor (asymmetric pseudocapacitor) composed of Co-NTC@Co03S4 and AC exhibits
ideal performance (i.e., the cyclic capability is up to 110% after 5000 cycles at a current density
of 10 Ag™). This can be further seen in Figures 2-16 (c) and (d). In a 6 M KOH electrolyte, Co-

NTC@Co03S; is the positive electrode and AC is the negative electrode. In the mid-potential
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range (i.e., the range of potentials where the electrode's pseudocapacitive behavior is most
observable, typically within the potential range with the highest current density and the most
rectangular CV curve), the CV curve is rectangular and exhibits pseudocapacitive behavior

[160], [163].
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Figure 2-16: (a) Specific capacitance vs. the number of cycles of NiO and NiO/G. The cycling
performance is carried out at a current density of 5 Ag™. (b) Nyquist plots of the NiO and NiO/G
electrodes. () CV curve of Co-NTC@CosSs and AC at a scan rate of 10 mV s*. (d) Cycling
performance/stability of Co-NTC@Co0sS4/AC at a current density of 10 Ag™. Reprinted with
permission from [154], [160].

Hao Xie described a simple hydrothermal synthesis of an advanced nanocomposite made of
novel three-dimensional (3D) nitrogen-doped graphene (NG) networks and hexagonal cobalt
hydroxide (Co (OH)2) nanoplates that are optimized for use as electrochemical pseudocapacitor
materials [166]. To achieve high porosity and capacity, parameters such as GO precursor

concentration and Co (OH)2 content are independently optimized. Inside the conductive [166],
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[167]. The homogeneous distribution prevents the stacking of the nanoplates and the
interconnected NG networks, single-crystalline Co(OH)2 plates are distributed uniformly NG.
Figure 2-17 (a) shows the SEM image of the NG/Co(OH). The 3D network is still the same
approximately with no significant changes. The composite has a porous structure, with the
interconnected NG. From the inset of Figure 2-17 (a), it is observed that there is no stacking,
and the hexagonal morphology is retained. In this research, it was observed that the 71%
Co(OH), weight content achieves a capacitance of 952 Fg* at 1.0 Ag™*, more than triple that
of the pure NG and nearly four times that of Co(OH)2 plates [168]-[170]. Furthermore, this
value exceeds the recently reported values for 2D graphene/Co(OH)2 composites. Capacity
retention over 2000 cycles is 95%, as seen in Figure 17 (b) [166]. The improvements are
primarily due to Co(OH). particles standing randomly in 3D networks rather than lying on NG
nanosheets. The specific surface area is increased as a result. Furthermore, the regular
morphology of Co (OH)2 and the 3D porosity, which prevents the stacking of the Co (OH):
plates effectively in the composite, as well as the continuously connected pores and highly
conductive NG networks, which facilitate electron and ion transport, are all beneficial [166],
[168], [171], [172].

2.1.7.1.3 Conducting polymers

Conducting polymers, particularly PPy and PANi have a high potential for use as
pseudocapacitive electrodes due to their ease of fabrication and low cost. However, the
structural instability caused by volumetric swelling and shrinking (electrolyte) during the
charge/discharge process is a significant barrier to their broader applications. As a result,
Tianyu Liu and his colleagues' incredible work demonstrated a simple and general strategy for
significantly improving the cycling stability of conductive polymer electrodes by deposition of

a thin carbonaceous shell onto their surface [173]-[175].
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Figure 2-17: (a) SEM image of the NG/Co (OH). composite electrode. (b) Capacity retention
vs. cycles for the NG/Co (OH), composite electrode material at a current density of 1 Ag™* over
2000 cycles. Reprinted with permission from [166].

Figures 2-18 (a) and (b) show that there are no detrimental changes in the structure after 10,000
cycles, indicating that the presence of the carbonaceous shell in the PPy and PANI has no effect
[174], [176]. Furthermore, carbonaceous shell-coated PPy and PAN-electrodes achieved
remarkable capacity retentions of ~85% and ~95% after 10,000 cycles, respectively, compared
with 25 % and 20 % as bare electrodes. This is demonstrated in Figures 2-18 (c) and (d).

The presence of a 5-nm thick carbonaceous shell can effectively prevent the structural
breakdown of polymer electrodes during the charge/discharge process, according to electron
microscopy studies. Furthermore, polymer electrodes with a 5-nm thick carbonaceous shell
demonstrated comparable specific capacitance and pseudocapacitive behavior to bare polymer
electrodes. Moreover, the same process can be used to stabilize other similar polymer
electrodes, and the ability to design and fabricate these types of electrodes has the potential to

be a breakthrough in the pseudocapacitor industry [174].
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Figure 2-18: (a) & (b) SEM images before and after cycling test of 10,000 cycles for PANi@C-2h and
PPy@C-2h respectively. (c) & (d) Capacity retention vs. the number of cycles for PANi and PANIi@C
electrodes, and for PPy and PPy@C electrodes. The cycling performance is analyzed at a scan rate of
100 mV s, Reprinted with permission from [174].

Sungjim Im et al. showed how to improve the supercapacitive performance of a 2D nanosheet-
based composite electrode. They created a hybridized electrostatic double-layer capacitor-
electrochemical pseudocapacitor (EDLC-PC) electrode out of rGO-PANI nanofibers (rGO-
PANI NFs). Figure 2-19 (a) showcases the fabrication of the nanocomposite supercapacitor
electrode via the solution process [177], [178]. For the enhanced supercapacitive performances,
insulator silver chloride nanoparticles (AgCl NPs) were intercalated into the interlayer gap of
rGO. The AgCI NP intercalation exfoliated rGO layers and prevented the rGO self-restacking
(which occurs through typical fabrication by the solution process) that makes it difficult to
utilize the high surface-to-volume ratio of ideal mono- (or few) atomic-thick rGO layers [179].

Figure 2-19 (b) displays the SEM images with the surface morphologies of (i) GO, (ii) rGO/Ag
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NPs, (iii) rGO/AgCI NPs, and (iv) PANi NFs-g-rGO/AgCIl NPs nanocomposites, which can be

used as a pseudocapacitor electrode.
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Figure 2-19: (a) Schematic diagram of the manufacturing of the PANi-g-rGO/AgCIl ternary
nanocomposites. (b) SEM images of (i) GO, (ii) rGO/Ag, (iii) rGO/AgCI, and (iv) PANi-g-rGO/AgCI
ternary nanocomposites used in the electrodes of the supercapacitor. Reprinted with permission from
[178].

As a result of this synthetic route, the specific capacitance increased by the increased specific
surface area of rGO. Furthermore, the well-developed rGO edges formed by the AgCI
intercalation enabled the formation of more bonds between PANi and rGO via selective
grafting of PANI to the rGO edges. As a result, as conducting paths, the PANi-rGO bonds
significantly reduced total electrical resistance. Increased specific capacitance, ion diffusion
efficiency, and reduced electrical resistance were used to demonstrate the bi-functional roles
of AgCl NP insertion in high-performance hybridized EDLC-PC electrodes [177]-[181].
Figure 2-20 (a) shows the graph of specific capacitance versus current density, the specific
capacitance of ternary PANi-g-rGO/AgCI is observed to be 1.1-1.4 times higher than that of

binary PANi-g-rGO at different current densities (1-50 Ag?). This is because the large
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accessible surface area of rGO opened by NP intercalation makes diffusion efficient.
Furthermore, Figure 2-20 (b) demonstrates that the ternary nanocomposite has higher cyclic

stability (80% after 1000 cycles) than the binary composite and homogeneous PANi NFs
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electrodes, which have a cyclic stability of 65% and 58%, respectively [178], [181].

Tae Guang Yun proposed an ultra-stable, stretchable electrochromic supercapacitor device
made up of Au/Ag core-shell nanowire-embedded polydimethylsiloxane (PDMS), bi-stacked
WOs3 nanotube/PEDOT:PSS (poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate)), and
a hydrogel electrolyte based on polyacrylamide (PAAm) [182]. The supercapacitor is
transparent. The supercapacitor is fabricated by electrospinning the WO3 nanotube, which is

then coated with a PEDOT:PSS thin layer and drop-coated onto the Ag nanowire-embedded

Figure 2-20: (a) The curve of specific capacitance of PANi-g-rGO/AgCI, PANi-g-rGO, and PANi NFs
at different current densities. (b) Cyclic performance of the PANi-g-rGO/AgCI, PANi-g-rGO, and PANI
NFs. Reprinted with permission from [178].

