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Abstract

Lithium-ion batteries (LIBs) find widespread use for electricity storage, from portable
devices such as smart phones to electric vehicles (EV), because of their high energy density
and design flexibility. However, limited lifetime is still a challenge for several LIB
materials. Specifically, the detailed coupling between degradation mechanisms and battery
usage is not fully understood, which impede lifetime improvements. To understand the
degradation mechanisms and increase the performance of these materials, the development
of improved characterization methods is crucial. This PhD thesis focuses on the thorough
analysis of degradation mechanism in LIBs, trying to relate morphological and structural
changes in Lithium-ion battery electrodes to performance degradation observed during
electrode cycling.

Degradation mechanisms in laboratory scale LFP cathodes were correlated with the
degradation mechanisms observed in commercial LIBs. The structural and morphological
changes in cycled laboratory LFP cathodes were studied by low-kV FIB/SEM Tomography
and TEM analysis and related to the electrode performance using Electrochemical
Impedance Spectroscopy (EIS). The two main degradation processes observed by
microscopy analysis in the aged electrode were cracking of LFP particles and
agglomeration of carbon black (CB) additive. The increased heterogeneity of the CB
network reduces the electron percolation throughout the porous electrode, thereby
decreasing the amount of electrochemically active LFP particles. The electron resistivity
was quantified with the EIS analysis using a Transmission Line Model (TLM) developed
for porous LFP electrodes.

Similar TLM models were applied for the analysis of the polarization processes in a
commercial LFP and graphite electrodes. The microscopy analysis of the electrodes showed
the presence of carbonaceous agglomerates on the electrode/electrolyte interfaces. The
agglomerates are expected to increase the ionic resistance and be related to of loss of
lithium inventory (LLI).






Resumeé

P& grund af deres hgje energiteethed og design fleksibilitet anvendes Lithium-ion-batterier
(LIB) til mange forskellige former for ellagring, lige fra baerbare enheder mobiltelefoner til
elbiler (EV). Desvarre er begranset levetid stadig problematisk for de anvendte LIB
materialer. Mere specifikt er den detaljerede kobling mellem degraderingsmekanismer og
brug af batteriet ikke forstaet til fulde, hvilket vanskeligger udviklingen af effektive
levetidsforbedringer. For at  forbedre  forstdelsen af  koblingen  mellem
degraderingsmekanismerne og batteriernes anvendelse er det vigtigt at udvikle forbedrede
degraderingsmekanismekarakteriseringsmetoder. Denne ph.d.-afhandling er koncentreret
om en grundig analyse af degraderingsmekanismerne i LIB, og forsgger at relatere
morfologiske og strukturelle endringer i LIB elektroder, til den gradvise forringelse af
elektrodernes ydeevne under cykling af elektroderne.

I PhD projektet er degraderingsmekanismer observeret i laboratorieskala LFP katoder
sammenlignet med degraderingsmekanismer observeret i kommercielle LFP katoder. De
strukturelle og morfologiske @ndringer i cyklede laboratorie LFP katoder blev undersggt
vha. lav-kV FIB / SEM Tomografi og TEM-analyse og relateret til elektrodens ydeevne bla.
vha. elektrokemisk impedans spektroskopi (EIS). De to vigtigste degraderingsprocesser
observeret ifom. mikroskopianalyserne er revnedannelse i LFP partiklerne og
agglomerering af carbon black (CB) additiv. Den ggede heterogenitet i CB-netvaerket
reducerer elektronledningsevnen i den porgse elektrode, hvilket reducerer meaengden af
elektrokemisk aktive LFP-partikler. Elektronledningsevnen blev beregnet vha. EIS-
analysen med en &kvivalentkredslgbsmodel udviklet til porgse LFP elektroder.

Lignende @a&kvivalentkredslgbsmodeller blev efterfglgende anvendt til analyse af
polariseringsprocesser i kommercielle LFP og grafit elektroder. Mikroskopianalyse af
elektroderne viste tilstedeveerelsen af karbonholdige agglomerater pa elektrode / elektrolyt
interfacene. Agglomeraterne antages at @ge den joniske modstand i batteriet og veere
relateret til tab af lithium (LLI).

Vil






List of Publications

This thesis is based on the following papers, which are referred to in the text by Roman
numerals.

Paper I: R. Scipioni, P.S. Jargensen, D.-T. Ngo, S.B. Simonsen, Z. Liu, K. J. Yakal-
Kremski, H. Wang, J. Hjelm, P. Norby, S.A. Barnett, S.H. Jensen. “Electron microscopy
investigations of changes in morphology and conductivity of LiFePO,/C electrodes.” J.
Power Sources 307, 259-269 (2016).

Paper II: R. Scipioni, P.S. Jgrgensen, D.-T. Ngo, S.B. Simonsen, J. Hjelm, P. Norby,
S.H. Jensen. “Low-voltage FIB/SEM Tomography for 3D Microstructure Evolution of
LiFePO,/C Electrode.” ECS Trans. 69(18), 71-80 (2015).

Paper 111: D.-T. Ngo, R. Scipioni, S.B. Simonsen, P.S. Jgrgensen, and S.H. Jensen. “A
TEM study of morphological and structural degradation phenomena in LiFePO,4-CB
cathodes.” Int. J. Energy Res. (2016)

Paper 1V: R. Younesi, A.S. Christiansen, R. Scipioni, D.-T. Ngo, S.B. Simonsen, K.
Edstrom, J. Hjelm, P. Norby. “Analysis of the Interphase on Carbon Black Formed in High
Voltage Batteries.” J. Electrochem. Soc. 162, A1289-A1296 (2015).

Paper V: R. Scipioni, P.S. Jergensen, J. Hjelm, S. H. Jensen. ”A transmission line
model for a full LiFePO,/C 26650 cylindrical cell derived by combined single-electrode
Impedance and FIB/SEM-tomography analysis.” In manuscript.

Paper VI: R. Scipioni, P.S. Jgrgensen, D. I. Stroe, J. Hjelm, S. H. Jensen. “Analysis of
Aging Mechanisms in a Commercial LiFePO,/Graphite 26650 Cylindrical Cell by Low —
kV FIB/SEM Tomography.” In manuscript.






Comments on my contribution to the appended papers

Paper I: In this work I prepared two laboratory LiFePO,/C electrodes, performed the
electrochemical testing in three-electrode setup and then prepared the samples for
microscopy analysis. | executed the low-voltage FIB/SEM analysis of the sample at Risg
DTU, performed segmentation and 3D reconstruction in collaboration with Prof. S.A.
Barnett’s group and finally wrote most of the above mentioned article.

Paper 1lI: | prepared two laboratory LiFePO,/C electrodes, performed the
electrochemical testing in three-electrode setup (galvanostatic cycling and impedance
spectroscopy) and the modelling of the impedance spectra. | executed the low-voltage
FIB/SEM analysis, performed segmentation and 3D reconstruction and finally wrote most
of the above mentioned article.

Paper III: | prepared two laboratory LiFePO4/C electrodes, performed the
electrochemical testing in three-electrode setup (galvanostatic cycling and impedance
spectroscopy) and then prepared the samples for microscopy analysis. | performed the low-
voltage FIB/SEM analysis of the sample and finally wrote the paragraphs on “charge-
discharge cycling” and “impedance analysis”.

Paper 1V: In this work | performed the electrochemical testing of the samples in three-
electrode setup (galvanostatic cycling and impedance spectroscopy). | performed the
modelling of the impedance spectra and finally wrote part of the “experimental” and
“results and discussion” sections.

Paper V: | tested and disassembled commercial LiFePO4/C cylindrical cells. |
developed an equivalent circuit model for EIS analysis and performed FIB/SEM
tomography, data analysis and 3D reconstruction, and finally wrote most of the above
mentioned article.

Paper VI: In this work | tested and disassembled fresh and aged commercial
LiFePO,/C cylindrical cells, performed FIB/SEM tomography, data analysis and 3D
reconstruction to study degradation mechanisms, and finally wrote most of the above
mentioned article.

Xl






Contents

Scope of the thesis

Introduction
2.1. The energy storage problem
2.2. Li-ion batteries
2.3. Cathode materials
2.3.1. LiFePO,
2.3.2. Carbon additives
2.3.3. Aging mechanisms in LiFePO,/C cathodes
2.4. Anode materials
2.4.1. Graphite
2.4.2. Aging mechanisms in graphite anodes

Characterization Techniques
3.1. Galvanostatic Cycling with Potential Limitation (GCPL)
3.2. Electrochemical Impedance Spectroscopy (EIS)
3.2.1. EIS Modelling
3.2.2. The Transmission Line Model (TLM) — Generalized
3.2.3. The Transmission Line Model (TLM) — Simplified
3.3. Focused lon Beam/Scanning Electron Microscopy (FIB/SEM)
3.3.1. The Scanning Electron Microscope (SEM)
3.3.2. Interaction of the electrons with the specimen
3.3.3. Low - Voltage Scanning
3.4. Transmission Electron Microscopy (TEM)
3.4.1. Scanning Transmission Electron Microscopy (STEM)

Cell Designs and Battery Assembly

4.1. EL — CELL (Three-electrode setup)

4.2. Pouch Cell (Two-electrode setup)

4.3. Commercial 26650 Cylindrical Cell (Two-electrode setup)

Summary of Results and Discussion
5.1. Laboratory Scale Li-ion batteries
5.1.1. Low-kV FIB/SEM analysis for changes in morphology and
conductivity of LiFePO,/C electrodes
5.1.2. A transmission line model (TLM) for laboratory LiFePO,/C
electrodes
5.1.3. ATEM study of morphological and structural degradation
phenomena in LiFePO4-CB cathodes

O 000 NN PN

[EY
o

12
14
14
16
18
20
21
22
22
23
24
25

26
26
27
28

29
29

29

35

37

X1



5.1.4. Analysis of the Interphase on Carbon Black Formed in High
Voltage Batteries 41
5.2. Commercial LiFePO,/C 26650 cylindrical cells 47
5.2.1. A transmission line model for a full LiFePO,/C 26650
cylindrical cell derived by combined single-electrode
Impedance and FIB/SEM tomography analysis 47
5.2.2. Analysis of Aging Mechanisms in a Commercial LiFePO,/
Graphite 26650 Cylindrical Cell by Low — kV FIB/SEM

Tomography 59

6. Concluding Remarks and Future Outlook 66
6.1. Outlook 67
Bibliography 68
7. Appendix 77
Paper | 79
Paper 11 93
Paper 111 105
Paper IV 119
Paper V 129
Paper VI 165

XV









Scope of the Thesis 1

Limited lifetime is still a challenge for most Lithium-ion battery materials. Specifically, the
detailed coupling between degradation mechanisms and battery usage is not fully
understood, which impede lifetime improvements. This PhD thesis focuses on the said
coupling by relating morphological and structural changes in Lithium-ion battery
electrodes, measured with a number of different characterization techniques, to
performance degradation observed during electrode cycling. It consists of six chapters as
described below.

Chapters 1 and 2 furnish the motivation and a general introduction about the
importance of the energy storage and the role played by lithium-ion batteries (LIBS) in our
society. A thorough analysis of the state-of-the-art of LIB technology is presented, together
with a full description of all solid-state components: cathode and anode materials, and
carbon additive. Degradation mechanisms that affect the above mentioned materials are
also listed but, as said before, a detailed correlation between these mechanisms and loss in
performance is not fully understood yet. These chapters give a general idea of all the
challenges encountered in the development and commercialization of LIBs materials,
providing the context of this PhD thesis.

Chapter 3 is a collection of all the characterization techniques applied to the electrode
materials and used to study degradation mechanisms in LIBs.

Chapter 4 describes the experimental setup used in this work, from cell design
assembly, drying procedures and sample preparation for microscopy analysis.

Chapter 5 presents and discusses all the results obtained and published during this PhD
project. It is divided in two sections which are focused on the characterization of laboratory
and commercial LIBs. First section includes the analysis of degradation mechanisms which
occur in a laboratory LiFePO,/C cathode by different characterization techniques (paper |
— 111), and in a carbon black additive for high voltage batteries (paper 1V). Second section
is instead focused on the buildup of a combined Transmission Line Model (TLM) for
Electrochemical Impedance Spectroscopy (EIS) characterization of commercial LiFePO,/C
26650 cylindrical cells (paper V), and the analysis of aging mechanisms by low — voltage
FIB/SEM tomography (paper VI).

Chapter 6 gives a conclusion and an outlook based on the presented results.