PDMS substrate. Figure 2-21 (a) depicts the fabrication process in detail [182]. When
combined with a PAAm-based hydrogel electrolyte, PDMS with an embedded Au/Ag
core/shell nanowire prevents the oxidation and dehydration of silver while maintaining ionic
and electrical conductivity at high voltage, even when exposed to ambient conditions. The

flexible electrochemical supercapacitor is used in place of conventional supercapacitors
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because it degrades less when exposed to the atmosphere and does not deform easily under
tensile or compressive stress. Conventional supercapacitors degrade during cycling due to the
decomposition/corrosion of the electrode and decomposition of the electrolyte [182]-[186].
Figure 2-21 (b) shows the CV curve for the different types of supercapacitors; the area under
the curve is highest for WOsNT+PL (Tungsten Trioxide Nanotubes Photoelectrochemical
electrode) as the capacity increases with the incorporation of the WO3 nanotube and the
PEDOT:PSS overlayer. The achieved specific capacitance is 470 Fg™*, with a capacity retention
of 92.9% after 50,000 charge/discharge cycles. As a result of the dual coloration and
pseudocapacitor properties of the WO3 nanotube and PEDOT:PSS thin layer, a high coloration
efficiency of 83.9 cm?C™? is observed [182]. The electrolyte choice is also critical, as PAAmM
has high ionic conductivity and increases the stretchability of the -electrochromic
pseudocapacitor by 80%. Table 2-6 shows the main factors and reasoning behind the improved

electrochemical performance of the different types of pseudocapacitors.
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Figure 2-21: (a) The fabrication of WO; nanotubes and the PEDOT: PSS layer is depicted
schematically. The electrospun WO3 nanotube is coated with a thin layer of PEDOT: PSS before being
drop-coated onto an Ag hanowire-embedded PDMS substrate. (b) CV test of all (transparent stretchable
electrochromic supercapacitor (TSES) electrodes at a scan rate of 1 mV s*. The curve clearly shows
that, with the addition of WO3 nanotubes and the PEDOT: PSS, the capacity increases dramatically.
Reprinted with permission from [182].

Table 2-7 showcases all the operational results such as capacity retention and the specific

capacitance for all the electrodes used in all the cases mentioned in subsections of Section
2.1.7.1.
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Table 2-6. Summary of different electrodes used for minimizing the rate of degradation in pseudocapacitors.

References Electrode Factors Mechanism Operational results
[133] V.0;@MoS; Atomic layer deposition, Short ion diffusion path length, increased surface area, mass transfer, volumetric Ultra-high cycling stability
molecular layer deposition expansion
[51] Ti-based oxides High working potential, Increased surface area, increased ion-transfer kinetics, no decomposition of the High voltage window,
high operating voltage electrolyte high-rate capability,
good structural capability
[145] MnO,-SiO; Oxidation state, negative No precipitate in the electrolyte (no dissolution) High-rate capacity
polarization in aqueous
electrolyte
[151] NiCoO,/CoS, Layered structure due to the  Rapid transmission of the electrolyte, fast electron/ion transport Mechanical stability of the
selection of nickel foam electrodes (device)
[174] Conducting Thin film/layer deposition No significant microstructural changes during cycling Good cycling stability
polymers
[154] NiO/G 2D layer and diffusion High surface area and tailored pore distribution and porosity. Superior cycling stability, high
channels, hybrid structure energy, and high power density
[160] Co-NTC@Co03Ss  Layered nanosheets, Increased surface area, electron transport efficiency Good rate capability
and asymmetric conductive NG
pseudocapacitor  interconnected network,
(Co- composite heterostructure,
NTC@CosS4//A  small diffusion electrolyte
C) channel
[166] Co (OH),/NG Doping, regular Large surface area, high porosity High capacity, good structural
morphology, 3D porosity, capability, and stability
the high diffusion rate
[178] rGO@PANI Intercalation into layers of Enlarged specific surface area, low electrical resistance, ion-diffusion efficiency High specific capacitance, good
rGO, 2D diffusion channels, specific stability
conductive bonds of PANi-
rGO
[182] WO; Thin layer nanostructures, High ionic and electrical conductivity at high voltage applied, negligible deformation High specific capacitance,
nanotube/PEDO  less significant oxidation under high tensile stress stretchability up to 80%
T: PSS and dehydration of

electrode, flexible electrode,
incorporation of polymeric
(PMMa) electrolyte
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Table 2-7. Electrodes, electrolyte, preparation method, and their operational results.

Ref.  Electrode Electrolyte Preparation method Specific capacitance (Fg) Capacitance retention (cycles)
[133] V203@MoS; 1 M Na>SO4 One-step hydrothermal reaction 655 (3 Ag?) 100% after 35,000 cycles
[51]  Ti-based oxides 1 M NaClO4,1  Electrospinning, electrodeposition 93% after 10,000 cycles at 20 Ag™
M NaPFe
[145] MnO>-SiO; Li2SOq4 Hydrothermal, electrodeposition 181 68% after 5000 cycles
[151] NiCo0O2/CoS; 1M KOH In-situ, hydrothermal, 2186.7 (2 Ag?) 90.4% after 4000 cycles
electrodeposition
[174] Conducting polymers 1 M H2SO4 Electrodeposition 500-3500 85% (PPy) and 95% (PAN:I) after
10,000 cycles
[154] NiO/G 6 M KOH Hydrothermal method 220 (10 Ag™Y), 240 (5 Ag™) 100%-120% after 1500 cycles at 5
accompanied by thermal treatment. Ag?
For graphene, by Hummer’s method
[160] Co-NTC@Co03Ss and 1 M KOH, Hydrothermal (sacrificial 3117.3 (1 Ag?) 87% after 1000 cycles at 10 Ag™,
asymmetric 6 M KOH template/precursor), vulcanization, 110% after 5000 cycles at 10 Ag™
pseudocapacitor (Co- (asymmetric) and Hummer’s method (for asymmetric)
NTC@Co03S4//AC)
[166] Co (OH)/NG 6 M KOH Hydrothermal, Hummer’s method 952 (1 Ag?) 95% after 2000 cycles at 10Ag™
[178] rGO@PANI 0.1 M HCI Solution process 105 80% after 1000 cycles
[182] WOsnanotube/PEDOT: PAAmM-based Electrospinning, coating treatment 471 (1 Ag?) 92.9% after 50,000 cycles
PSS hydrogel
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2.1.8 Manufacturing Phase Summary

2.1.8.1 Summary

With the rapid development of energy storage devices such as solar cells, batteries, electric
vehicles, and transportation systems, the pseudocapacitor has received a great deal of
attention in the last decade due to its high energy density and high power density. The most
advantageous aspect of the pseudocapacitor is its ability to function at high operating
conditions — such as high operating voltages, high current densities, and a large number
of cycles —at the same time with high energy output, while keeping safety parameters as
a priority. Many challenges limit its applications in many sectors of the world due to the
degradation mechanism, unclear energy storage mechanism, significant gas evolution,
corrosion of the device, and so on. The degradation mechanism has been addressed and
classified at various levels in this review, with the goal of finding potential solutions and
reducing the rate of degradation for overall improved electrochemical performance of the
device. Different solutions for enhancing the properties of a pseudocapacitor have been
discussed in this review, with further potential improvements that could be researched or
carried out for much broader applications in various industries for energy storage. The
advanced nanotechnologies being researched enable pseudocapacitors to achieve high
energy and power density, while also having a long cycle life. The development of long-
cyclable pseudocapacitors with good rate performance and high capacity retention during
the charge/discharge process has resulted from improvements to the electrode and the

electrode—electrolyte interphase (surface area) or SEI. As a result of these advancements,
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the rate of degradation in pseudocapacitors has been reduced, which could lead to large-

scale applications in electric vehicles, energy storage, and research purposes.

2.2 Operational Phase: Unwanted Degradation in Lithium-ion Batteries

2.2.1 Introduction

The transportation sector is one of the largest contributors to global greenhouse gas (GHG)
emissions[187]-[189]. The negative effect of GHG on human life and the environment
provides a strong driving force for reducing GHG emissions [190]. Transportation
electrification is a promising solution to alleviate the growing concern about GHG
emissions. More and more electric vehicles (EVs), hybrid electric vehicles (HEVS), and
plug-in hybrid electric vehicles (PHEVS) have been developed and deployed as alternatives
to traditional internal combustion engine (ICE) vehicles [190]-[192]. The success of
transportation electrification depends largely on energy storage systems. As one of the most
promising energy storage systems, lithium-ion batteries (LiBs) have many important
properties to meet the wide range of requirements of electric mobility [193], [194]. The
challenging requirements for further development of the LiB system are longer life, fast
charging, low temperature charging, self-recovery capability, and safety performance. In
fact, according to the literature, these requirements are related to the aging mechanisms of
lithium plating and anode kinetics. Clear diagnosis, prognosis and understanding of the

mechanisms and effects of lithium plating on the performance of cells and battery packs

® This section is based on a previously published article:

X. Lin, Kavian Khosravinia, X. Hu, Ju. Li, and W. Lu. "Lithium Plating Mechanism,
Detection, and Mitigation in Lithium-lon Batteries"”, Progress in Energy and Combustion
Science. The material is reproduced here with permission from the publisher, [Elsevier].
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are critical to the safe and durable design of LiB systems. However, understanding the

aging mechanisms is complex due to the intricate, nonlinear, and path-dependent nature of

battery degradation [195], [196]. As a result, as shown in Figure 2-22, lithium plating has

been the subject of several levels of research, ranging from understanding the mechanism

of lithium plating to demonstrate why, where, when, and under what conditions this

phenomenon occurs, to determining the most effective method to detect, predict, and

prevent it. Therefore, the purpose of this article is to review the existing work in literature

and identify some of the fundamental knowledge gaps at each of these levels.
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Figure 2-22: Lithium Plating Phenomena at Different Research Levels.
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A typical lithium-ion battery cell, as shown in Figure 2-23 (A), comprises a composite

negative electrode, separator, electrolyte, composite positive electrode, and current

collectors [197], [198]. The composite negative electrode has a layered and planner crystal
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structure that is placed on the copper foil, which functions as a current collector. There are
three types of carbonaceous materials: graphite, graphitizable carbon, and non-
graphitizable carbon (hard carbon) [199]. Graphite is frequently used as a negative
electrode because of its excellent performance, low cost, and non-toxicity [200]. The
composite positive electrode (cathode) is a metal-oxide with a tunneled or layered structure
that is coated with aluminum foil [201]. Aluminum acts as a current collector. The
Electrolyte plays a critical role in the lithium-ion diffusion process. The electrolyte allows
lithium ions to move between electrodes [202]. The separator is a piece of thin microporous
polymer film (10 to 30 um) soaked in the electrolyte and sandwiched between the anode

and cathode electrodes to prevent shorting of the two electrodes [197].