Introduction 2

2.1. The energy storage problem

Electricity is one of the dominant forms of energy used worldwide and the demand for it is
increasing at a faster rate than the overall energy consumption. Approximately 68% of the
today’s electrical energy is supplied from fossil fuel, while the remaining part is supplied
by nuclear (14%), hydro (15%) and renewable energies technologies (3%) [1]. However the
environmental concerns over the use of fossil fuel, combined with their diminishing
production expected in the next few decades, made the development and use of renewable
energies rapidly grow in the last few years [1], [2]. Solar and wind power are among the
most abundant and readily available renewable sources [1], [3] however the intermittent
and unpredictable character of these sources (Fig. 2.1), in addition to the fluctuations in the
supply of energy and load needed, creates imbalances within the system making grid
integration challenging [1]-[4].
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Figure 2.1. (a) Daily profiles of wind power projected by 7X output in April 2005 for the year 2011
in Tehachapi, California (Courtesy of ISO California). (b) 5 MW PV power over a span of 6 days in
Spain (Courtesy of AES). Adapted with permission from [1]. Copyright © 2011 American Chemical
Society.

The integration of Electrical Energy Storage (EES), generally using lead batteries, in an
electric grid is often presented as a solution to the problem of intermittent renewables [2].
However lead batteries cannot stand high cycling rates or store large amounts of energy in a
small volume so the development and implementation of new types of storage technologies
become a crucial element in the management of energy from renewable sources [1], [5].
EES can be achieved converting electricity in another form of storable energy, and



transforming it back when needed, and many possible techniques have been explored:
thermal, mechanical, chemical and electrochemical storage [2], [6]. For the large-scale
system the energy is preferred to be stored as gravitational energy (hydropower), thermal
energy, compressed air or chemical energy (flow batteries). In the small-scale systems the
energy is instead stored as kinetic energy (flywheel), hydrogen (fuel cells) or batteries and
supercapacitors [2], [6].

Fig. 2.2 shows a wide range of EES technologies and most of them are actually based
on batteries: lead-acid, nickel-cadmium, nickel-metal hydride, nickel-iron, metal-air,
sodium-sulphur, lithium-ion, etc. Batteries are portable devices, capable to deliver the
stored chemical energy as electrical energy, often used in portable systems and could
represent an excellent EES technology for the integration of renewable resources, because
of many features: pollution-free operations, high round-trip efficiency, compact size,
flexible power and energy characteristics [6]. Furthermore they represent a valid alternative
to combustion engines because of their application in electric motors for sustainable
vehicles, such as hybrid vehicles (HEVs) and full electric vehicles (EVs) [7]. On the other
hand the main inconveniency is the high cost and their relatively low durability for large-
amplitude cycling (from few hundreds to few thousands of cycles). The modularity and
scalability of different battery systems provide the promise of a drop in costs in the coming
years, making them more suitable for permanent applications [2], [6]. However reliability,
cycle life and other important factors regarding batteries for automotive and stationary
energy storage are still an issue and need to be improved [2], [6], [7].
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Figure 2.2. Comparison of discharge time and power rating for various EES technologies. The
comparisons are of a general nature because several of the technologies have broader power ratings
and longer discharge times than illustrated. [Courtesy of EPRI]. Reprinted with permission from [6].
Copyright © 2011 The American Association for the Advancement of Science.
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2.2. Li-ion batteries

Rechargeable batteries plays an important role for various energy storage applications, and
particularly appealing are the batteries with high specific energy, high rate capability, high
safety and relative low cost [7]. Li-ion batteries (LIBs) are today the most promising
candidates since they are light, compact and with a voltage of around 4 V. They also exceed
by a factor of 2.5 most of the competing technology thanks to the high value of specific
energy density (up to 200 W h kg™), as shown in Fig. 2.3 [6]-[9].
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Figure 2.3. Ragone plot distribution of different electrochemical accumulators. Reprinted with
permission from [9]. Copyright © 2006 Elsevier.

LIBs, in their most conventional structure, consist of a graphite anode (e.g. mesocarbon
microbeads, MCMB), a lithium metal oxide cathode (LiMO,, with M = Co, Ni) and a liquid
electrolyte consisting of a solution of a lithium salt (e.g. LiPF¢) in a mixed organic solvent
imbedded in a separator felt [8]. The two electrodes are Li-intercalation compounds, while
the electrolyte in between the two electrodes allow Li ions to migrate from one electrode to
the other (Fig. 2.4).
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Figure 2.4. Schematic of a LIB. The negative electrode is a graphitic carbon that holds Li in its
layers, whereas the positive electrode is a Li-intercalation compound — usually an oxide because of its
higher potential — that often is characterized by a layered structure. Both electrodes are able to
reversibly insert and remove Li ions from their respective structures. On charging, Li ions are
removed or deintercalated from the layered oxide compound and intercalated into the graphite layers.
The process is reversed on discharge. The electrodes are separated by a nonaqueous electrolyte that
transports Li ions between the electrodes. Reprinted with permission from [6]. Copyright © 2011 The
American Association for the Advancement of Science.

The LIBs technology was commercially introduced for the first time by Sony in the
early 1990s [10]. This first battery contained a carbon negative electrode and a LiCoO,
positive electrode and was assembled in the discharged state. The cell was then activated by
charging, making the Lithium leaves the positive electrode material, raising its potential,
and move to the carbon negative electrode, with its potential concurrently reduced. The cell
can be represented as:

Li,Cs / organic solvent electrolyte / Li; 4CoO,

And the two half — cell reactions as:
Anode: 6C + xLi" + xe” « Li,Cq (2.1)
Cathode: LiCoO, <> Li;,C00, + xLi* + xe” (2.2)

Which combined give the total cell reaction:
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Cell reaction: LiCoO, + 6C < Li;,CoO, + Li,Cq (2.3)

This Li-ion cell operates with 3.7 V at 25°C, has a capacity of about 150 A h kg™ and a
power over 200 W h kg™ [1]. However this early Li-ion chemistries are relatively unsafe:
the lithiated graphite electrode operates in fact at a potential close to that of metallic
lithium, with a high risk of Li-dendrite growth and consequent electrical shorting. This, in
presence of flammable organic electrolyte solvent could lead to heat generation and then
fire. Furthermore, as mentioned in the previous paragraph, the production cost of these cells
(acceptable for portable electronic applications) could be critical for scaled-up applications
[1]. Extensive efforts have been made in the past decades to overcome barriers of various
natures (safety, cycle life, cost, wide temperature operational range and materials
availability) which still prevent this step. The main approach to improve safety is
represented by the replacement of the organic carbonate liquid electrolyte with safer and
more reliable solutions [8]. Replacement of graphite and lithium cobalt oxide electrodes is
instead required in favor of alternative, higher capacity, higher power and lower cost anode
and cathode materials [8].

2.3. Cathode materials

Lithium cobalt oxide, LiCoO, (theoretical specific capacity 140 mAh g?), is a layered
oxide developed as cathode material for commercial LIBs but, because of the toxic and
expensive cobalt, it has been mainly replaced today by manganese-based compounds and
olivine lithium metal phosphates [8], [11].

Lithium manganese spinel LiMn,O, seems to be a good candidate to substitute the high
cost and partially toxic lithium cobalt oxide. The manganese oxide is in fact more available
and environmental friendly. However its use is limited by some operational issues, such as
manganese dissolution into the electrolyte at temperature higher than room temperature,
that drastically reduce cycle life. This effect could be lowered by partial substitution of
manganese ions with foreign ions [8], [12], [13] or surface modification by oxide coating
[8], [14]. Two other promising materials in the manganese family are the spinel structure
lithium nickel manganese oxide, LiNiygsMn;50,4, and the nickel manganese cobalt oxide
(NMC), LiNiysMny;3C04,30,, that has a layered structure. Both materials arouse interest for
high voltage battery applications since they are characterized by an operating voltage of 4.5
V and 3.8 V vs Li, and a theoretical specific capacity of 146 and 160-170 mAh g™ [8], [11].

The olivine lithium metal phosphates (LiMPO,, with M = Fe, Mn, Co), and in particular
LiFePO, are considered as another highly interesting cathode materials for the new
generation LIBs. Such an interest is motivated by a relative high specific capacity (170
mAh g*), good structural stability, lower cost than LiCoO, and higher safety because of the
strong P — O bonds which reduce the risk of oxygen release with subsequent fire [8], [11],
[15].



2.3.1. LiFePO,

The phospho-olivine LiFePO, (LFP) was used as cathode material for LIBs for the first
time in 1997 by J. B. Goodenough and thoroughly described by Padhi et al [16]. Since its
discovery, LFP is considered as a promising choice for powering HEVs and EVs, since it is
not expensive, non-toxic, environmental friendly and is characterized by a reversible
lithium extraction/insertion at 3.5 V vs Li/Li* with a relative high theoretical capacity of
170 mAh g™ [16]-[19].

LiFePO, < Li;,FePO, + xLi* + xe~ (2.9)

Eq. 2.4 shows the electrochemical reaction that describes the reversible extraction of
Lithium from LFP. It occurs at a potential of 3.5 V, when cycled with very low current
density, and the charge/discharge curve is characterized by a very flat plateau associated
with the motion of a two-phase (LiFePO4/FePQ,) interface on lithium extraction/insertion,
as described by Padhi et al [16]. This (de)insertion process of lithium leads to a reversible
phase transformation from triphylite (LiFePO,) to heterosite (FePO,), creating a disordered
solid solution of Li;. xFePO, proposed to follow different models, such as the “core-shell
model” [16], or the “spinodal-decomposition model” [20] and the “domino cascade model”
[21].

LiFePO,, when cycled, has a practical capacity of 110 mAh g™, much lower than the
theoretical capacity of 170 mAh g*, and Padhi et al [16] suggested that this difference
comes from the poor lithium ion diffusion through the LiFePO,/FePO, interface. A good
way to circumvent this problem is reducing the particle size [22], since the smaller the
particle size, the shorter the diffusion path of lithium ion in LFP, as well as making a
porous structure to assure a larger specific surface area [23].

Another drawback of LFP is the low electronic conductivity but it could be improved by
metal ions doping (such as Nb>* 1 wt. % doping), coating the particles with carbon and
addition of carbon particles [17].

2.3.2. Carbon additives

LiFePO4 is a poor electron conductor and the addition of an electronically conductive
carbon additive is one of the most important aspects for the LiFePO, manufacturing in
order to obtain satisfying electrode performance. These aspects explain why many different
carbon additives are currently explored and optimized for improvements in LIBs
performance. The most common carbon additives currently considered are carbon blacks
(CBs), acetylene black, graphene, fibrous products and nanostructured carbon as carbon
nanotubes (CNTs) and multi-walled carbon nanotubes (MWCNTS) [24]-[28].
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Carbon black (CB) is considered member of an important family of carbon products,
widely used as nano-material additive for LFP electrodes. They differ from diamond,
graphite, cokes and charcoal for their composition, characterized by aggregates with
complex, quasi-crystalline structure. These aggregates are usually composed by spheres
(called primary “particles” or “nodules”) fused together, which are the results of many
graphene layers arranged concentrically [29].

2.3.3. Aging mechanisms in LiFePO,/C cathodes

Cathodic materials such as composite LiFePO,/C are known to be subjected to structural
changes and mechanical stress upon cycling. The lithiation/delithiation process of the host
structure leads to the molar volume change of the cathode material, creating changes in the
crystal structure, and inducing mechanical stresses and strains, crack propagation and
fractures, with consequent capacity loss [11], [30], [31]. Furthermore, olivine-type
materials (LIMPO,, with M = Fe, Mn, Co), in presence of HF, developed by liquid
electrolyte decomposition, are subject to M dissolution [11], [32], [33]. Furthermore
decomposition of electrolyte on the electrode surface can create passivating films with
increased resistivity [34], [35].

These aging mechanisms can cause irreversible capacity fade because of loss of active
materials, and could occur either during storage or cycling of the battery. In particular,
during cycling, there are many factors that could accelerate degradation, such as utilization
mode, temperature conditions, etc. [34].

The dispersion of the CB additive plays an important role for the improvement of the
LFP/C electrode performance. Many numerical studies have been done in order to predict
and optimize the LFP:CB ratio, and to obtain a more homogeneous distribution of CB
network with less agglomeration of CB particles [36], [37], however not so many
degradation studies have been performed that focuses on the CB network in a LFP/C
battery.

2.4. Anode materials

Lithium metal would be an interesting LIBs anode material but, because of its
predisposition to form dendrites, presents a high risk of short-circuit and it is not considered
a safe material [11].