During the normal charging process, electrons are extracted from the cathode and moved
to the anode through the external circuit by the charger. Meanwhile, Li* ions are de-
intercalated from the cathode and moved to the anode through electrolyte [200]. During
discharge, the entire procedure is reversed. The lithium-ion intercalation process (during
charging) has three major steps [203]: (i) the Li* diffuse out of the cathode (ion movement
through the solid electrode), (ii) the diffusion of solvated Li*ions in the electrolyte, (iii) de-
solvation Li* ions passing through the SEI and embed into the interlayer of graphite [204]-
[206]. Step (iii), generally known as the charge-transfer process, is broken into three
subprocesses [207], [208]: 1) de-solvation of solvated Li* ions (strip off their solvation
shell), 2) naked Li* passing through the SEI, and 3) solid-state lithium diffusion into
graphite (Li* reaching the anode and receiving an electron, which could occur at the anode-

SEI interface or the anode-electronic conductor-SEI interface [204]) (Figure 2-23 (C)).
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These steps would be favored in an ideal battery working condition. Nonetheless, in real-
world applications, LiBs are subjected to a variety of severe circumstances, which have a
substantial impact on battery performance and longevity. Battery degradation is a
complicated issue involving numerous physical and chemical processes. Degradation is
dependent on a number of complex mechanisms caused by a variety of factors (e.g.,
intrinsic and extrinsic) [209], [210]. Intrinsic factors are classified into two categories:
material properties and manufacturing procedures [211]. Extrinsic factors derive from the
LiB operating conditions, such as charging at a high C-rate, high state of charge (SOC), or
low temperature [209], [210]. As shown in Figure 2-24, the aging mechanisms affect not
only the anode and cathode electrodes, but also other LiB components such as electrolyte,
separator, binder, and current collector [211]-[213]. The most detrimental aging
mechanisms impacting graphite anode electrodes are solid electrolyte interphase (SEI) film
growth, binder decomposition, and lithium plating [214]-[216]. According to the literature,
aging mechanisms can be divided into three main degradation modes (DMs): loss of
lithium inventory (LLI), loss of active materials (LAM) [217], and loss of electrolyte [211],
[218]. In LLI, lithium ions are consumed by side reactions, such as SEI film formation and
decomposition, electrolyte decomposition, and irreversible plating [219]. Since these
lithium ions are no longer cyclable for the intercalation process, the cell capacity is reduced
(capacity fade) [220], [221]. LAM, on the other hand, is usually related with structural
changes and material loss [209]. The active mass on the anode is diminished due to graphite
exfoliation, binder decomposition, electrode particle cracking, or dead lithium blocking the
active site pathway. Furthermore, the active mass of the cathode is reduced due to transition

metal dissolution, structural disordering, and electrode particle cracking [213], [220],
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[222], [223]. The other significant cause of degradation is electrolyte loss; the deposited
lithium on the anode interface reacts with the electrolyte, consuming the electrolyte [202],
[218]. The significant reduction in electrolyte content may result in capacity and power

fading at the end of the battery's life.

Among the several aging mechanisms in LiBs, one of the most detrimental is the deposition
of metallic lithium or lithium plating on the graphite anode surface. This is due to the fact
that lithium plating may not only promote further degradation, but it may also have a
negative impact on the safety of LiBs [224]. During charging, lithium-ions are deposited
on the surface of the graphite anode rather than being intercalated into the interstitial space
between the graphite anode's atomic layers [225]. In general, the deposited lithium can be
reversible or irreversible. The irreversible portion can react with the electrolyte to form a
secondary SEI layer, or it can form a high-impedance “dead” lithium film that is electrically
isolated from the graphite anode and remains irreversible, increasing internal resistance
and decreasing energy density [215], [226]. The irreversible portion causes capacity fade
to be accelerated. In severe circumstances, the accumulated lithium might also form a
dendrite. Dendrites can develop and pierce the separator [227]. The reversible
portion describes the deposited lithium with a durable electrical contact on the anode
interface, which can undergo charge transfer reaction into the electrolyte and subsequently
re-intercalate into the anode, this process is known as lithium stripping. The stripping
process occurs throughout the rest or discharge process following lithium plating;

completely reversible lithium has no capacity retention [228], [229]. One of the major
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limiting reasons for fast charging is lithium plating. As a result, one major difficulty for

fast charging technologies is the reduction of lithium plating during the charging process.
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Figure 2-23: Schematic of a Battery Cell During Charging Process and Lithium Plating Behavior
under Different Operational Conditions. (A) In the intercalation/de-intercalation process, Li-ions
intercalate into or de-intercalate from the active material between the two electrodes in a reversible
manner. (B) Schematic of lithium plating-stripping on the graphite anode electrode. The primary
SElI layer (yellow color) is formed at the anode surface during the first charge of the cell to protect
the electrode against corrosion. Because the primary SEI layer prevents electrons from making
direct contact with the electrolyte, metallic lithium (red color) is deposited between the primary
SEI layer and graphite particles. Mossy and dendritic deposition are two well-known morphologies
of deposited lithium. When deposited lithium reacts with electrolyte solutions, the secondary SEI
layer (green color) forms. (C) Under ideal conditions, the charge-transfer process consists of three
steps: 1. de-solvation of solvated Li* ions, 2. Li* shuttle through the SEI, and 3. solid-state lithium
diffusion into graphite particles. (D) At low temperature, Li* ions move slowly in graphite due to
the low diffusivities of lithium ions and the sluggish charge transfer kinetics which leading to
lithium plating. (E) At high charging C-rate, Li* ions move fast and a large amount of Li*
accumulate at the electrode interface because the lithium solid diffusion is lower Li* diffusion in
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the electrolyte, then saturate concentration happens on the lithium ions, and lithium plating
happens. (F) Under the high SOC condition, Li* ions move slowly in graphite under high SOC
conditions.

Several studies have been done, including investigations into lithium plating mechanisms
at various charging conditions, the development of effective detection techniques, and the
development of strategies for mitigating lithium plating. Figure 2-25 (A) and (B) outline
the various charging currents (C-rates), testing temperatures, and commercial cell types
used in the literature to explore one-set lithium plating. The C-rate is known as the current
value that discharges a battery within 1 h from a fully charged state to a fully discharged
state [230]. It is generally known in battery testing as a current value equal to a cell's rated
capacity (Ah), which may not always be valid. The test temperature is the temperature at
which the cell is saturated, where a climate chamber is often used to maintain a steady
temperature throughout the test. The temperature of the test varies from study to study and
might range from -60 °C to 80 °C. According to our findings, the majority of the research
groups tested the cells at room temperature (25 °C) at 1 C. Higher C-rates and lower
temperatures also have been employed to study one-set lithium plating. Several studies,
however, investigated lithium plating at lower charging rates (0.3 and 0.5 C-rate) and
temperature ranges from (-20 °C to 40 °C). However, further research on lithium plating at
lower temperatures and greater C-rates is still necessary. Furthermore, five various types
of commercial cells were employed in the literature for the research of lithium plating,
ranging from 18650 and 26650 types (1.5 Ah to 3.4 Ah) to large scale pouch types (9.5 Ah
to 16 Ah). The most utilized cells in the literature for investigating lithium plating are cells
with graphite as the anode, such as lithium nickel cobalt manganese oxide (NMC 111

(40%)), lithium iron phosphate (LFP (18%)), and lithium cobalt oxide (LCO (12%)). These
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cells are particularly significant since they have been investigated by various research

organizations and, as a result, with numerous complementary approaches.
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Figure 2-24: Degradation Modes, Ageing Mechanisms, and the Affected Components in Lithium-ion
Batteries. There are many different ageing mechanisms, and they are generally divided into three
different degradation modes (DMs): loss of lithium inventory (LLI), loss of active material (LAM) and
loss of electrolyte. There is a general relationship between battery working conditions and the affected
components with the corresponding ageing mechanisms. Charging at a high C-rate, a high state of charge
(SOC), or at a low temperature are all critical operating conditions that accelerate battery degradation
[220].
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2.2.2 Lithium Plating Reactions

Lithium plating is a parasitic process that goes along with the lithium intercalation process.
Equation (1) shows the complete insertion of Li* ions into the graphite anode electrode.
Intercalation is a diffusion-limited process, meaning that a certain amount of Li* ions can
be embedded into the interlayer of graphite per unit time at a given temperature [223]. The
potential range for Li* ions insertion inside the graphite is 65-200 mV vs. Li*/Li° and no
lithium plating occurs at this level [215]. Equation (2) shows partial or full deposition of
lithium on the anode surface. The charging current is divided into two parts: (i)
intercalation current and (ii) lithium plating current [224]. Ideally, the charging current
affects the pace at which Li* ions reach the anode surface. However, there is a competition
between the intercalation current and the lithium plating current. As the charging process
continues, the vacancy spots in the graphite layer will decrease, and therefore the
intercalation current is decreased while the lithium plating current is increased [205]. When
the anode potential drops below 0V, lithium plating is thermodynamically permitted
because the rates of lithium deposition exceed the rates of intercalation. The main
contributors to the graphite electrode overpotential are i) charge transfer, ii) electrolyte
concentration (mass transfer), and iii) lithium solid-phase in the negative electrode [225].
These are the kinetics cause for lithium plating. When the local potential at the negative
electrode falls below OV (vs. Li / Li*) due to high SOC, high charging C-rate, and low
temperatures, all of which polarize the -electrode, lithium plating can occur
thermodynamically [193], [231]. However, because the reaction enthalpy is more positive,
lithium plating is not as favorable as intercalation from a thermodynamic standpoint.