The first generation of commercial LIBs used in fact carbonaceous material as anode
and in particular graphite (theoretical specific capacity 372 mAh g), as already mentioned
above, but also C-C composite, mesocarbon microbeads (MCMB), carbon nanotubes and
carbon films [11], [38]-[41]. All these material intercalate/deintercalate lithium at a



potential very close to Li/Li* (less than 100 mV versus Li/Li* for graphite), still presenting
risk of lithium depositing and short-circuit of the cell. They are also characterized by the
formation of a solid electrolyte interphase (SEI) during the cycling of the cell, formed by
electrolyte decomposition products at the electrode/electrolyte interface. Although this SEI
layer would result in a loss of the cell voltage and reduction of active surface area of the
anode, it will definitely improve the cycle life and the power rating of the battery because
prevents graphite from further exfoliation, and electrolyte from further reduction and
consumption of lithium [11], [38]-[41].

Another class of promising material for negative electrodes are lithium metal alloys,
such as lithium-silicon (Li-Si) and lithium-tin (Li-Sn) alloys. They have a much higher
specific capacity compared to graphite: 4000 mAh g™ and 990 mAh g™, respectively.
However their commercialization is still not feasible because of the large volume
expansion-contraction during cycling, whose mechanical stress induce an accelerated
degradation of the electrode with failure of the cell [8], [11], [39], [41].

With the research of new negatives electrode, new materials such as titanium oxide
TiO, (TO) and lithium titanium oxide LisTisO5, (LTO) have been also explored. They have
a specific capacity comparable (335 mAh g™ for TO) or lower (170 mAh g™ for LTO) than
graphite, and a higher voltage level (1.5 V vs. Li), which will result in a lower specific
energy. However interest toward TO and LTO is still motivated by many characteristics
such as high cycling and thermal stability, no SEI formation and low risk of dendrites
formation [8], [11], [39].

Carbonaceous materials, and graphite in particular, are however still the most used
negative electrodes in commercial LIBs and degradation mechanisms that affect anode
performance in commercial cells are studied in this manuscript.

2.4.1. Graphite

Graphite is one of the first used anodic materials for commercial LIBs, and it is still one of
the most used [10]. It has a layered structure where the carbon atoms are sp? hybridized,
arranged in a hexagonal pattern, forming graphene layers which are stacked in a staggered
alternance, ABAB sequence, with a distance of 3.35 A [10], [42], [43]. Graphite is
anisotropic since it is a good thermal and electrical conductor within the layers, but poor
perpendicular to the layers because they are linked by weak Van der Waals bonds [10],
[42], [43].
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Figure 2.5. Relationship between a graphite aggregate material and its constituent graphite
crystallites. Reprinted with permission from [43]. Copyright © 2010 Elsevier.

Lithium ions can intercalate between the graphene layers according to the
electrochemical reaction:

6C + xLi* + xe" <> Li,Cs (2.5)

With 0 < x < 1 and a theoretical specific capacity of 372 mAh g™. The electrochemical
intercalation of lithium into graphite occurs through different steps, each of them
characterized by a different cell potential, as a function of the intercalation degree.

Graphite can also intercalate solvent molecules from the liquid electrolyte, together with
lithium ions, causing large expansion along the c-axis and irreversible exfoliation into
graphite flakes. This phenomena is generally avoided when the solvent decompose on the
graphite surface, creating a solid electrolyte interphase (SEI), which prevent graphite from
further intercalation of solvent molecules [43]-[45]. The solvent choice is then a crucial
part for graphite usage as negative electrode, and ethylene carbonate (EC) — based
electrolyte are always preferred to propylene carbonate (PC) — based ones because of their
predisposition to form the SEI layer [43]-[45].

2.4.2. Aging mechanisms in graphite anodes

The first “degradation mechanisms” that occurs in a graphite anode is the formation of a
SEI layer at the electrode/electrolyte interface, after decomposition of electrolyte. The SEI
layer consumes in fact the active lithium, consequently reducing the surface area of active
material and increasing impedance of the anode. It could form at both anode and cathode,
but is more dominant on the anode side because of the lower potential (vs Li/Li*) [11], [34].
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The SEI layer, once formed in the initial cycle, limits the further reduction of electrolyte
and prevents the anode surface from corrosion, being permeable to lithium ions. However,
upon cycling, the SEI layer could grow, increasing the internal resistance and causing
capacity fade [11], [34]. SEI layer dissolving is also a degradation mechanism that affect
graphite electrode, since it causes also intercalation of solvent molecules in between
graphene layers, with consequent exfoliation and loss of active material, and lithium plating
on electrode surface, with loss of active lithium.
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Characterization Techniques 3

In this chapter are listed all the routine techniques used to test and study the performance of
LIBs. Furthermore, some advanced characterization methods to investigate the degradation
processes that occur in the electrode materials are presented. They include mainly
electrochemical and microscopic techniques. Before introducing the various techniques a
brief overview of electrochemical cell electrode dynamics is presented.

An electrochemical cell usually consists of a working electrode (WE) and a counter, or
auxiliary, electrode (CE) separated by an electrolyte (two-electrode configuration). The
working electrode (WE) is usually an electrode where the reaction of interest is occurring
(i.e. LiFePO4 and carbon in this thesis project). The counter electrode (CE) is used to close
the current circuit in the electrochemical cell and its surface area need to be similar to, or
higher, than the area of the WE in order to not be the limiting factor in the kinetics of the
investigated electrochemical processes. The cells are characterized by an open circuit
voltage (OCV) which is the potential difference between WE and CE. The OCV depends
on the used electrode materials. In studying the dynamics of the WE, a reference electrode
(RE) helps separating the contribution of WE from CE (three-electrode configuration). The
insertion of a RE permits to control either the current (or the potential) while measuring the
single electrode potential (or current). An electrochemical cell can be divided in two half
cells, where a redox reaction occurs (reaction 3.1), and the potential of each half cell, at the
OCV condition, is governed by Nernst equation (Eq. 3.2).

ox +ne” 5 red (3.2)

Where ox is the oxidized specie, red is the reduced specie, and n is the number of
transferred electrons.

— o 4 RoTy (Lox
E=E"+1n (Cred) (3.2)

Where E is the potential, E” is the formal potential, which includes adjustment for the
activity coefficients of ox and red; Ry is the gas constant, T the temperature, F the Faraday
constant and C; is the bulk concentration of each specie.

Once the battery is subjected to charge/discharge cycling, its voltage (Epagery) Will
deviate from OCV because of overvoltages () due to ohmic resistances, electrochemical
reactions and diffusion processes. The battery voltage during discharge (schematically
represented in Fig. 3.1) could be expressed by Eq. 3.3 [46]:

Ebatte‘ry = EOCV —IR — Nreaction — ndiffusion (3-3)
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Fig. 3.1. Schematic of a discharge curve of a battery with different voltage losses starting from the
oen-circuit voltage (OCV) and finally resulting in the total cell voltage. Reprinted with permission
from [46]. Copyright © 2009 Elsevier.

The Ohmic voltage drop IR is caused by the ohmic resistances of all elements in the
current path (poles, plate connectors, grids, electron conductivity in the active material and
ionic conductivity in the electrolyte).

The reaction overvoltage 7reaction IS Caused by the reaction charge-transfer resistance and
it is described by the Butler-Volmer equation (Eq. 3.4) [46]:

I=joA (g_oz exp (a-n-F—nreaman) _Cred gy (—(1—a)-n-F-nreacmn)> (3.4)

RT cq RT

where | is the battery current, j, the normalized reaction current, A the active inner
electrode surface, o the symmetry coefficient for the reaction between charging and
discharging, n the number of electrons involved in the reaction per molecule of the active
material, F the Faraday constant, R the general gas constant, T the absolute temperature,
Nreacion the overvoltage caused by the electrode reaction, and C,, and C.q4 are the
concentration of the oxidizing and reducing ions from the electrolyte and C,,’ and Cye° the
respective equilibrium concentrations of the ions in the electrolyte.

The diffusion overvoltage ngimsion OCcUrs if concentration gradients in the electrolyte

occur. It is proportional to the logarithm of the ratio between the actual ion concentration C
and the equilibrium concentration C, (Eq. 3.5) [46].

RT c
Naif fusion = Eln (a) (3.5)
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3.1. Galvanostatic Cycling with Potential Limitation (GCPL)

From the analysis of the charge/discharge curves, the total capacity of a battery (or the WE
in a three-electrode setup measurement) could be calculated. The capacity is defined as the
total amount of electric charge [Ah] delivered by the electrochemical cell under certain
conditions. Many parameters could affect it, such as applied current rate (C-rate),
temperature and upper and lower cutoff voltage. Furthermore, the analysis of the coulombic
efficiency (y7an) gives useful information about the state-of-health (SOH) of the battery and
it is defined as the ratio between discharge and charge capacity (Eq. 3.6).

__ discharge Ah

Nan = (3.6)

charge Ah

LIBs are often subjected to relative fast degradation (depending on the investigated
material) which would first results in a capacity fade over a range of few hundreds or
thousands of cycles. The study of changes in performance of a LIB has been then
investigated by galvanostatic cycling with potential limitation (GCPL) under different
conditions (different C-rate, and cutoff voltages) and in different configurations (two- and
three-electrode setups).

GCPL measurements were performed wusing a Biologic VMP3 with
Potentiostat/Galvanostat (Pstat/Gstat) boards.

3.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is one of the most interesting techniques to
study an electrochemical system. It is a powerful and non-invasive tool to measure the
dielectric and transport properties of materials, investigate interfaces and mechanisms o
electrochemical reactions and explore the properties of porous electrodes. In an EIS
measurement the response of a system, subjected to a small amplitude sinusoidal signal of
either current or potential in a frequency range 100 kHz — 1 mHz, is studied. The amplitude
of the applied signal is usually really small, about 10 mV in a potentiostatic EIS
measurement (PEIS) or a small percentage of the d.c. current in a galvanostatic EIS
measurement (GEIS), and a response in a.c. current or voltage is obtained from the system.
If the applied perturbation is sufficiently small, will ensure a linear voltage-current relation
and a sinusoidal response at the same measured frequency but shifted of a certain phase
angle. The excitation voltage and the response current can be expressed by eq. 3.7 and 3.8.

E(t) = E, - sin(wt) 3.7)
I(t) = I, - sin(wt + @) (3.8)

The impedance response Z is calculated according the generalized Ohm’s law, eq. 3.9.
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_E@®) _ _Eg-sin(wt)
TI0 T 1o sin(wt+e) (3.9)

Where Eq and |, are the peak amplitude of the a.c. potential and current, w is the angular
frequency, t is the time and ¢ is the phase shift, related to the frequency f through w = 2nf.

Since most of the electric components (i.e. capacitors or inductors) give a response
which is not in phase with the stimulus, representing the impedance Z as a vector (eq. 3.10)
in a complex plane is a good way to deal with the phase shift ¢.

Z(C’)) =Zre + (_jZim) (310)

This complex plane, called Nyquist plot, shows the real part Z,. of the impedance in the
abscissa and the imaginary part Zi, in the ordinate. By convention the imaginary part is
represent with the opposite sign. The Bode plot is also a useful graphical representation,
where the modulus of the impedance (or only real or imaginary part) and the phase angle
are plotted as function of the logarithm of the frequency. Fig. 3.2 illustrates an example of
Nyquist (Fig. 3.2a) and Bode plot (Fig. 3.2b).

_ 600 : ‘ : . 600
& 400 5 400}
£ 200} { 200} 1
il a) | b)
0o 200 400 600 800 1000 100-2 16-1 10° 10° 107 10° 10° 10°

Z,.. [kQ cm?] f [Hz]

Figure 3.2. Example of a (2) Nyquist and (b) Bode plot.

The interpretation of the results of an EIS spectrum, or modelling, becomes important
for the distinction of the different processes that occur in an electrochemical system. Many
processes have in fact distinctive and characteristic impedance frequencies, so that an EIS
spectrum could be modeled by an equivalent circuit model (ECM) in order to distinguish
and calculate several parameters from adsorption processes, charge-transfer resistances, and
mass transports.

EIS measurements were performed using a Biologic VMP3 with Pstat/Gstat boards.
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3.2.1. EIS Modelling

As already mentioned above the modelling of an EIS spectrum assumes an important role
for the thorough understanding of the polarization processes occurring in an
electrochemical system and the subsequent parameters calculation. The goal of EIS
modelling consists in the building of an ECM which accurately represents the investigated
electrochemical system. Here below a number of elements usually used to build a full ECM
are described (Table 3.1) and discussed.

Table 3.1. List of elements used to build an equivalent circuit model (ECM).

Element Description Impedance Z
R Resistor R
Cc C it !
apacitor TaC
Q or CPE Constant Phase El t !
or onstant Phase Elemen _—
Qo)™
RC Resist C itor i llel R
esistor — Capacitor in paralle TTR jocC
R Resist: CPE i llel R
Q esistor — in paralle TR Q.G
o 21172
W Semi — infinite Warburg (_) ‘A,
w
W, 1D General Finite Space Warburg coth[(jwt,,)™]
GFs.1D Element [used in papers 11 and V] Y (fot,,) ™
W 2D General Finite Space Warburg I[(wt,)™]
G20 Element [used in paper V] W Gwt,)™ LGwot,)™]
. -1
- (RWers 1p) — Q in parallel coth[(jwT,,)™] -t )
Randles circuit [used in papers 11 and V] RWW +R| +Q(w)"
o RW, -Qi llel wT,,)"w -1 -
Randles circuit ( GFS'ZD.) Q in paralle R lolGwr,)™] +R| +0Q,(w)"
[used in papers V] Y (Got,)™ L[(jot,)™] 0
Rel * Rian,L ( + 24 )+
Generalized Transmission line model Rer + Rion sinh(L/2)
TLM used in papers 11 and RZ% + R2
[ p p \/] + ATLM el ion,L COth(L//lTLM)
Rel + Rion,L
Simplified Transmission line model
TLM [used in papers 11, IV and V] Arims Rion,. cOth(L/ArLys)

The ohmic resistor R is the simplest element, independent of frequency, and has no
complex part, as shown in the formula to calculate Z in table 3.1. It is used to model series
resistance and it coincides with the intercept in the abscissa in a Nyquist plot (Fig. 3.3a).
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The impedance of an ideal capacitor C has no real part (Table 3.1) .It can be used to
represent non-Faradaic processes such as charging of interfacial double-layers and in a
Nyquist plot is represented by a vertical line (Fig. 3.3a).

S ool | e !

9. w->0 1 o | ]

7 FoC ol :
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0 L = L |
R Zreal [Q sz] Zreal [Q cm2]

Figure 3.3. Impedance simulation of a (a) Capacitor and (b) Finite Space Warburg Element.

The Warburg element W is often used to model semi-infinite linear diffusion, when
redox species diffuses to and from an electrode surface where charge-transfer may take
place. In a Nyquist plot it is described by a 45° line. The general finite space Warburg W grs
describes instead the diffusion in a situation where there is an impermeable boundary
blocking for the diffusion species, like in a solid intercalation particle of a storage device
(i.e. LIB), where there is a limited space for intercalating ions. It could use a 1D geometry
and describe a diffusion process along a one-dimensional diffusion path Wges1p (like in
LiFePQy), or a 2D geometry which describes diffusion along radial axis, as usually occurs
in the layered-structure electrode (e.g. graphite, LiC00O,). In a Nyquist plot is represented
by a 45° line, followed by a vertical tail (Fig. 3.3b).

The constant phase element Q has no direct electrical equivalent and its physical
interpretation depends on the exponent n. For values n = 1, the Q element is equal to a
capacitor, while for n = 0 it is a resistor. In general it is used to model processes (such as

charging) that occur at a rough electrode surface.

Q=1

20000’

a) 7 Q=0.01 b)

~Zimag [Q cm?]
~Zimag [Q cm’]

Z ey [Q cm’] Z,ou [Q cm?]

Figure 3.4. Impedance simulation of a (a) RQ element and (b) Randles circuit.
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The RC (or RQ) element is a circuit in which a resistor and a capacitor (or constant
phase element) are connected in parallel and it is usually used to model a double-layer
capacitance which takes place at an interface, in parallel connection with a charge-transfer
resistance correlated to a Faradaic reaction. It is represented by a semicircle (more or less
depressed for a RQ element, depending on n values) in the Nyquist plot (Fig. 3.4a).

The Randles circuit consists of a resistor R and a Warburg element W (in series),
connected in parallel with a constant phase element Q. It is usually used to model a double
layer capacitance at an interface, connected in parallel with a charge-transfer resistance
associated with a Faradaic reaction and then followed by (solid-state) diffusion. Fig. 3.4b
shows a simulation of a Randles circuit in a Nyquist plot. Two different kind of Randles
circuit have been used (one with Wgesip and one with Weesop) and implemented in a
Transmission Line Model (TLM), as described in sections 3.2.2 and 3.2.3.

3.2.2. The Transmission Line Model (TLM) — Generalized

The state of the art of EIS, used as tool to study aging mechanisms in porous electrodes,
started to include in the last decades the use of Transmission Line Model (TLM) to study
the response of porous electrodes, usually infiltrated by liquid electrolyte [47]-[50]. The
importance of these TLMs resides in the calculation of important parameters such as ionic
resistance in the infiltrated pores Rion. and the electronic resistance in the porous materials
Re. The model assumes cylindrical pores with length L filled with the electrolytic solution
and oriented perpendicular to the current collector (Fig. 3.53a).

a) Rion,l. R ion,L b)

Figure 3.5. (a) Generalized Transmission Line Model, (b) Randles circuit used to model
electrode/electrolyte interface with Li* diffusion (Warburg General Finite Space element, Wgrs 1p)
within a particle with radius r. The Randles circuit resembles the element ¢ in (a). The yellow
resistors in (b) model the resistivity along the electron pathway on the surface of the LFP particles.
Adapted from paper V.
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Rion is the resistance associated with Lithium ions traveling in the pores. In this project
the TLM is applied to a carbon coated LiFePO, (LFP) electrode, then R, is the resistance
associated with electrons traveling in the surface coating. The equivalent circuit element C,
usually referred to the surface impedance in the context of TLM, which models the
impedance of the electrode/electrolyte interface, in this case include the diffusion of lithium
ions inside the LFP particles. ¢ consists of a charge transfer resistance R in parallel with a
constant phase element Q modeling the apparent double layer capacitance. Additionally Ry
is in series with a General Finite Space Warburg element Wggsip Which models the
impedance associated with lithium ion solid state diffusion (Fig. 3.5b). The electronic
resistance is often assumed to be much lower than the ionic resistance of the solution
(Rei<<Rjon.) resulting in a simplified transmission line model where R, is omitted [51],
[52]. A generalized TLM [49], [53], [54] is often used in this work in order to reveal non-
negligible R, values.

The impedance for the generalized TLM model is:

_ Re*Rion,L 22 Rgl"'Rizon,L
ZTLM - Rel+Rion,L (L + sinh(L/A)) + ATLM Rel+Rion,L COth(L/ATLM) (311)

With:

Arim = ’g/(Rel + Rion,L) (3.12)

As mentioned above the electrode/electrolyte interface is modeled with the Randles
circuit € which includes the charge transfer resistance R, a constant phase element (CPE)
Q and the general finite space Warburg element Wgesip. The latter element models a
diffusion process along a one-dimensional diffusion path terminated by an impermeable
boundary [55]-[57], having the impedance:

coth[(jwty)™W]

(Jotw)™w

(3.13)

Zwersap = Rw

with the time constant:

TZ
Tw =7 (3.14)
Ry, is polarization resistance, n,, is an exponent (0<n,<0.5), r is the particle radius and D

is the diffusion coefficient of Lithium ion within LiFePO,.

The units of Ry and Cg in the TLM are respectively Qcm?® and Fem™ and, in order to be
converted in the more usual Qcm? and Fcm? need to be divided and multiplied
respectively by the cylindrical pore length L (expressed in cm). The effective double layer
capacitance Cy is calculated according to [58] using the expression:
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Ca = QY™ (RF' + RyH(-V/m (3.15)

where Q is the CPE, n the exponent of the CPE, R, is the ohmic resistance and R; the

resistance associated with the CPE.

Fig. 3.6 shows a simulation of the generalized TLM, varying values for Ris, and Re,.
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Figure 3.6. Impedance simulation of the generalized TLM varying values of (a) Rjo,. and (b) Ry

3.2.3. The Transmission Line Model (TLM) — Simplified

In the case of a negligible R, a simplified version of the TLM could be used. Equation 3.11
is then reduced to:

Zrims = Arims Rion cOth(L/Arpys) (3.16)

With:
Arims = N S/ Rioni (3.17)

This is usually the case of a highly electron conductive electrode, such as the graphite

one.

It is also important to remember that in the case of a graphite (layered-structure
electrode) the general finite space Warburg element has a 2D geometry and describes a
two-dimensional diffusion path, Wges 2o [55]-[57] with the impedance:

_ Io[(jwtyw)™W]
Zwarszp = R Gatw)™ I [(jwty)™W] (3.18)

where Iy and |, are modified zero and first-order Bessel functions of the first kind.
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3.3. Focused lon Beam/Scanning Electron Microscopy (FIB/SEM)

The FIB/SEM is one of the most interesting electron microscopes, since it is a dual
platform system that includes an ion column (FIB) and a scanning electron microscope
(SEM). This combination allows cross-section sample imaging with the SEM as the ion
beam mills normal to the surface.

Figure 3.7 shows a typical configuration for a FIB/SEM, where is possible to notice a
vertical electron column and a tilted ion column (54°). In this case the specimen stage will
also be tilted at 54° to mill normal to the specimen surface.

FIB milling

Image slice
direction

A

Fiducial
marks

Fig. 3.7. Schematical representation of a FIB/SEM. Adapted with permission from [59]. Copyright ©
2006 Nature Publishing Group.

The FIB/SEM is an instrument that uses a focus beam of ions (usually Gallium ions)
and, unlike an electron microscope, is a destructive technique. The FIB system is often used
for its sputtering capability and combined with an SEM forms a dual-beam platform that
provides enhanced capabilities and could be used for tomographic analysis and 3D
reconstruction of porous electrodes [60].

In this work FIB tomography and SEM imaging was carried out on a Zeiss 1540XB
CrossBeam microscope, using a lateral E-T (Everhart-Thornley) detector and an In-lens
detector.
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3.3.1. The Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is considered to be one of the most poweful
instrument for morphological analysis and chemical composition characterization. It
operation principle is based on the scanning of a specimen with a focused beam of
electrons, and the imaging through the acquisition of signals produced by the interaction of
electrons with it. The SEM mainly consists of two parts, the microscope column and the
specimen chamber [61].

1. Microscope column. On top of the microscope column an electron gun is located. It
purpose is to generate a stable electron beam with high current, adjustable energy and
small energy dispersion. Many SEM use tungsten or lanthanum hexaboride cathodes,
but modern microscopes also use field emission sources. Down through the colum
there are also two pairs of alignment coil (for beam deflection), two condenser lens, the
objective lens and the apertures.

2. Specimen chamber. It is located at the bottom of the microscope column and consists
of the specimen holder, a stage (able to move in x,y,z direction, tilt and rotate) and the
detectors for the different signals generated by interaction of electrons with the
specimen.

Both microscope column and speciment chamber should be evacuate with a high
vacuum pumps, in order to reduce interaction of electron beam with gas molecules [61].

3.3.2. Interaction of the electrons with the specimen

Once the specimen has been hit by the electron beam, this will result in a variety of
interactions that could be divided in two main categories: elastic and inelastic interactions.

Elastic interactions are those resulting from collision of electrons that are deflected by
the specimen atomic nucleus with a neglectable energy loss an a wide angle. All the
electrons elastically scattered with an angle of more than 90° could be categorized as a
backscattered electron (BSE), and they yield a useful signal for imaging the sample.
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Fig. 3.8. lllustration of several signals generated by the electron beam-—specimen interaction in the
scanning electron microscope and the regions from which the signals can be detected. Reprinted with
permission from [61]. Copyright © 2006 Springer.

If the collision occurs with a transfer of energy from the primary beam to the specimen
atoms, this is the case of an inelastic interaction. This energy loss usually depends on the
specimen electrons excitation and their binding energy to the atoms. Electrons excitation
leads to the generation of secondary electrons (SE) that will be used for imaging as well.
Furthermore, a lot of other signals, such as characteristic x-rays, Auger electrons and
cathodoluminescence, are produced. This is due to the fact that most electrons penetrate
into the sample for a huge distance before collide with an atom creating a zone of primary
excitation (or interaction volume) from which the above mentioned signals are generated
(Fig. 3.8). The size and shape of this region depends on beam elecron energy and the
atomic number. It is usually teardrop shaped for low atomic number and hemispherical for
specimens with high atomic number. Beam energy will instead affect depth of penetration
[61].