Kinetic arguments alone are insufficient to address lithium plating. It must be remembered
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that LiB charging is a dynamic process that is not in equilibrium, especially at high C-rates.
In thermodynamic equilibrium, the cell voltage can be determined by the Nernst equation
[226], [227]. The equilibrium potential difference can be used as an indicator of the
thermodynamic driving force of plating vs. intercalation, as plating and intercalation
compete for electrons and lithium-ions [228]. It is well-known that a redox response’s
equilibrium electrode potential shifts with temperature, for both lithium plating and
graphite intercalation, this temperature variability leads to a heterogeneous distribution of
the equilibrium potential on the anode [227]. The improvement of the Li°/Li* equilibrium
electrode potential enhances the thermodynamic onset for metallic lithium plating [228]. It
should be noted that the plated lithium will consume more electrolytes than normal
conditions and lithium plating can happen locally, due to inhomogeneity over the graphite
electrode [229].
xLi* + LigCq + xe~ — Liy,5Cs 2-7)
(1-X)Li* +(1-X)e™ » (1 —X)Li° (2-8)

Lithium plating has three different outcomes, which are dead lithium, reversible lithium,
and secondary SEI film, as shown in Figure 2-23 (B) [232]. A portion of deposited lithium
that has detached and lost electrical contact with the graphite is referred to as dead lithium
[206]. Dead lithium may create a tortuous pathway for lithium-ion transport, reducing the
active area for intercalation [232]. The secondary SEI film is the result of a reduction of
solvent electrolyte (R) by the deposited lithium (Equation (4)). Both dead lithium and SEI
film are irreversible [233] and lead to removing lithium from the system and capacity loss
over time [203]. Reversible lithium is reinserted into the graphite in the lithium stripping

process (Equation (5)) during relaxation or resting time (Equation (3)) [234]. During
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relaxation, the reinsertion continues until all the reversible lithium is inserted into the
anode. The lithium stripping process is a more facile reaction than lithium deintercalation
(Equation (3)). However, the reversible lithium in the lithium stripping process during
discharge has two destinations, the intercalation into the graphite and transfer to the

cathode to deliver output current [234].

eLi® + Lis,,Ce = Lis,, Cs (2-9)
R+ Li® - R—Li (2-10)
Li- Lit +e” (2-11)

Based on the working and charging conditions, the morphology of deposited lithium can
be classified into three types, including mossy, granular (particle-like), and dendritic
(needle-like deposits) [193], [233]. Morphology is determined by the current rate. Mossy
and granular lithium form at low current rates, whereas dendrites form at high current rates
[235]. Dendritic growth can be particularly destructive to the cell because it can penetrate
the separator and reach the cathode electrode, causing an internal short-circuit and rapid
heating of the cell. The generated heat may first melt dendrite and disconnect the short, and
later it may trigger other aging mechanisms, such as SEI formation and electrolyte
decomposition [236]. In terms of safety, the dendritic structure is considerably less safe
than the mossy and granular lithium forms. Internal short circuits are classified into two
types, soft shorts and hard shorts. Soft shorts normally disappear after discharge and do not
cause cells to fail catastrophically. A soft short may reduce the cell's current and voltage
while simultaneously raising the local temperature [237], [238]. The heat generated by the
soft short can cause an exothermic reaction with the electrolyte, causing the separator to
melt. Hard shorts are characterized by slightly larger short circuit currents between the
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anode and the cathode due to their low resistance [237], [238]. Due to a higher increase in
local temperature, hard shorts are also more likely to contribute to thermal runaway. It
should be noted that lithium plating is a result of the actual operating conditions, poorly

balanced cell, material properties, electrode design, and cell design [231].

2.2.3 Main Factors Affecting Lithium Plating

Many research efforts have been undertaken to understand how, where and why lithium
plating occurs during both normal and fast charging conditions. However, the mechanisms
of lithium plating have not been fully elucidated due to its complex nature [239]. According
to numerous previous researches, lithium plating occurs as a result of three major factors,
which include but are not limited to: (i) hazardous operating conditions, (ii) cell

constructive defects, and (iii) conventional aging of the cell (Table 2-8) [240].

2.2.3.1 Hazardous Operating Conditions

Lithium plating occurs when batteries are subjected to harsh conditions, such as charging
at high C-rates, chargingat a high state of charge (SOC), and charging at low
temperatures[241]-[245]. These harsh conditions can limit the charge transfer kinetics in
the electrolyte and solid-state diffusion, causing anode potential to drop below the potential
of lithium metal, causing lithium plating to occur [246], [247]. Because hazardous
operating conditions are one of the most important factors affecting lithium plating, we
will provide a comprehensive review of the main parameters that accelerate lithium plating

under the aforementioned conditions in this section.
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22311 Low-Temperature Effects

Low temperature is generally acknowledged to be one of the critical barriers to fast
charging. Charging with high charge currents frequently results in a severe capacity fade.
Charging a 7.5 Ah cell at 1 C-rate at 0 °C, for example, would result in a considerable
capacity loss (3.6%) [245]. Generally, the power and energy densities of LiBs are reduced
at low temperatures, particularly during the charging process, due to three major factors;
decreased ionic conductivity in the electrolyte, poor solid diffusivity of lithium-ion in the
electrode, and charge-transfer rate[248]-[250]. According to the Arrhenius equation, at low
temperatures, the cell internal resistance increases due to decreasing ionic conductivity in
the electrolyte; however, decreased ionic conductivity is not the primary barrier in low
temperature charging. Studies show that the poor Li* diffusivity within the electrodes may
be one of the primary cause for lithium plating at low temperature, where lithium ions
accumulate at the interface between carbon particles and electrolyte [232], [233], [245].
Indeed, lithium plating occurs when the surface concentration of lithium ions in carbon
particles reaches a maximum that the particles' active ingredient can retain. The other major
obstacle in low temperature charging is sluggish charge transfer kinetics. As soon as the
current is applied, a large overpotential is produced, resulting in a rise in anode resistance.
As anode polarization increases, the anode potential falls below OV (vs. Li / Lit), resulting
in lithium plating, where Li*ions accumulate at the anode interface rather than
intercalation, as shown in Figure 2-23 (D) [235], [239]. In addition, the potential drop of
the interface between the composite anode and the separator is larger than that at other
areas on the anode, indicating that the lithium plating begins on the separator side [232],

[251], [252]. As a result, charging currents at low temperatures should be strictly
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controlled. The lithium deposition at low temperatures may be suppressed by applying a
pre-heating strategy prior to charging the cell or by charging the cell at low rates. Recently,
Yang and coworkers developed a controllable cell structure consisting of thin nickel (Ni)
foils embedded within the cell. The Ni foil acts as an internal heating material, generating
immense and uniform heating in less than 10 seconds. The structured cell can be charged
to 80 % SOC without lithium plating in 15 minutes with high charging currents (3.5 C-
rate) at temperatures as low as -50 °C [253]. The same group recently developed an
asymmetric temperature modulation (ATM) method that charging a cell by elevating the
cell temperature to 60 °C during charging. They showed that lithium plating may be
eliminated with a short exposure time to 60 °C (10 minutes per cycle) [254]. It should be
noted that, from an EV standpoint, most modern EVs have an effective thermal
management system that prevents extreme operating temperatures. In addition, at low

temperatures, electricity from the grid is often used to preheat the cells.

2.2.3.1.2 High-Charging C-rate

Fast charging is becoming increasingly important for EVs and other types of applications.
Fast charging, which is based on a high charging current (C-rate), has a significant impact
on the battery's performance and cyclic life due to accelerated aging. The charging rate is
more likely to exceed the intercalation rate during fast charging; with a higher C-rate, the
amount of Li* ions moved from the cathode to the anode in the charge-transfer process per
unit time increases. Increased charging rates are often associated with higher polarization
due to transport and kinetic overpotentials, making lithium plating favorable [255], [256].
For example, to recharge a cell in 10 mins, a charge rate of 6 C is required. At this charge

rate Li*ions start to accumulate at the anode surface (Figure 2-23 (E)), since the
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Li* diffusivity within the electrode is substantially lower than the Li* diffusivity within the
electrolyte. As the high-rate charging continues, the accumulated Li* ions result in a high
concentration gradient of Li* ions on the graphite surface; if the concentration at the anode
surface is saturated, lithium plating occurs. Furthermore, because fast charging uses a
higher charge current, more heat is generated due to the quadratic dependence of the
amount of irreversible heat generation rate on the current. In fact, lithium plating and

temperature rise are known as major side reactions during the fast charging process [257].

2.2.3.1.3 High SOC

Each cell has an upper cutoff voltage predefined by the manufacturer. The failure of a
battery management system (BMS) to stop charging beyond its upper cutoff voltage during
the charging process is the main cause for overcharging (high SOC) of the cell. By
definition, high SOC is a condition in which the capacity of the LiB is already full, but the
electricity flow is still forced through the LiB [258]. At higher SOCs, as the charging
continues, it is much easier for the concentration of Li* ions on the anode surface to exceed
the maximum allowable level and become saturated (Figure 2-23 (F)). Lithium ions start
to deposit on the anode surface once the anode is saturated [205], [235]. Juarez-robles et
al. [259] studied the effect of high SOC on graphite/LCO 5 Ah pouch cells at the various
cut off voltages ranging from 4.2 V to 4.8 V. Cells were charged beyond 4.5 V, indicating
high-rate capacity fade, lithium plating, electrolyte decomposition, and significant volume
expansion. Dendrite structures are observed in cells that charged at 4.6 V, 4.7 V, and 4.8
V [259]. The dendrite structures were penetrated to the porous separator, resulting in a

micro-internal short-circuit. Moreover, at the high SOCs, side reactions are not only limited
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to the anode electrode but also the decomposition of electrolyte occurs at the cathode

electrode.

2.2.3.2 Cell Constructive Defects

The importance and effect of the cell manufacturing process and cell properties on lithium
plating have been proved many times in the literature, where for example, Liu and
coworkers showed that a cell with a negative to positive (N/P) ratio of 1.19 compared to a
cell with an N/P ratio of 1.06 results in a lower aging rates and impedance rise [260]. The
local cell defects can have an impact on lithium plating. For example, separator
deformation (pore closure) which might occur during the cell manufacturing process or
operation as a result of internal mechanical stress accumulation during charging or aging,
would lead to lithium plating [261]. Furthermore, the kinetics on the material level can be
characterized by the activation energy barrier, where the kinetics of interfacial Li* ion
transfer in the material is one of the important factors in the charge transfer [208], [235],
[262]. There is a correlation between the intercalation kinetics and the lithium plating
behavior [263]. Xu et al. [207] reported that desolvation is the most energy-consuming
(50 k] mol~1) step in the charge-transfer process while the overall activation energy barrier
of the graphite/electrolyte is about (60 — 70 k] mol~1) [264]. In another study, Yao et al.
[265] found that due to the difference of the energy barrier for lithium de-solvation on the
edge plane and the basal plane of graphite, the intercalation process prefers to occur at the
edge plane of the graphite instead of the basal plane. We would like to note that during
lithium plating, lithium-ions tend to continue deposition on the surface where lithium has

been previously deposited.
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2.2.3.3 Ageing of the Cell

When the cell operating conditions are safe and the defects of the cell structure are
eliminated, lithium plating is still caused by the conventional aging of the cell. As stated
earlier, the most common mode of degradation in the literature is LLI and LAM, where the
LAM can be further divided into four types based on the affected electrode and the degree
of lithiation: loss of active material on delithiated negative electrode (LAMgeng), 0SS oOf
active material on delithiated positive electrode (LAMgepg), l0ss of active material on
lithiated negative electrode (LAM;yg), and loss of active material on lithiated positive
electrode (LAM;;pg)[217]. During cycling, lithium deposits accumulate continuously. The
side reaction between the plated lithium and the electrolyte generates new SEI, resulting in
capacity fading and increased impedance. Trends in these aging mechanisms can be used
to study lithium plating. The analysis of capacity fade curve shapes will provide insight
into the mechanism of aging and link their effects to the incidence of lithium plating. These
curve shapes were classified into three types, linear capacity fade, decelerated capacity
fade, and accelerated capacity fade, all of which can be a function of the number of cycles
involving lithium plating. It has been proved that in the testing of commercial cells,
batteries can have a two-stage capacity fade trend. The capacity fading is fairly constant in
the first stage, with a degradation mode related to LLI [217]. An accelerated capacity fading
is found in the second stage of degradation, usually after 500 cycles. The second stage is
frequently expected to originate from LAM 4.ng. Ansean et al. [240] showed that LAM genE,
occurs at a pace four times faster than LLI, resulting in cell imbalance and over-lithiation
of the negative electrode, which leads to lithium plating. They found that at the turning

point of sudden capacity loss (curve shape), lithium deposition becomes irreversible. The
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second stage does not usually occur due to changes in cell use, but it could be the product
of underlying silent degradation mechanisms from the beginning of life [266]. The type of
silent degradation will be influenced by the cell's chemistry as well as its form factor (pouch
and cylindrical cells). These silent degradations have an incubation duration during which,
at the full-cell stage, they do not cause any capacity loss. The loss of negative electrodes is
often the culprit in graphite-based cells [266]. Therefore, it is important to observe in detail
the modes of degradation, particularly those that may lead to lithium plating. Aside from
the ratio of LAMyg to the LLI, the plating threshold (LAMygpr) Was postulated as a
plausible predictor of an accelerated degradation stage [267]. Cell characteristics (loading
ratio and starting offset), capacity loss, and the two degradation modes (LLI and LAMpg),
all affect this value, with values beyond this threshold resulting in lithium plating [267]. In
another study, Schuster et al. [268] found a significant decrease in capacity at moderate
temperatures and charging rates, where lithium plating was associated. They showed that
the lithium plating was happened due to significantly decreased ionic Kkinetics of the
graphite because of SEI growth and graphite active material loss. It should also be noted
that in literature, the capacity curve is often plotted against temperature (Arrhenius plot),
which is obtained from cycling experiments under various temperatures. Lithium plating
leads to quicker aging at lower temperatures, although without lithium plating, it typically

ages faster at rising temperatures [269].
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Table 2-8. Factors causing lithium plating.

Factors Influencing Lithium Plating Causes and Conditions

Hazardous Operating Conditions (a) Low temperatures
(b) High charging C-rates
(c) High SOCs

Cell Constructive Defects (a) Cell properties and poor balancing (negative to

the positive ratio of electrodes, geometric misfits,
and poor electrolyte components)

Conventional Ageing of the Cell (a) Leading to cell unbalance
(b) Kinetic degradation (Capacity fade, energy fade,
CE decrease, energy efficiency fade and resistance
increase)

2.2.4 Lithium Plating Detection Approaches

Detecting lithium plating in its early stages is often challenging. To understand the
formation and growth of lithium plating, extensive efforts have been made in the past to
characterize and observe the anode lithium plating morphology [270]. Many approaches
(in-situ, ex-situ, non-destructive, and recently in-operando methods) have been presented
by researchers to investigate lithium plating mechanisms in LiBs. These detection methods
are classified into three main categories: (i) physical characterization of surface
morphologies, (ii) physical characterization of surface chemistry, and (iii) electrochemical
methods. The first and second categories are based on physical properties of the
electroplated lithium films, such as morphology, chemical composition, and surface
chemistry, whereas the third technique is based on electrochemical reactions between the
electrolyte and metal lithium [205]. These techniques enable ex-situ and in-situ
investigations. To study lithium plating using ex-situ methods, post-mortem analysis is
required, in which the cell is disassembled and opened with special tools, and then the
desired specimen is transferred to microscopes or spectrometers for further investigation.

In-situ approaches, on the other hand, necessitate a complex and time-consuming
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spectroelectrochemical cell design [271]. In the following subsections, we have
systematically classified the existing lithium plating detection approaches to highlight the
technological status of this ever-evolving research field and current research gaps.
Furthermore, we have classified each electrochemical approach based on its ability to be
used on-board in real-time automotive applications. We briefly review the post-mortem
analysis steps, including cell disassembly, specimen processing, and specimen analysis, as

this is the basic procedure for most of the ex-situ approaches.

2.2.4.1 Post-Mortem Analysis for Lithium Plating Study

In literature, methodologies or procedures for post-mortem analysis of lithium plating have
not been clearly explained. Research groups mainly carried out the procedures based on
their own expertise and experiences [272], [273]. Therefore, we provide a snapshot of the
detailed steps for the disassembly process and post-mortem analysis (Figure 2-26). The
first stage, as illustrated in Figure 2-26 (A), is to deep-discharge the cell (end of the
discharge voltage 0 V) to reduce the potential risk of the short circuit during the cell
opening process [274]-[276]. Following that, since the electrode sample surfaces are
reactive to the atmospheric gases (H,O and 0,), the cell should be transferred to the
controlled environment to decrease the risk of surface contamination during the
disassembly process. In general, two types of controlled environments are specified for this
procedure: argon-filled glove boxes and fume hoods (Figure 2-26 (B)). The choice of either
option is dependent on the cell design and the goal of the investigation [273]. Choosing an
appropriately controlled environment is not only vital for safety, but it can also have an

impact on the experimental outcomes [273] . The entire disassembling procedure takes
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place in a controlled environment. To avoid sample contamination, the H,0 and O, levels
in the argon-filled glove box should be between 0.1 ppm and 10 ppm [277], [278]. If the
samples do not need to be protected from atmospheric gases, the disassembly procedure
can be carried out in a fume hood. To avoid inhaling dangerous gases, the fume hood should
evacuate the air at a rate of 60-100 feet per minute [273]. The final step of the disassembly
process is cell opening. Non-conductive tools are recommended to prevent any short-
circuiting between the cell terminals. The cell configuration will determine which cutting
tool should be used in the disassembly process. Rotary tools, such as Dremel, are typically
used for cylindrical cells; the isolated plier is used for prismatic cells; and the knife, along
with a pair of scissors, can be used for pouch cells [272], [273], [279]. No heat or smoke
will be produced if the disassembly procedure is successful. During the post-mortem
analysis, the jelly cell is unrolled, and the cell components are separated from one another
to be studied individually. The separated components are then transferred to dimethyl
carbonate (DMC) solvent for washing [279]. The appropriate components are floated in
the DMC liquid during the washing process to dissolve the electrolyte salt residues on the
sample surface (Figure 2-26 (C)). Some authors, however, suggested two washing steps,
one minute each, to remove all electrolyte salt residues [272]. It should be noted that the
post-mortem analysis takes place in a controlled environment. Following that, the samples
are retained in the glove box to dry and are prepared for further investigation. The cell
components are now ready to be moved to the testing facility for physical characterization,
and the samples must be transferred from the glove box to the testing facility in a vacuum-
sealed container due to the possibility of air contamination of the cell component (Figure2-

30 (D)) [273], [280].
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Figure 2-26: Overview of Post-Mortem Analysis for Lithium-lon Cells. A) Cell is required to be
deep discharged before any further steps. B) Cell is moved to the safe or controlled environment
for the opening procedure, where the controlled environment is chosen based on the study goals.
Cell casing is removed. C) Cell components are separated and washed, and they are ready to be
sent to the testing facilities. D) Cell components are subjected to further analysis to investigate
lithium plating.