3.3.3. Low-Voltage Scanning

This technique was first used and fully described by Thydén et al. [18] to identify
percolation in SOFC anode Ni-network and in this work it has been applied for the first
time in combination with a FIB for the 3D electron percolation analysis of a CB additive in
a laboratory LiFePO,/CB positive electrode.
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Figure 3.8. a) General SE yield curve in the low-voltage range and b) SE vyield for carbon according
to data compiled by D.C. Joy [62]. Reproduced from paper |I.

The theory behind the low-voltage scanning is based on the interactions of the electron
beam with different samples when the acceleration voltage approaches low values (1 kV).
When the electron beam hits a sample, a variety of elastic and inelastic scattering of the
electrons occurs, resulting in backscattered and secondary electrons respectively (BSE and
SE). The SEs have by definition energies <50 eV and their detection gives useful
information about the material properties. At such low voltage many materials have in fact
a SE yield different than 1 [19], [20], resulting either in positive or negative charges that
occur at the sample surface when imaged (Fig.3.9). If the material is not conductive
enough, or not electron connected to the ground, will not be able to dissipate the charge to
the ground. The In-lens detector, situated in the electron column, detects low energy
electrons very efficiently due to the beambooster of the GEMINI column (Carl Zeiss,
Germany) [21], acting as a low energy filter for the E-T detector, such that it primarily
detects higher energy electrons. According to this the contrast changes, due to induced
charging effects, are almost exclusively seen in the In-lens detector images.

3.4. Transmission Electron Microscopy (TEM)

The Transmission Electron Microscopy (TEM) is a powerful technique whereby an electron
beam is transmitted through an ultra-thin sample, interacting with the specimen when
passing through it. A TEM is similar to an optical microscope but the illumination system is
replaced by an electron beam, while the glassy lens is replaced by electromagnetic lens in a
high-vacuum column. The electrons are generated by either a thermionic filament or a field
emission gun, then accelerated through a voltage of few hundreds of keV and condensed to
a narrow and parallel beam by a condenser lens system. The electron beam hit the sample
and most of the electrons are transmitted. The transmitted electron beam passes through the
objective lens and an image, together with a diffraction pattern in back focal plane, are
produced. The electron beam in the TEM is focused by electromagnetic lenses and the
resolution of the TEM is limited not only by the diffraction but also by aberrations, which
are intrinsic artefact of the electromagnetic lenses.
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3.4.1. Scanning Transmission Electron Microscopy (STEM)

The Scanning Transmission Electron Microscopy (STEM) is a combination of both the
SEM and the TEM and, thanks to the use of deflection coils, permits a high resolution
scanning with a focused electron probe across the surface of a thin specimen. The rastering
of the beam across the sample makes these microscopes suitable for analytical techniques
such as mapping by energy dispersive X-ray (EDX) spectroscopy, electron energy loss
spectroscopy (EELS) and annular dark-field imaging (ADF).

In this work, STEM imaging (bright-field, high-resolution, and high annular angle dark-
field imaging) of few specimens was performed on a JEOL JEM 3000F equipped with a
300-kV field emission gun, high annular angle dark-field (HAADF) STEM detector.
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Cell Designs and Battery Assembly 4‘

In this chapter are shown the different cell designs used to characterize the different
electrode materials and a brief overview on the battery assembly procedures.

4.1. EL - CELL (Three-electrode setup)

The ECC-Combi test cell with reference eletrode (EL-CELL GmbH) is a standard test cell,
hermetically sealed, suitable for the characterization of LIBs electrode materials in aprotic
environment. Fig 4.1(a,b) show a schematic representation and all the components of the
ECC-Combi. This particular cell allows the insertion of a reference electrode (RE) in
contact with the electrolyte filled separator, placed in the sandwich working electrode (WE)
— counter electrode (CE), through the use of a PEEK sleeve (Fig. 4.1b). The importance of
having a RE, already discussed in section 3.1, resides in the resolution of working and
counter electrodes potential in a GCPL analysis, for a better tracking of the single electrode
overpotentials, and in the resolution of single electrode impedance in an EIS analysis.

Fig. 4.1. Image of an (a) assembled and (b) de-assembled EL-CELL.

The position of RE becomes then important, since it needs to be placed at same distance
from WE and CE. The cell is assembles in an Ar-filled glovebox, to avoid any H20 or 02
contamination, inserting first the lithium metal (RE) in the PEEK sleeve. A lithium metal
disk electrode (CE, @ = 18mm) is then attached to the bottom of the cell house (made of
stainless steel 316L) which works as current collector for the CE. A glass fiber separator
disk (@ = 18mm, thickness = 1.55mm), soaked with 200 pl of the electrolyte solution, is
placed on top of the CE and finally the WE on top closes the sandwich. A stainless steel
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piston, working as current collector for the WE, presses the sandwich and the cell house is
after closed and sealed.

The ECC-Combi is then tested using a Biologic VMP3 with Potentiostat/Galvanostat
(Psta/Gstat) boards, connecting two channels of the potentiostat in stack mode. Channel 1
functions as a normal two-electrode setup, and controls the current and the potential of the
cell, while channel 2 reads the potential difference between WE and RE, and between CE
and RE. Thanks to the stack mode configuration, a resolution of the single electrodes
impedance is also possible.

4.2. Pouch Cell (Two-electrode setup)

The pouch cell is one of the simplest two-electrode configurations for testing of battery
electrode materials. Fig. 4.2 shows a typical pouch cell. The external case consists of an
aluminum laminated film foil, folded on itself and sealed on one side. Two strips of
aluminum and copper foil are used as current collector for positive and negative electrode
respectively. The full battery is then assembled in an Ar-filled glovebox inserting a lithium
metal foil (CE) in contact with the copper trip, a glass fiber separator (from Whatman)
soaked with 200 pl of electrolyte solution, and the WE in contact with the aluminum strip.
The cell is finally sealed, under vacuum, to remove the Ar inside the pouch cell.

Fig. 4.2. Image of an assembled pouch cell.
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Chapter 4. Cell Designs and Battery Assembly

4.3. Commercial 26650 Cylindrical Cell (Two-electrode setup)

In this work commercial LiFePO,/C 26650 cylindrical cells (26650CC) are tested (in two-
electrode configuration) and aged for several cycles to observe capacity fading. Fig. 4.3
shows a schematic representation of 26650CC.

LixCo negative
electrode

\;/
'/ LiFeP04/CB positive

electrode

Fig. 4.3. Schematic representation of a LiFePO,/C 26650 cylindrical cell. Adapted from paper V1.

The cylindrical cell consists of a 1.5 m LiFePO,/carbonaceous additive (LFP/CB)
positive electrode cast on either sides of an Aluminum foil, a 1.5 m Graphite (Gr) negative
electrode cast on either sides of a Copper foil and 2 polymeric separators soaked with liquid
electrolyte, as schematically represented in Fig. 4.3.
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Summary of Results and Discussion 5

5.1. Laboratory Scale Li-ion batteries

Section 5.1 contains a collection of results and discussion of papers I — IV on degradation
studies of laboratory Li-ion cells. Papers | — IlIl cover a number of different
characterization techniques in order to study degradation mechanisms that occur in a
LiFePO,/C cathode, mainly focusing in morphology and structural changes in Carbon
Black (CB) additive. Paper 1V is instead focused on the degradation of CB used as additive
in high voltage batteries.

5.1.1. Low-kV FIB/SEM analysis for changes in morphology and conductivity
of LiFePO,/C electrodes

The structural degradation of a laboratory Li-ion battery LiFePO,/Carbon Black (LFP/CB)
composite cathode was studied by various microscopy techniques, including Focused lon
Beam (FIB)/Scanning Electron Microscopy (SEM) 3D tomography and Transmission
Electron Microscopy (TEM). A new technique was also developed relying on the
combination of low-accelerating voltage SEM imaging [63] with FIB milling, in order to
study the electron percolation in the CB network in three dimensions.

After preparing and testing two LFP/CB electrodes, as described in Table 5.1, low-kV
FIB/SEM tomography has been performed collecting two 3D datasets (see Table 5.2) from
the fresh electrode (labeled as F1 and F2) and three from the aged one (labeled as A1, A2
and A3). Conventional SEM imaging has also been performed in another region of the aged
sample (A4).

Table 5.1. Test conditions for the examined laboratory LFP electrodes.

Electrode Current (mA g™) Total cycle number Remaining capacity
Fresh 17 2 ~100%
Aged 17 100 ~ 30%
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Chapter 5.  Summary of Results and Discussion

Table 5.2. Volumes of collected datasets.

Volume (voxels) Volume (um®)
Dataset XXYXZ XXYXZ
F1 250 x 683 x 341 10x10x5
F2 141 x 683 x 341 56x10x5
Al 250 x 683 x 341 10x10x5
A2 131 x 683 x 341 52x10x5
A3 150 x 683 x 341 6x10x5

Fig. 5.1 shows SEM images after FIB slicing recorded at 1 kV of the fresh electrode
(region F1, Fig. 5.1 a,b) and aged electrode (region Al, Fig. 5.1 c,d), and recorded at 10 kV
of the aged electrode (region A4, Fig. 5.1 e,f). The images were recorded with the Everhart-
Thornley (E-T) detector (Fig. 5.1 a,c,e) and with In-lens detector (Fig. 5.1 b,d,f). In the
images recorded at 1 kV with the E-T detector (Fig. 5.1 a,c) it is possible to distinguish
three different phases: the grains with the brightest contrast corresponding to LFP particles,
the almost black regions corresponding to CB and the large grey areas in-between
corresponding to pores filled with silicon resin. The fresh electrode (Fig. 5.1a) shows a
relatively homogeneous distribution of sub-micrometer LFP grains and CB particles. The
aged sample (Fig. 5.1c) has a less homogeneous distribution of both LFP and CB and an
increased porosity. The aged sample is further characterized by the presence of larger CB
agglomerates surrounding some LFP grains, which is not observed in the two images of the
fresh electrode. The increased agglomeration is expected to result in a decrease in the
percolation of the CB network [37], [64].

The E-T and In-lens detectors give different type of contrast and sensitivity to charging,
as discussed in Paragraph 2.3 of paper I. In the images recorded at 1 kV with the In-lens
detector it is observed that the silicon resin has high intensity in the parts of the sample not
adjacent to electron conducting phases (Fig. 5.1b). This indicates that the silicon resin is
charging negatively due to low conductivity to the ground [65]. The CB network, expected
to have a good conductivity and connectivity to ground, shows instead a dark contrast,
indicating a minimal charging (Fig. 5.1b). However, in the aged electrode on (Fig. 5.1d)
large agglomerations (circled in red) of what appears to be CB is brighter than other CB
regions. This indicates that those agglomerations are charging negatively i.e. have lost
connection to ground and/or have low conductivity.
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Figure 5.1. SEM images at 1 kV of the (a-b) fresh and (c-d) aged electrode recorded with the (a,c)
Lateral E-T and (b,d) In-lens detector. SEM images at 10 kV of the (e-f) aged electrode (A4) recorded
with the (e) lateral E-T and (f) In-lens detector. Reproduced from paper |I.

Furthermore, a transition layer (pointed out by green arrows) with intermediate intensity
between the CB agglomerates and the silicon resin is also observed as rims around the CB
agglomerates in Fig. 5.1d. This indicates a transition zone where the silicon is able to
dissipate charge to the CB phase.

In the images recorded with the In-lens detector, the LFP particles have a brighter
contrast than the CB, which, as one would expect, indicate low electronic conductivity of
the LFP particles. Fig. 5.1 (e,f) shows SEM images of the aged electrode, at higher
magnification recorded at 10 kV. With the relatively high energy of 10 kV, the electrons
penetrate app. 2-3 um into the sample surface and the images therefore give insight into the
internal structure of the particles. SEM images at 10 kV show cracks in some of the LFP
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grains in area (A4) of the aged electrode (e.g. the large grain in the top right corner of Fig.
5.1e). The cracks are expected to be caused by expansion/contraction of the particle during
the lithiation/delithiation process. In the In-lens detector image (Fig. 5.1f) many of the
cracks appear as bright highlights due to the easier escape path of secondary electrons at
topological LFP edges through the epoxy.

The SEM images from the five datasets F1, F2, Al, A2 and A3 have been used for
three-dimensional reconstructions (Fig. 5.2) and statistical analysis such as particle size
distribution (PSD) of the LFP phase and connectivity analysis of CB network.

O LiFePO,

. Carbon Black

(O Pores

Fresh electrode
(region F1)

Aged electrode
(region A1)

Figure 5.2. A segmentation of the 3D FIB tomography reconstruction of a) the fresh (F1) and b) aged
(AL) electrode. Adapted from paper 1.

Table 5.3. Phase volume fraction for fresh and aged electrode.

Fresh Aged
Ph F1 F2 . Al A2 A L
ase (Av. and Deviation) 3 (Av. and Deviation)
LiFePO, 23%  17% 20% + 3% 12% 18%  12% 14% + 3%
CB 16%  15% 15.5% + 0.5% 16% 5% 26% 16% + 9%
Pores 61%  68% 64.5% + 3.5% 2% T71% @ 62% 70% + 6%

According to the results from the statistical analysis, shown in Table 5.3, some
morphological changes are observed. The PSD of LFP particles show in fact a slight shift
towards smaller grains in the aged sample, compared to the fresh one, probably due to
cracking of particles, as observed in Fig. 5.1 (e,f). This creates new secondary smaller
particles not connected or poorly connected to the CB network. The CB connectivity
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analysis shows instead a lower connectivity for regions Al and A2 from the aged electrode,
because of relative big carbon agglomerates disconnected from the CB network. This
continuous CB agglomeration on LFP surface upon cycling could be an effect of either
mechanical stress or Iron dissolution [33] from LFP particles.

Another important aspect observed with cycling is the change in electron conductivity
of the CB agglomerates, as revealed by low-kV FIB/SEM tomography. The fresh electrode
is characterized by high conductivity CB, while localized charging is observed in the aged
one. The amount of the apparently non-percolated CB is observed to be around 25% of total
CB network in Al, 29% in A2 and 0% in A3, denoting a heterogeneous degradation in the
LFP electrode. However, the assumption that the CB agglomerate brightness correlates with
electronic percolation seem to be problematic. Fig. 5.3a shows a 3D reconstruction of the
CB network in Al. The black particles represent the apparently electronically percolated
CB, while the grey ones show the apparently insulated CB agglomerates. Fig 5.3 (b,c) show
a zoom on a sub-volume and Fig.5.3 (d) show the corresponding raw images. From the
inspection of the raw images in the 3D data Fig. 5.3d, the CB agglomerate brightness is
seen to flicker between the grounded intensity level and the insulated (charged) intensity
level. The flickering rules out that the increased intensity is due to the entire CB
agglomerate being conducting and disconnected from ground. Further, the CB
agglomerates appear dark (slices 114 and 116, Fig. 5.3d) where it has a surface connection
(in the slicing plane) to grounded CB particles. Additionally, if the CB agglomeration is
isolated in the slicing plane the CB agglomeration appears bright (slices 110 and 120). Such
intensity flicker was observed to be a general behavior of the examined CB agglomerates.
For this reason, we propose that the intensity flipping is attributed to the buildup of
electrons on the CB agglomerate/vacuum interface resulting in a brighter contrast, and
discharge across the slicing plane surface when adjacent to grounded CB, resulting in the
darker contrast. This leads us to suggest that these large CB agglomerations are not
grounded. But we can’t fully determine whether this is due to disconnection from the
conductive bulk or due to a lower bulk electronic conduction in the agglomerates.

33



Chapter 5.  Summary of Results and Discussion

Observed
CB conductivity

Figure 5.3. a) Segmentation of apparently percolated (black) and non-percolated (grey) CB from a
3D FIB tomography reconstruction of sample Al based on SEM images recorded with an In-lens
detector at 1 kV. b) and c) shows a zoom on a smaller section of the volume and d) examples of slices
(raw SEM images) in the 3D dataset. Slice numbers are indicated in the figure. Reproduced from
paper I.

A lower electronic bulk conductivity in the CB agglomerates could be possible due to
observed structural degradation. TEM analysis of a sample (Fig. 8 in paper 1) from the
aged electrode show carbon surrounding the LFP particles that seems to be amorphous, in
contrast to the quasi-crystalline fresh CB particles.

In conclusion paper | presents a degradation study of a laboratory LiFePO,/C cathode
by microscopy investigation. Changes in morphology were studied in 3D by FIB/SEM
tomography and the degraded sample showed a higher amount of smaller LFP particles due
to cracking of LFP grains upon cycling. The CB particle were seen to agglomerate and
accumulate on the LFP surface in some parts of the aged electrode, increasing
heterogeneity of the CB network and reducing electron percolation thereby decreasing the
amount of electrochemically active LFP particles. The low accelerating voltage (1kV)
provided a useful contrast between high-conductivity carbon phases and low-conductivity
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carbon phases with no electronic percolation to high-conductivity carbon phases at the
carbon/vacuum interface. We observed from the contrast difference that many CB
agglomerates are not anymore grounded either because of disconnection from the
conductive bulk or due to lower bulk electron conduction in the agglomerates. The presence
of a different structure was also observed by TEM analysis, and the poor electronic
conductivity of the CB agglomerates could be attributed to a change in the structure from
quasi-crystalline to amorphous, which was supported by HRTEM analysis of the degraded
cathode.

5.1.2. A transmission line model (TLM) for laboratory LiFePO,/C electrodes

Paper 11 is an ECS Transactions manuscript presenting a thorough characterization of fresh
and aged electrodes by Electrochemical Impedance Spectroscopy (EIS), with relative
equivalent circuit modeling. Fitted values are nicely correlated to structural changes
observed by low-kV FIB/SEM tomography.

Fig. 5.4 shows the equivalent circuit used to model the EIS spectra from both fresh and
aged electrodes. The Re-RaQa elements, Fig. 5.4a model the high-frequency region where
R corresponds to a resistance and Q corresponds to a constant phase element. Rg represents
the ionic resistance of the electrolyte, while the RaQa element denotes the
aluminum/electrode polarization impedance [66]. The low-frequency region was modeled
with a generalized transmission line model (TLM) for a porous electrode [49], [53], [54],
Fig. 5.4b. This model involves a cylindrical pore (filled with the electrolytic solution) with
length L, electronic resistance of the electrode R, ionic resistance of the solution in the
pore Rio, and an equivalent circuit € to model the interface electrode/electrolyte, including
charge transfer resistance, double layer capacitance and solid state diffusion. The electronic
resistance is often assumed to be much lower than the ionic resistance of the solution
(Rei<<Rjon,L) for which reason a simplified transmission line without the electronic rail is
used [49], [52]. However, assuming to find a higher R¢; non-negligible electronic resistance
in the aged electrode, the generalized version of the transmission line model is used. The
electrode/electrolyte interface, Fig. 5.4c, has been modeled with a Randles circuit which
includes the charge transfer resistance Ry, a constant phase element Q (from which the
effective double layer capacitance Cy is calculated according to [58]) and the general finite
space Warburg element Wy [55]-[57].
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ionL C)

Figure 5.4. a) Equivalent circuit used to model the impedance spectra, b) Generalized Transmission
Line model, ¢) Randles Circuit used to model electrode/electrolyte interface with Li+ Warburg Finite
Space diffusion within a particle with radius r. Reproduced from paper V.

An impedance spectrum from the fresh electrode and the modeling result is presented in
Fig. 5.5 (a,b), while the comparison of the impedance response of both fresh and aged
electrodes, at the discharged state, is shown in Fig. 5.5 (c,d). Results from EIS fitting are
reported in Table 5.4.

The impedance spectra modeling, indicates that most of the electrode degradation is due
to changes in electrical conductivity in the CB additive phase. Presence of low-conductive
and/or non-percolated carbon particles and agglomerates, as shown by low-voltage
FIB/SEM tomography in papers | and 11, is found to lead to an increase in electric
resistivity both at the aluminum/electrode interface and throughout the CB network. This is
seen by a larger Ry and R, for the aged electrode relative to the fresh electrode. The drop in
Ca, calculated from Q according to Brug et al. [58], is also expected after CB
agglomeration, having a smaller surface in contact between the CB network and the current
collector, and being Cg directly proportional to the surface area. The lithium ion Ry is also
found to increase in the Randles circuit which models the electrode/electrolyte interface: it
is an effect of lower electron transport by carbon, which should foster (de)lithiation process.
The Li" ion diffusion coefficient within LiFePO, seems to not be affected. This could be an
indication of almost no degradation occurring in the LiFePO, lattice. The rise in Rjon . in the
infiltrated pores, as shown by the TLM, is not clearly understood, but it may be caused by
formation of micropores, with a higher ion resistivity, after LFP cracking and/or increased
tortuosity to electrochemically active sites. The most important result from the EIS model is
the huge increase in electron resistance R, throughout the CB network, of about two orders
of magnitude. This higher resistance correlates with the presence of the non-electron
percolating and/or non-conducting carbon phase which prevents the electron transfer within
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the electrode, in agreement with the results from the low-kVV FIB/SEM tomography,

previously showed in paper 1.

Table 5.4 Results from EIS fitting.

RQ element Transmission Line
Rai Cai Ret Cai D RionL Rel
(Qcm?) (uF) (Qcm®) (F) (cm®*™h  (@cm?) (Qecm™)
Fresh 68 4.2 0.66 0.75 2.7-10F 8760 21
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Figure 5.5. a) Nyquist and b) Bode plot of the Fresh electrode at 0% SOC including fit using the
equivalent circuit in equation 1. c) Nyquist and d) Bode plot of Fresh and Aged cathodes at 0% SOC.
The EIS measurements are performed at OCV after relaxation. All insets show a zoomed view of the
high frequency region. Reproduced from paper I1.

5.1.3. A TEM study of morphological and structural degradation phenomena
in LiFePO,-CB cathodes

Paper 111 consists of a thorough TEM analysis of morphological and structural degradation
phenomena observed in laboratory LFP/CB cathodes investigated at different preparation,
storage and cycling stage, as shown in Table 5.5.
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Table 5.5. Overview of the investigated LFP-CB samples.

Number Name Description Sample

1 Pristine CB As-received CB powder Powder (TEM)

2 Pristine LFP As-received LFP powder Powder (TEM)

3 Fresh cathode LFP-CB (+ binder) Powder (TEM)

4 Stored cathode Sample 3 stored in electrolyte for 72 h Powder (TEM)

5 Reference cathode After 2 charge/discharge cycles FIB/SEM

6 Aged cathode After 100 charge/discharge cycles FIB/SEM + TEM lamella

Fig. 5.6a displays a bright- and a dark-field (inset) TEM image of pristine off-the-shelf
LFP nanoparticles deposited on a lacey carbon grid. A high-resolution TEM (HRTEM)
image of one of the LFP particles is presented in Fig. 5.6b. A thin amorphous coating with
a thickness of ~1 nm is observed at the particle surface. Fig. 5.6 (c,d) show respectively a
bright-field TEM and a HRTEM image of pristine CB nanoparticles. The inset in Fig. 5.6¢
shows a selected area electron diffraction (SAED) pattern of the CB particles.

Figure 5.6. (a) Bright-field TEM image of pristine (off-the-shelf) LFP nanoparticles on lacey carbon
grid, the inset shows a (200)-reflected dark-field image of the corresponding area; (b) HRTEM image
of a single-crystal LFP nanoparticle; (c) Bright-field TEM image of pristine (off-the-shelf) CB
nanoparticles. The inset shows a selected area electron diffraction pattern of the corresponding CB
nanoparticles; (d) HRTEM image of a typical CB nanoparticle. Reproduced from paper I11.
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Fig. 5.7 presents bright-field TEM images of the (a) fresh, (b) stored and (c) aged
cathode microstructures with LFP (dark contrast, large particles) and CB nanoparticles
(light contrast, smaller particles) distinguished by amplitude contrast [67]. In Fig. 5.7c, the
relatively dark LFP particles are indicated by black arrows and the lighter CB particles are
indicated by white arrows. In Fig. 5.7c the grey contrast background arises from the Si resin
stabilizing the TEM lamella.
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Figure 5.7. TEM images of the (a,d,qg) fresh (b,e,h) stored and (c,f,i) aged LFP-CB cathode. The inset
in (g) presents the magnified primary coating layer on LFP nanoparticles, and inset in (i) shows the
magnified LFP/SEI layer interface. Reproduced from paper I11.