2.2.4.2 Physical Characterization of Surface Morphologies

Several efforts have been made in recent years to study the morphology of deposited
lithium using physical characterization approaches to acquire a better understanding of the
lithium plating-stripping mechanism. Physical characterization approaches are commonly

employed to study the structure of the deposited lithium and growth processes of the

lithium dendrites on the anode surface at the laboratory scale [270]. The most prominent
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approaches that use physical characterization to study lithium plating are explained. In
addition, Table 2-9 summarizes the advantages and disadvantages of each approach to
highlight their effectiveness.

22421 Optical Microscopy

High-resolution optical microscopy can be used both in-situ and ex-situ to observe lithium
plating-stripping processes during cell operation [281]. In-situ optical microscopy can be
used to directly observe the plating morphology. A custom-made optical in-situ cell is
designed (Figure 2-27 (A)) to study the penetration of lithium dendrite through the
separator in order to find strategies to stop them (Figure 2-27 (B) and (C)) [282]. The in-
situ techniques can also be used to find the position and direction of the deposited lithium
on the electrode surface[283]. In Ref. [264], in-situ optical microscopy is used to study the
morphology of deposited lithium. At 10 °C, mushroom-like dendrites were seen, whereas
needle-like and wound-ball morphologies were observed at 5 °C and 20 °C, respectively.
During the lithium stripping process, dead lithium is observed, where it grows at the tips
of the lithium and eventually loses electrical contact and separates from the graphite [283].
Lithium ions are extracted from the cathode compound and intercalate into the lattice of
the graphite structure; the color of the graphite changes depending on the stage of
intercalation. Each stage has been associated with recognizable color, ranging from black
to red to gold (as a function of lithium concentration x in Li, Cg (Figure 2-27 (D)) [284],
[285]. As a result, the in-situ optical microscopy method based on color change can be
useful for observing lithium plating. Thomas-Alyea et al. [286] designed a coin-type half-
cell for in-situ optical microscopy to analyze color change at the graphite particles (Figure

2-27 (E)). Using in-situ optical microscopy, Harris et al. [229] and colleagues observed
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three stages on the meso-carbon microbeads (MCMB) electrode. At first, the electrode was
entirely in the blue stage (4L). The red-blue and gold-red boundaries then began at the edge
of the electrode and sparsely departed from there until the voltage dropped to +2 mV
(Figure 2-27 (F)). Furthermore, they observed lithium plating on the (MCMB) electrode.
The MCMB electrodes became golden (stage 1) after a voltage (+2 mV) was applied to the
current collector, as shown in Figure 2-27 (G) and (H). The edge of the electrode was free
of lithium plating, whereas the rest of the electrode remained (stage 2) red graphite particles
for many hours [229]. Moreover, they observed that lithium plating occurred when the
anode potential was +0.002 V against Li/Li*. However, thermodynamically lithium plating
should occur when the anode potential drops below 0 V against Li/Li* [229]. The change
in the color associated with lithium concentration is dependent on the ambient lighting

condition; thus, this technique is characterized as semi-quantitative.

2.24.2.2 Scanning Electron Microscopy (SEM)

Since 1988, SEM has been used to investigate the surface morphology of the lithium
electrode, and it has a higher resolution than optical microscopy [287]. Many studies have
employed both in-situ and ex-situ SEM to investigate the lithium plating-stripping process
[288], [289]. Yoshimatsu et al. [290] used ex-situ SEM observation to characterize the
lithium electrode surface morphologies during an extensive cycling test on a lithium coin
cell for the first time. They identified two types of lithium deposits: particulate and
dendritic. During discharge, the particulate lithium structure is reinserted into the anode
graphite layer. The dendritic structure, on the other hand, remained on the anode surface.

Rauhala et al. [275] investigated the lithium plating on the cell that was cycled at low
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temperatures using ex-situ SEM. A considerable amount of lithium plating was observed
on the anode surface when the cell was cycled at -18 °C. Surface contamination is always
a risk during ex-situ SEM investigations, especially for highly sensitive surfaces like
graphite anode electrodes [270], [283]. Using in-situ SEM to study lithium plating-
stripping, on the other hand, necessitates unique cell and equipment designs. Many research
groups have developed ultrahigh vacuum types of equipment to decrease the possible risk
of lithium specimen contamination during the transfer process [287], [289], [291].
However, because ultra-high vacuum equipment is used in the examination process, in-situ
SEM is only applicable to batteries that use solid polymer electrolytes and ionic liquids
[289], [292], [293]. Uhlmann et al. [285] and coworkers applied a high charging current of
up to 10 C to three different half-cells to study lithium plating. They used SEM to observe
changes in the surface morphology of the deposited lithium during both the charging and
relaxation phases. Figure 2-27 (1) and (J) show the surface structure of the anode sample
with mossy grown lithium that is charged with a high charging current of 10 C. To avoid
the relaxation period, this sample was disassembled in less than 5 minutes after charging.
Another interesting approach was taken by Rong et al. [294] who developed an in-situ
electrochemical scanning electron microscopy (EC-SEM) technique to observe the lithium
plating-stripping process on Li/Cu electrode using liquid electrolyte LiTFSI/DOL/DME.
They showed the significance and advantages of LiNsand Li,sg as additives on lithium

dendrite detention.

Figure 2-28 (A) shows the emergence of lithium dendrites with a length of 18 um after 350

seconds. During the stripping process, however, the majority of the lithium dendrites begin
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to dissolve into the electrolyte after 600 seconds, while the remainder tends to become dead
lithium. Tallman et al. [295] and co-workers reduced the amount of the deposited lithium
up to 50 % by increasing the deposited overpotential through surface treatment. They
deposited ultrathin (10 nm) Cu and Ni film on the graphite electrode surface. Ex-situ SEM
results reveal that the deposited lithium was significantly decreased on the coated graphite
with Cu and Ni compared to the uncoated graphite Figure 2-28 (B).

2.2.4.2.3 Transmission Electron Microscopy (TEM)

One of the most promising observation methods for studying lithium dendrite growth at
the nanoscale is transmission electron microscopy (TEM) [270]. In literature, in-situ TEM
setup is divided into two major types: a liquid cell system and an open-cell system [296],
[297]. In Ref. [298], a nanoscale LiB was built inside a TEM to investigate lithium plating
in-operando using an ionic liquid as the electrolyte. They demonstrated how lithium ions
nucleate at the anode-electrolyte interface and ultimately form fibres. The fundamental
disadvantage of this approach is that volatile organic compounds (ionic liquids or solid-
state electrolytes) are incompatible with the high-vacuum environment of TEM, hence it
cannot be used to analyze lithium plating [299]. Mehdi et al. [300] and coworkers recently
used an in-situ liquid ec-TEM cell to study the dynamic volumetric changes that happen at
the electrolyte silicon nanowires interface during the charging and discharging process.
They measured the thickness of the SEI layer of the anode electrode which was immersed
in LiCl0, with (EC: DMC) as electrolytes during lithium plating-stripping. They confirmed
that the SEI formation kinetics is greatly reduced by electron transport. Lithium plating-
stripping in a LiPFg-ethylene carbonate (EC)-diethyl carbonate (DEC) electrolyte was

studied by Zeng et al. [301] to investigate the formation of dead lithium during cycling
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Figure 2-28 (C). Overall, in-situ TEM requires further development, particularly for liquid
cell constructions due to electron scattering in the liquid layer [270]. The key issue is
finding a suitable electrolyte for the TEM column because the common electrolytes used
in LiBs have a high vapor pressure that can be used in the TEM column [288].

22424 Nuclear Magnetic Resonance Spectroscopy (NMR)

The key advantages of this technique over other approaches are its non-destructive nature
and applicability to both crystalline and amorphous materials [302], [303]. Ex-situ NMR
can distinguish between different chemical states of lithium in the active material of the
graphite electrode. Ge et al. [243] used an ex-situ NMR to measure the quantity of plated
lithium while the cell was charged from 0 % to 60 % SOC at (-25 °C), 80 % SOC (-25 °C),
and 80 % SOC (-20 °C) with high currents (1.5 C). They found that the activation energy
of lithium intercalation is higher than lithium plating even at low SOCs, resulting in lithium
plating [243]. However, the use of the ex-situ method, like the ex-situ procedures discussed
above, necessitates certain additional steps before beginning the experiments, which may
influence the experimental outcomes [304].