Changes in the coating layer at the LPF particles surfaces are observed in the magnified
TEM images, Fig. 5.7(d-f). It is seen that the thickness of the layers formed at the LFP
particle surface increases from the fresh (Fig. 5.7d) to the stored (Fig. 5.7e) and further to
the aged (Fig. 5.7f) cathode. Representative HRTEM images are shown for the fresh (Fig.
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5.79), stored (Fig. 5.7h) and aged (Fig. 5.7i) cathode. The thickness of the amorphous layer
at the LFP particle surfaces increases from ~3 nm for the fresh cathode to ~9 nm for the
stored cathode and ~30 nm for the aged cathode. It is observed that while the coating layers
in the fresh and stored cathodes appear as one single amorphous layer, the coating layer in
the aged cathode seems to consist of several layers distinguishable by different contrast
levels, supposed to include primary coating layer and different SEI layers formed when the
cathode was stored and cycled. According to an interesting complementary X-ray
photoelectron spectroscopy (XPS) and in-situ Atomic Force Microscopy (AFM) study, SEI
layers formed on a Highly Oriented Pyrolytic Graphite (HOPG) electrode in 1 M LiPFg in
EC:DMC (1:1 by weight) consist of a thin and scattered top layer with a dense and more
continuous bottom layer [68]. Importantly, the layer formation was observed to
dynamically depend on the anodic/cathodic electrode operation. In other words the
electrolyte composition, the use of additives and the electrode charge/discharge history was
shown to be important for the morphology of decomposition compounds and SEI layer
formation on LiFePO, surfaces.

Figure 5.8. SAED electron diffraction patterns of CB particles for: (a) fresh cathode, (b) stored
cathode and (c) aged cathode recorded inside the dotted blue rings in Fig. 5.7a, Fig. 5.7b and Fig. 5.7¢c
respectively. The insets show normalized intensity profiles. Reproduced from paper I11.

Changes in CB crystallinity and increased agglomeration of CB network are also
observed in the cycled electrode. Fig. 5.8 shows the SAED profile from the fresh (Fig.
5.8a), stored (Fig. 5.8b) and cycled (Fig. 5.8¢c) cathode. The peak broadening and peak
intensity decrease indicates the CB crystallinity decreases during storage in electrolyte and
during cycling. This, combined with the CB agglomeration (see supplementary
informations in paper 111), are expected to decrease the electrical conductivity in the CB
network. This is in agreement with the results fitted in paper 1.
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5.1.4. Analysis of the Interphase on Carbon Black Formed in High Voltage
Batteries

Paper 1V is a manuscript focused on the study of electrolyte decomposition in the surface
region of carbon black (CB) additive in lithium-ion cells at high voltage up to 4.9 V.

Some Li-ion cells were assembled in a pouch cell, two-electrode setup, using Super P
carbon black electrodes as positive electrode, Li metal as negative electrode and Celgard
2500 (monolayer Polypropylene) membrane as separator. Two different electrolyte mixture
were used, consisting of 1 M of either LiPFg or LiClO, salts dissolved in EC:DEC (vol.
1:1). They were cycled with a constant current of 5 pA in a voltage range 2.5 — 4.9 V and
2.5 - 4.3 V and characterized by SOXPES and TEM analysis. Electrochemical Impedance
Spectroscopy (EIS) was also performed in three-electrode setup on a Super P positive
electrode, using lithium metal as counter and reference electrodes, and 1 M LiPFg in
EC:DEC 1:1 v/v electrolyte solution.
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Figure 5.9. (a) First charge curves of Li-ion cells using CB cathode with LiPF6 or LiClO4 as
electrolyte salt dissolved in EC:DEC (1:1) solvent. (b) Charge/discharge capacities for the first 10
cycles of CB cathode cycled between 4.9-2.5 V using the same electrolytes. Solid points are for
charge while open points are for discharge capacities. (c) Logarithmic irreversible capacity vs. cycle
number for a CB electrode and a bare Al electrode using LiPF6 salt. (d) Same as (c), but divided by
surface area of the electrodes. Reproduced from paper IV.

Fig. 5.9a shows the first charge curves up to 4.9 V of the li-ion cells using Super P as
cathode and LiPFg or LiClO, as electrolyte salts. The LiClIO,4 based cell provided a capacity
of around 50 mAh g, while the LiPF; cell yielded a larger capacity of around 800 mAh g™,
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Chapter 5.  Summary of Results and Discussion

The cells were then discharged to 2.5 V, and the cycled 10 times between 4.9 V and 2.5 V,
to investigate the reversibility of these capacities. As shown in Fig. 5.9b the charge
capacities were significantly higher than the discharge capacities, indicating irreversible
electrochemical processes during charge, and they decrease significantly after the first
cycle. The small discharge capacity is instead the same over the 10 cycles, indicating a
reversible reaction occurring at the CB cathodes. This reversible capacity is due to the sum
of accumulated surface capacitance and the charge transfer  from
intercalation/deintercalation of PFs or ClIO, anions to/from the positive electrode. The
large irreversible capacity can be instead explained by either formation of AlF; passivation
layer on the aluminum current collector or reaction between the electrolyte and the surface
functional groups on the carbon surface. In order to clarify this, identical cells were
assembled and tested, using an Al disk as cathode. Fig. 5.9c shows that the irreversible
capacity is order of magnitudes higher in the CB electrode than in an Al electrode in cells
with LiPF6 electrolyte salt, and Fig. 5.9d shows the same results normalized for surface
area of CB and Al (260 cm? and 0.785 cm? respectively).

To investigate a possible formation of electrolyte decomposition species in or on CB
particles at high voltages, CB electrodes were analyzed using synchrotron-based SOXPES.
Figure 5.10a shows C1s spectra of a CB cathode cycled 10 times between 4.9-2.5 V using
LiPFg as the electrolyte salts. Also, Cls spectra of a CB cathode that was cycled between
4.3-2.5V, as well as, Cls spectra of pristine and stored CB electrodes are presented in the
Figure 5.10a. The C1s spectrum of the pristine sample contains 4 main contributions at the
binding energies of 284.6 eV, 285 eV, 286.5 eV, and 290.9 eV assigned to Super P,
hydrocarbons, CH, (from binder), and CF, (from binder), respectively [69], [70].
Interestingly, the C1s spectrum of the stored sample shows different features compared to
the spectrum of the pristine sample, as the stored sample has a higher intensity/contribution
of the hydrocarbon peak (red peak at 285 eV). Also, the intensity of the peak at 286.5 eV
(green peak) is increased, which indicates presence of C—O bond in the surface region of
the stored CB particles. The changes in the spectrum of the stored sample compared to the
pristine sample shows that the electrolyte solution partially decomposes in/at the surface of
CB particles when the electrode is immersed in the electrolyte. It should be mentioned
again that all the electrodes were washed with DMC before SOXPES measurements to
make sure no electrolyte remained on the surface of electrodes. The formation of
decomposition species in the stored sample may take place by a redox reaction as the cells
have open circuit voltage about 3 V vs. Li/Li* [71]. Surprisingly, the C1s spectrum of the
CB cathode cycled 10 times up to 4.3 V present similar features to the C1s spectrum of
pristine sample indicating that no major decomposition product is present in the CB cathode
when cycled up to 4.3 V. The C1s spectrum consists of extra minor contribution from O—
C-0 and/or C=0 bonds compared to the pristine sample. The results could suggest that the
decomposition species in the surface of the stored CB diminishes when the CB cathode is
cycled up to 4.3V. This can, for example, occur by oxidation and/or dissolution/desorption
[72], [73]. Cycling the CB cathode between 4.9-2.5 V using LiPFg electrolyte, we could
detect an increase in the relative intensity of peaks at 287.5 eV and 290.9 eV. The former
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originates from O-C-O and/or C=0 bonds while the latter from carbonate species (CO,)
[69], [70], [72].
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Figure 5.10. (a) Deconvoluted C1s spectra of pristine, stored, and cycled CB cathodes using LiPF6 in
EC:DEC electrolyte. The spectra were measured by photon energy of 430 eV. (b) C1s spectra of the
same samples measured using two photon energies of 430 eV (black) and 835 eV (red). Reproduced
from paper 1V.

To obtain a depth profiling of the surface layer, the CB cathodes were analyzed using
two different photon energies of 430 eV and 835 eV, as presented by the black and red
spectra, respectively, in Figure 5.10b. For the pristine CB electrode, the C1s spectra look
similar using these two photon energies, as expected. A minor difference is that the Cls
spectrum measured with lower photon energy shows slightly more contribution from binder
(peaks at 286.5 eV, and 290.9 eV), indicating that concentration of binder is slightly higher
on top surface. The stored and cycled samples display that the C1s spectra are more similar
to the pristine sample for the higher photon energy of 835 eV. The spectra obtained with the
higher photon energy are originated from increased depth of about 5-7 nm [74]. Therefore,
the highest concentration of electrolyte decomposition species are found in a thin, about 1—
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Chapter 5.  Summary of Results and Discussion

3 nm, surface region of the CB. SOXPES analysis of the CB electrode in LiClO, salts, as
reported in paper 1V, shows instead less degree of difference between the spectra of the
cycled and pristine electrode, indicating less electrolyte degradation at the CB electrode
surface. This is in agreement with capacity results showed in Fig. 5.9.
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Figure 5.11. SAED patterns of (a) pristine, (b) stored, and (c) charged CB samples. Corresponding
intensity profiles from the SAED patterns are shown in frame (d). The intensities are normalized to
the intensity of the first diffraction ring (002). Inset of frame (d) shows a zoom-in of the first
diffraction peak. Reproduced from paper IV.

To evaluate the possible loss of crystallinity indicated from the HRTEM images, SAED
data for all three electrodes are presented in Fig. 5.11 along with normalized circular
integration of the SAED patterns. Three main peaks can be distinguished in the pristine
electrode corresponding to the (002), (100) and (110) reflections indicating that a partially
graphitic structure exists in SP. The broad peaks are indicative of low-graphitized CB with
short-range crystalline domains [75]. Fig. 5.11 shows that storing and charging CB leads to
broadening of the diffraction peaks which indicates a loss in crystallinity, consistent with
the HRTEM images. The distance between the sheets in the graphitic domains, which is
obtained by the position of the d002 reflection, is determined to 3.3 + 0.1 A for the pristine
electrode. This value is slightly increased to 3.5 = 0.1 A for the charged electrodes. This
increase is much smaller than the increase expected for complete intercalation of PFg
anions into the graphitic domain (i.e. 4.5 A) [76]. Finally, TEM images were recorded at
lower magnification to evaluate the overall structure of the three samples. This analysis
showed that the mean particle sizes slightly changed (see Fig. 5.12). In the pristine
electrode, the mean particle size is 33.2 £ 1.2 nm, in the stored electrode it is 35.3 £ 1.0 nm
and after cycling (at the charged stat) the value has increased to 40.2 £ 1.6 nm. The loss of
crystallinity and particle swelling of the stored and charged CB samples could possibly be
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explained partly by absorption of electrolyte solution followed by structural rearrangement
of the internal CB structure. Also, the integration of decomposed electrolyte species to CB
particles could influence CB particles.

Figure 5.12. TEM images of (a) pristine, (b) stored, and (c) charged CB electrodes. Reproduced from
paper V.
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Figure 5.13. Equivalent circuit used for the analysis of the impedance spectra (left) including
equivalent circuit of a pore described by a transmission line (right). Reproduced from paper IV.

The impedance results were modeled using the equivalent circuit presented in Fig. 5.13.
The Rg-RaCa elements model the high-frequency region where R corresponds to a
resistance and C corresponds to a capacitor. These values have been normalized to the
geometrical surface area of the electrode (0.785 cm2). The low-frequency region has been
modeled with a simplified transmission line (TL) for a porous electrode, according to De
Levie model [49], [54]. This model involves a cylindrical pore with lenght L and radius r,
filled with the electrolytic solution, and the electronic resistance of the electrode is assumed
to be much lower than the ionic resistance of the solution (Rg << Rjy,). In case of a non-
faradaic process, the overall impedance inside the pore is equal to:

Rion, T
Z= ’m coth \/Rion 1, * jwCyya2mr (5.1)

where Rio,. is the ionic resistance of the electrolyte per unit pore length (Qcm™) and
Ca is the electrical double layer capacitance per unit surface area (Fcm 2). From this
model we calculated the total double layer capacitance of the CB electrode Cgy (F). The

45



Chapter 5.  Summary of Results and Discussion

uniform transmission line for a flooded ideally polarized porous electrode can be seen in
Fig. 5.13 This model makes a good fit of the high- and low-frequency regions of the
experimental data, but shows a small deviation in the mid-frequency part. Despite this, the
model has been chosen as it provides an acceptable fit with a meaningful physical
interpretation to the interface between CB surface and electrolyte in the extended porous

network.
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Figure 5.14. (a) Nyquist and (b) Bode plots of a stored CB electrode including fit using the
equivalent circuit in equation 1. (c) Nyquist and (d) Bode plots of a CB cathode before, during and
after stepwise charge to 4.9 V. The EIS measurements are performed atOCV after relaxation. All
insets show a zoomed view of the high frequency region. Reproduced from paper 1V.