Several research groups have employed in-situ NMR to study carbon graphite electrodes,
lithium metal oxide, and metal electrodes [304]-[307]. The hard carbon electrode as a
negative electrode can consume more lithium during relaxation compared to the graphite
electrode, Gotoh et al. [308] and co-workers constructed full LiB cells with different
materials including LiCoO2, LiNixCoyAl;, and LiMn2O4 as the positive electrode, along
with graphite and hard carbon as the negative electrodes to study relaxation effects in LiBs.
They measured lithium spectra of cells at various SOCs, particularly after overcharging (2

Cand 3 C) at 170 % SOC. They showed that the phenomenon of the "relaxation effect"
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occurs after overcharging based on the lithium metal signal measurement [308]. The
lithium metal signal reduces with time as lithium atoms begin to reinsert into the graphite
layer. Ota et al. [309] employed NMR spectroscopy to investigate the surface chemistry
(surface film). They found that lithium cycling efficiency influences not only the
morphology of deposited lithium but also the chemical components of the surface film.
Arai et al. [306] studied lithium metal deposition with in-situ solid-state Li NMR on a full
cell consisting of  LiCoO2 (positive electrode), graphite (negative electrode),
polypropylene (separator), and an organic liquid such as electrolyte (1 M LiPFe, ethyl
methyl carbonate 30:70 vol.%) during both continuous currents (CC) and pulses current
(PC) mode operation. As shown in Figure 2-28 (D), the deposited lithium metal became
visible at approximately 265 ppm at -5 °C temperature for different cell cycles with a CC
mode pattern. Simultaneously, no lithium metal deposition was detected -5 °C with PC
mode pattern [306]. They also computed the lithium deposition rate (k) using the slopes of
the plots. The lithium deposition rate at -5 °C is approximately 12.4 (103 mg mAh™1).
Wandt et al. [310] employed electron paramagnetic resonance (EPR) spectroscopy to
identify the time-resolved and quantitative beginning of lithium plating in a graphite
electrode under realistic cell conditions. EPR is more sensitive than NMR, making it
excellent for analyzing lithium materials in-operando [311], [312]. EPR spectroscopy, in
addition to NMR, uses low-energy radiation that does not affect the chemical

characteristics or morphology of the investigated species [311], [313].
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Figure 2-27: In-situ Cell Design and Results of Optical Microscopy and Ex-situ SEM for Lithium
Plating Morphology Characterization. (A) Schematic of the custom-made optical in-situ cell with a
quartz glass window. (B) In-situ optical microscopy at a current density of 1 mA/cm? (t =0s-t =
600 s), the gap between lithium metal and separator helps in the observation of the dendrite growth
until it reaches the separator. (C) In-situ optical microscopy at a current density of 1 mA/cm? (t =0
s -t =795 s), there is no gap between the separator and the lithium electrode, penetration started at
(t = 595 s) and quickly changed to the bush like structure (Reprinted from Liu et al. [282] with
permission of American Chemical Society Publications). (D) The color of graphite is affected by the
concentration of lithium X in Li,Cq (data adapted from Ref.[450], the random occupation of all
superlattices defined as 'liquid-like' or L stage). (E) Side-view schematic of a custom-made coin-type
half-cell for in-situ optical microscopy (Reprinted from Thomas-Alyea et al. [286] with permission
of Electrochemical Society). (F) The MCMB electrode surface inside an in-situ optical half-cell, three
different graphite colors (stages) were observed over 3 hours. Lithium Plating on an MCMB electrode
was observed when a voltage (+2 mV) is applied to the current collector, although according to bulk
thermodynamics, lithium metal plating should not occur unless the voltage becomes negative. The
image (G) is taken 8 h before (H) (Reprinted from Harris et al. [229] with permission of Elsevier).
() and (J) Ex-situ SEM images show the morphology of an anode surface with mossy lithium plating.
The anode is charged with a high current of 10 C and then instantly dismantled in less than 5 minutes
to interrupt the relaxation phase, scale bars: 20 um and 2 pm (Reprinted from Uhlmann et al. [285]
with permission of Elsevier).

2.2.4.2.5 Atomic Force Microscopy (AFM)
AFM is one of the most effective tools for analyzing the surface morphology of electrodes
at the nanoscale scale [314], [315]. AFM scans the surface of a sample with a cantilever

and a sharp probe. In comparison to SEM or optical microscopy, it can also provide
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significantly higher morphological resolution in three-dimensional (3D) format [270]. In-
situ AFM was utilized by Mogi et al. [316] to investigate the surface morphology of
deposited lithium on the Nickel substrate at elevated temperatures. At 40 °C, they
discovered inhomogeneous and massive deposits of lithium underneath the substrate's
surface film, whereas, at 60 °C and 80 °C, they discovered a homogenous and thick surface
film. The results, however, were inaccurate since the AFM observation was done in contact
mode. During the investigation, the AFM probe (tip) scrapes the sample's surface in contact
mode [316]. The image resolution is low in non-contact mode due to the large distance
between the probe and the sample. The structure of the lithium surface, as shown by in-situ
AFM in Ref. [316], includes grain boundaries, ridge-lines, and flat areas. These lines were
found to be critical in controlling the morphology of the deposited lithium. Aurbach et al.
[317] and co-workers studied lithium deposition on the copper electrode in a nonaqueous
electrolyte system by using in-situ AFM measurements. They found that although lithium
metal is soft, utilizing AFM as a detection tool does not modify the surface morphology.
In another approach, Shen et al. [318], used in-situ electrochemical atomic force
microscopy (EC-AFM) to study lithium dendrite growth on a graphite electrode cycled in
1 M LiPFe-EC-DMC and 1 M LiPFe-FEC-DMC electrolytes. They confirmed the
importance and advantages of FEC-based electrolytes on lithium dendrite detention, as the
formed SEI are harder and denser compared to the SEI formed in the EC-based electrolyte.
Overall, AFM is an accurate and powerful technique to study the morphology and
topography changes of the real-time mechanical properties in LiBs [319]. However, it is
not recommended to use AFM for inspection of the dendrite formation as it has some

limitations in the tip dimension and the usual vertical scanning range of instruments [320].
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2.2.4.3 Physical Characterization of Surface Chemistry

One of the most common approaches in the field of LiBs is to analyze the chemical
composition of the surface films on electrodes in non-aqueous solutions. The chemical
composition of deposited lithium as well as the oxidation states of the elements can be
examined using surface chemistry analysis techniques [321], [322]. In the following part,
the methodologies used to characterize the surface chemistry of the deposited lithium on
the anode surface will be introduced. In addition, for a more in-depth understanding of the
existing techniques, the advantages and disadvantages of each are listed in Table 2-10.
22431 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy has been widely used for surface chemistry analysis
(element analysis and oxidation state of elements) of lithium electrodes due to the relative
simplicity in use and data interpretation [323]. Castro et al. [322] used XPS to investigate
the aging mechanism of a LiFePO,/graphite cell after 200 cycles at ambient temperature.
They found that cyclable lithium can be consumed at each cycle due to the deposited
lithium on the anode surface and the instability of the SEI (LAM). XPS may be a
destructive method due to the usage of an argon ion sputter gun and an X-ray beam on the
sample during the investigation. However, Aurbach et al. [323] found that by functioning
at low emission and balancing the quality of the spectra based on the shorter measurement
duration, it is possible to collect reliable and reproducible findings with minimum damage
to the material when using the XPS technique. The XPS method, like most other
spectroscopic methods, requires a vacuum system and there is always the potential of
surface contamination in highly sensitive electrodes. As a result, a special transfer

arrangement is required [324], [325]. X-ray tomography can provide a better understanding
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of the structure and material composition of the electrodes, as well as morphological
changes [326]-[329]. X-ray beams with energy ranging from 10-100 keV may easily
penetrate the plastic and metallic cell casing and directly visualize the inner LiB
components in 3D [326], [330]. Eastwood et al. [331] applied a synchrotron-based X-ray
phase-contrast tomography technique to investigate the microstructures of the
electrodeposited lithium, which is necessary for understanding the dendrite formation.
Harry et al. [332] used synchrotron hard X-ray microtomography to investigate the lithium
dendrite in a lithium/polymer/lithium cell. They discovered that the subsurface structure of
the electrode is critical in facilitating dendritic formation in the polymer electrolyte.
2.24.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a non-destructive method for analyzing the chemistry of the lithium surface [271].
Many researchers have used FTIR to investigate the surface chemistry of lithium in organic
electrolytes [333]-[335]. To quantitatively describe liquid electrolyte solutions, Ellis et al.
[336] coupled FTIR spectra with machine learning (ML) techniques. The electrolyte
concentration was reported to be reduced by 10-20% (Vol) in cells after 200 cycles at 55
°C. This is a significant amount of salt loss, and it is most certainly a contributing factor to
cell failure. Morigaki [334] analyzed the impact of EC* dimethyl carbonate (DMC)
solution on lithium surface based on the locations and strengths of the peaks in DMFTIR
spectra. They found a new reduction product of the solvent on lithium after 1 and 15 hours
immersion with DMFTIR. In another approach, FTIR was used by Kramer et al. [335],
who studied lithium plating in pristine cells of two different forms (cylindrical and pouch).
The impacts of electrolyte solvent such as propylene carbonate (PC), ethylene carbonate

(EC), dimethyl carbonate (DMC), and a set of salts (LiAsFg, LiBF,, LiPFg) on the lithium
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surface were investigated with FTIR in [323]. The in-situ FTIR technique uses attenuated
total reflectance (ATR) for examining the lithium sample in the nonaqueous system [337].
Therefore, using ATR crystal for each experiment would be prohibitively expensive due to
damage to the crystal surface during the investigation.

2.2.4.1 Electrochemical Methods

Electrochemical in-situ, ex-situ, and in-operando are the most effective methods for
monitoring unsafe battery behavior, such as lithium plating. VVoltage plateau after charging,
anode potential, electrochemical impedance spectroscopy (EIS), differential voltage (DV),
and incremental capacity (IC) can be used in in-situ or in-operando electrochemical
methods [230]. These methods are based on electrochemical signals, which are available
in any LiB. Using electrochemical techniques is convenient because they are simple to
implement into BMS [205]. The most common electrochemical approaches for detecting
lithium plating in the context of possible BMS deployment are described briefly. Table 2-
11 summarizes the benefits and drawbacks of each strategy for a more thorough

comparison.
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Figure 2-28: Different Physical Characterization Approaches for Lithium Plating investigation. (A)
Schematic of the in-situ SEM EC-liquid cell setup for direct observation of lithium plating, Li/Cu
electrode during lithium plating for a)200 s, b)250 s, ¢)350 s, and d)50 s, €)270 s, )600 s for
stripping under 0.15 mA cm™2. Scale bars: 20 um, (Reprinted from Rong et al. [294]with
permission of Advanced Materials). (B) Schematic of Li-metal nucleation on the uncoated graphite
surface and coated graphite surface during high current charging, the nucleation is significantly
decreased due to increased overpotential for Li-metal deposition, which was obtained by the
nanoscale coating of Cu and Ni, backscatter SEM images of the deposited lithium metal on the
uncoated graphite and coated graphite with Cu and Ni. Scale bar: 20 um (Reprinted from Tallman
et al. [295]with permission of American Chemical Society). (C) Schematic of in-situ TEM liquid
cell for nanoscale observation of electrode-liquid electrolyte interfaces using lithium dendrite
growth. Scale bars: 800 nm, (Reprinted from Zeng et al. [301]with permission of Nano Letters).
(D) The stacked in-situ NMR spectroscopy for different cells at -5 °C. These spectra were measured
at the fully charged state in the latest cycle. Pulse current mode: cells were cycled with pulse current
(PC) mode pattern, and no lithium plating was detected. Continuous current mode: cells were
cycled with continuous current (CC) mode pattern and lithium plating observed at 265 ppm
(Reprinted from Arai et al. [306] with permission of Electrochemical Society).
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224.1.1 Voltage Plateau After Charging

Voltage plateau is a non-destructive and indirect method that has the potential to be used
as an online tool for lithium plating detection in automotive applications [234]. Reversible
lithium is reinserted into the graphite during the relaxation or discharge time. This process
affects the voltage plateau signal due to variations in the overall potential of the anode
electrode during relaxation and discharging after a charging step [234], [245], [338].
Therefore, the presence and changes in the voltage plateau could provide evidence of
lithium plating [339], [340]. Zinth et al. [341] mixed the voltage plateau method with in
situ neutron diffraction measurements to study lithium plating at -20 °C, where the degree
of graphite lithiation can be used to estimate the amount of lithium plating. A quantitative
detection method for lithium plating based on plotting the derivative of voltage over
capacity (dVv/dQ plot) was presented by Petzl et al.[339], who found that the voltage plateau
appeared at the beginning of discharge. They proposed that the discharge capacity at the
dV/dQ peak contributes to the total reversible part of the deposited lithium during charging.
Recently, it has been reported by Campbell et al. [245] that the cell self-heating and
concentration gradients during fast charging can increase the voltage plateau curve, which
could be wrongly detected as lithium plating. Also, they showed that the unavailability of
stripping plateau does not confirm that no lithium plating has taken place in the cell.
However, a recent study showed that the relaxation process is much faster at a higher
temperature and the voltage plateau is less visible as the temperature is increased [342].
Therefore, the voltage plateau detection technique works better at lower temperatures (-20
°C) since the relaxation process is slower at subzero temperatures [343]. In another

approach, Uhlmann et al. [285] detected a kink in the voltage curve during relaxation after
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the charging process rather than during discharging. They found that for the detection of
lithium plating, flattening the voltage curve can be used. This technique was later expanded
by plotting the derivative voltage over time (dV/dt), where the same dV/dt peak curve for
lithium stripping is seen [340]. Yang et al. [234] studied the voltage plateau during
relaxation and during discharge to find out the parameters affecting the voltage curves
during lithium stripping. In this study, they used a 9.5 Ah pouch cell for a plug-in hybrid
EV application. The dV/dt curve is plotted and shown in Figure 2-29 (A), where it is shown
that the dV/dt peaks appear sooner with a higher discharge rate compared to the dV/dQ
analysis. They showed that the rate of lithium stripping is limited by the rate capability of
intercalating Li* ions into graphite, and that the duration of the voltage plateau is highly
dependent on the rate of lithium stripping. Intercalation kinetics, graphite solid-state
diffusivity, and cell temperature can all have an effect on the voltage curves. Another
interesting finding is represented in the schematic above Figure 2-29 (A). Near the
separator, lithium metal is deposited. The high degree of graphite lithiation limits the rate
of Li* ions insertion. Since the Li* ions can not be inserted into the anode near the
separator, they begin moving to the other part of the anode near the foil and are intercalated
into the graphite along the path [234]. At the beginning of discharge, a dV/dQ peak occurs,
which corresponds with the findings in the literature. Nevertheless, in the case of C/3
discharge, the dV/dQ peak seems earlier than that of 1 C Figure 2-29 (B). Li* ions
intercalation still takes place in the anode in the discharge phase after charging, as long as
the Li stripping reaction can support the discharge current. As such, the discharge capacity

would underestimate the actual amount of plated Li at the dV/dQ.
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2.24.1.2 Third Lithium Reference Electrode (RE)

As previously stated, lithium plating takes place when the anode potential drops below 0
V (vs. Li/Li*). To directly measure the anode potential, a third reference electrode (RE)
must be used as a measurement tool [235]. Nonetheless, because commercial cells lack a
third reference electrode, measuring the anode potential directly is not currently
practicable. Anode potential may, however, be measured in the laboratory using a specific
setup in which the RE is inserted into the cell (machinery). The RE materials (e.g., metallic
Li, FePO,/LiFePO, Li-Sn, Li-Al) and cell configurations are important factors in the
insertion process. The location of the RE is chosen based on these factors [235], [344],
[345]. Several studies have been conducted to demonstrate how to develop and implement
the RE into LiBs, as well as where the ideal position for the RE is to reduce the ohmic drop
while maximizing measurement accuracy [346]-[349]. An interesting approach was taken
by Waldmann et al. [235], who positioned the RE near the current collecting tab of the
anode as this area has a higher current density. Due to the low diffusivity of lithium-ions
in graphite at low temperatures and high SOC, they discovered that lithium-ions begin to
accumulate at the anode interface. Rangarajan et al. [256] used a lithium titanate (LTO)
electrode as a reference electrode in a pouch cell with a stable voltage over a range of SOC
to detect and quantify lithium plating. To quantify the amount of lithium plating at each
rate, the plating period, plating power, and plating energy were defined. They dubbed
lithium plating a non-linear process since it does not increase monotonically under varied
working conditions. Low cost and reliable RE insertion methods have been introduced in
Ref. [349], which require less equipment than existing procedures for commercial 18650

cells. Non-polarizability, reliability, and reproducibility are the key characteristics in the
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RE material selection process [350]. Lithium metal is the most common material for RE,
but it cannot provide all these characteristics due to unstable potential (reliability) [351].
The potential of RE may vary due to mechanical treatment, the nature of the electrolyte,
and the formation of the SEI layer [205], [350]. Moreover, lithium metal is not a proper
choice for high-temperature applications due to its low melting point (i.e. 180 °C). The
accuracy of the RE method with alternative materials such as Li,TizO;, and LiFePO, has
been studied by Mantia et al. [350]. They showed that these materials may be the most
promising materials for RE since they exhibit a constant potential for Li,Ti;0,, (1.567 +
0.0025 V) and LiFePO, (3.428 + 0.0005 V) vs. Li/Li*. These materials can also provide
low polarizability under high current rates during the two-phase reactions. Overall, RE
insertion may cause surface film modification and degradation by interfering with the
battery's electrochemical process. Furthermore, due to safety concerns, RE has yet to be
deployed in any commercial cells or real-time LiB applications for measuring
electrochemical characteristics.

2.2.4.1.3 Incremental Capacity (IC) and Differential Voltage (DV)

IC-DV techniques are based on the rate of changes in the electrochemical equilibrium
phase (EEP) [352]. The EEP changes are determined by the intercalation and de-
intercalation processes that occur between the anode and cathode materials. The IC-DV
curves are obtained by a constant battery charge curve, and the IC curve is mathematically
estimated as the gradient of Q wit