The impedance results of stored and cycled CB electrodes are presented in Fig. 5.14.
The Nyquist plots, Fig. 5.14(a,c), consist of a large semicircle in the high frequency range
(between 10 kHz and 10 Hz) and an almost vertical tail in the low frequency range. The
semicircle (RaCa) can be assigned to the interface between the aluminum current collector
and the porous carbon network [77]. The low-frequency part (TLs) of the Nyquist plot
shows a long capacitive tail, which refers to the double layer capacitance of the ion-
blocking CB surface in the porous electrodes [49]. From modelling results (see paper 1V)
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is possible to notice that the Al/CB interface resistance R remains constant up to 4.3 V,
after which increase slowly until 4.85 V and suddenly increases significantly at 4.9 V. It
could be explained by the growing of resistive surface layers (i.e. AlF3) between aluminum
and carbon particles [78], [79]. The ionic resistance of the electrolyte in the pores Rion. iS
almost constant until 4.85 V after which it suddenly increases at 4.9 V. This increase is
possibly linked to a change in the pore structure induced by the particle growth. Finally, the
carbon surface double layer capacitance Cgy increases steadily from 0.95 to 1.25 mF at 4.85
V after which it keeps a constant value (see paper 1V). Normalization of the initial carbon
double layer capacitance to the total surface area of the electrode (260 cm?), gives an Cq
equal to 3.6 pF cm—2. This value is close to the values found in literature, i.e. 5 to 10
uFem 2 [80]. The actual surface area is slightly smaller due to blocking with PVDF binder
and isolated particles not connected to the conductive network, and this can explain the
smaller value. The capacitance is directly correlated to a change in the surface area and, as
indicated from TEM analysis the CB particles swell from 35 to 40 nm, increasing their
surface area with 30%. This is in agreement with the observed increase of Cgy by assuming
that the conductive network is intact.

In conclusion the findings in paper IV suggest that the cathode/electrolyte interphases
commonly observed on high voltage cathodes may originate from reactions between carbon
black and electrolyte and not necessarily between active material and electrolyte.

5.2.  Commercial LiFePO,/C 26650 cylindrical cells

Section 5.2 contains a collection of results and discussion of papers V and VI on
degradation studies of commercial LiFePO,/C 26650 cylindrical cells. In Papers V a
combined Transmission Line Model (TLM) has been proposed and implemented in an
Equivalent Circuit Model (ECM) to describe the impedance spectra of a commercial 26650
LiFePO,/C cylindrical cell. Paper VI focus on the analysis of aging mechanisms by low —
voltage FIB/SEM tomography.

5.2.1. A transmission line model for a full LiFePO,/C 26650 cylindrical cell
derived by combined single-electrode Impedance and FIB/SEM
tomography analysis

In Paper V a new equivalent circuit model (ECM), which includes a Transmission Line
Model (TLM) for porous electrodes, is proposed and validated for commercial LiFePO,/C
26650CC cylindrical cells.

A fresh LiFePO,4/C 26650 cylindrical cell with a nominal capacity of 2.5 Ah, denoted
“26650CC”, was cycled five times at a constant C-rate of 0.1 (250 mA) and characterized
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Chapter 5.  Summary of Results and Discussion

by Electrochemical Impedance Spectroscopy (EIS) in a two-electrode setup using a
Biologic VMP3 with Pstat/Gstat boards (test conditions shown in Table 5.6).

LixCs anode
casted on copper foil

- Separators

LiFePOs/CB cathode
casted on Aluminum foil

Figure 5.15. Schematic representation of the 26650CC LiFePO,/C battery packaging design.
Reproduced from paper V.

In order to test electrochemically the cathode and anode in a three-electrode
configuration and resolve impedance contributions from each of the two electrodes, the
26650CC battery was dis-assembled in a glovebox in the discharged state and the cathode
and anode were unrolled. The cylindrical cell consists of a 1.5 m LiFePO,/carbonaceous
additive (LFP/CB) positive electrode cast on either sides of an Aluminum foil, a 1.5 m
Graphite (Gr) negative electrode cast on either sides of a Copper foil and 2 polymeric
separators soaked with liquid electrolyte. The battery is schematically presented in Fig.
5.15. After proper rinsing of the electrode foils, four circular electrodes with a diameter of
18 mm (area = 2.55 cm?) were punched out and used for three — electrode testing and
FIB/SEM tomography. The test conditions for the four electrode samples are specified in
Table 5.6.

Table 5.6. Test conditions for the examined samples

Sample Current (mA) Approx. Total cycle Comment
C-rate number
26650CC 250 0.1 5 Cylindrical Cell, 2-electrode setup
LFP/CB1 0.33 0.1 5 Cathode, 3-electrode setup
LFP/CB2 - - - Cathode, used for FIB/SEM analysis
Grl 0.33 0.1 5 Anode, 3-electrode setup
Gr2 - - - Anode, used for FIB/SEM analysis

FIB/SEM tomography was used to study the electrodes morphology. Results from
statistical data analysis were implemented in the TLM and used to model the impedance
spectra of LFP/CB1 and Grl electrodes. Figures 5.16 and 5.17 show Lateral E-T detector
cross-section images of LFP/CB2 and Gr2 respectively, after ion milling. From Fig. 5.16a
and Fig. 5.17 the cathode and anode thickness was estimated to 65 pum and 35 um,
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respectively. Fig. 5.16b shows a HR image recorded at the electrode/electrolyte interface.
In the front face three different phases are distinguished: light gray LiFePO, particles, dark
gray pores (infiltrated with silicon resin) and black CB particles. On the right side of the
SEM image (Fig. 5a), where the electrolyte is supposed to be, there is a dark gray bulk of
silicon resin with some LFP and CB particles, which probably detached during sample
preparation.

In the Gr2 electrode (Fig. 5.17), only two phases can be distinguished: dark graphite
particles and gray pores infiltrated with silicon resin. On the left side the copper/electrode
interface is present, while on the right side the electrode/electrolyte interface is found. The
darker gray bulk on the right is the epoxy resin, used for sample preparation, which has a
different contrast than silicon resin. The region highlighted has been segmented for 3D
reconstruction and PSD analysis.

Al  Electrode Electrode  Electrolyte

Figure 5.16. a) FIB/SEM cross-section image of the LFP/CB2 electrode, collected with lateral E-T
detector. On the top, guidelines are shown to distinguish Al/Electrode and Electrode/Electrolyte
interfaces, b) High resolution FIB/SEM cross-section image of Electrode/Electrolyte interface, used
for 3D reconstruction and PSD.

Figure 5.17. FIB/SEM cross-section image of the Gr2 electrode, obtained with a lateral E-T detector.
On the left there is the copper current collector, on the right the Electrode/Electrolyte interface.
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Figure 5.18 shows the 3D reconstruction of the LFP/CB2 electrode/electrolyte interface
and of the Gr2 electrode. In the cathode 3D reconstruction (Fig. 18a) the grey phase is the
LiFePOy,, the black phase is the CB additive network, while the electrolyte infiltrated pores
are transparent blue. In the anode 3D reconstruction (Fig. 18b) the orange region represents
the copper current collector, the black particles are graphite agglomerates and the
transparent blue region is the pores network infiltrated with the electrolyte.

Figure 5.18. 3D reconstruction of a) LFP/CB2 electrode/electrolyte interface and b) Gr2 electrode.
The scale bar units are [um].

Fig. 5.19(a,b) show the PSD distribution for the three phases in LFP/CB2 electrode and
for the two phases in Gr2 electrode. The average particle diameter for the active materials,
Li,xFePO, and Li,Cg, is respectively 76 nm and 1096 nm.
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Figure 5.19. Particle size distribution for a) LFP/CB2 and b) Gr2 electrodes.

The 26650CC was cycled between 2.8 — 3.6 V as suggested from the commercial
supplier, at a nominal C-rate of 0.1 C. The charge/discharge curve for 26650CC is shown in
Fig.5.20a (black line).

In order to separate the electrode contributions single electrodes LFP/CB1 and Grl were
prepared. Fig. 5.20b and 5.20c show respectively the charge/discharge curves for the
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LFP/CB1 and Grl electrodes. The LFP/CB1 electrode is cycled between 3.0 — 3.7 V with a
constant current of 330 YA, corresponding to a C-rate of 0.1, considering that its surface
area is 2.55 cm® and that the unrolled battery electrode was 1950 cm2. The
charge/discharge curve shows a typical flat plateau of a Li,FePO, electrode (LFP/CB1,
n.b.) at around 3.45 V (with 0<x<1). Note that the discharge capacity of LFP/CB1 is 10%
higher in the first cycle, when run vs lithium metal. This match with the typical amount of
lithium lost for the building of SEI layer on Grl surface, inside 26650CC. The Grl
electrode was cycled between 0.01 V and 0.45 V, also at 330 pA. Fig. 5.20c shows the
charge/discharge curve of a Li,Cg electrode (Grl, n.b.) with different intercalation steps of
Li" ion (with 0<x<l). Note that the charge/discharge curve of 26650CC resembles the
voltage difference between the LFP/CB1 and Grl charge/discharge curves, as shown by the
green curve in Fig. 5.20a.
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Figure 5.20. Charge/Discharge curves of a) 26650CC, b) LFP/CB1 and c) Grl

The three-electrode EIS analysis was performed on LFP/CB1 and Grl electrodes and
the impedance spectra were modelled using two similar ECMs which differ only for the
TLM. Impedance spectra of LFP/CB1 were modelled by the ECM used in paper Il, and
already described in section 3.2.2. The spectra of Grl were instead modelled by the ECM
shown in Fig. 5.21. It includes a simplified TLM, as described in section 3.2.3, where the
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equivalent circuit which resembles the surface impedance ¢,, takes into account the
presence of a thin layer (SEI) on the particle surface and a 2D geometry Warburg Finite
Space Element is used.

Figure 5.21. (a) Equivalent circuit used to model the impedance spectra, (b) Simplified Transmission
Line Model resembling the element TLM,, in (a), (c) RQ element and Randles circuit used to model
electrode/electrolyte interface with Li* diffusion (Warburg Finite Space element, Wees2p) Within a
particle with radius r.

Fig. 5.22 and Fig. 5.23 show the normalized spectra measured for the LFP/CB1 and Grl
electrodes respectively, with relative fitting. Both EIS spectra were measured either in the
fully lithiated or delithiated state and results from EIS fitting are shown in Tables 5.7 and
5.8.
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Figure 5.22. a) Nyquist and b) Bode plot of the Li;FePO, electrode when the battery is at 100%
SOC (x=1), ¢) Nyquist and d) Bode plot of the Li, ,FePO, electrode when the battery is at 0% SOC
(x=0). The black model curve is the sum of the red and blue model curves.
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Figure 5.23. a) Nyquist and b) Bode plot of the Li,Cq electrode when the battery is at 100% SOC
(x=1), c) Nyquist plot, d) zoomed view of high frequency region and e) Bode plot (zoomed view) of
the Li,Cg electrode when the battery is at 0% SOC (x=0).

Both electrodes show a semicircle at relative high frequencies related to the current
collector/electrode polarization. The mid- low-frequency region is instead different for the
LFP/CB1 and Grl electrodes and has been modelled with a generalized and a simplified

TLM respectively.
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The values used in the TLMc, (generalized TLM) for the electrode thickness L and the
particle radius r are 65 um and 38 nm, respectively, as obtained by FIB/SEM imaging and
PSD analysis. The TLM,, (simplified TLM) has instead values of thickness L and particle
radius r equal to 35 um and 548 nm, respectively.

The fitted values from the TLM, (Table 5.7) show that R, is not negligible compared
to Rjon. Both resistances in the pore and the electrode are observed to decrease when the
electrode is charged and mainly consists of FePO,. Li,FePO, particles are known to be
subjected to expansion/contraction with cycling, and when the electrode is completely
delithiated FePO, particles have a smaller volume and the pores increase in size, furnishing
a smaller Rion. Re depends on the CB network tortuosity which changes due to particle
movements during lithiation/delithiation process. Values of Li* diffusion coefficient D were
calculated to be in the range 10" — 102 cm?s™, in agreement with literature [38].

Values of Ry, calculated from the TLM,, (Table 5.8) show to be comparable with the
ones from the cathode, while the Li* diffusion coefficient D was estimated to be in the
range 10" — 10™ cm?s™, around 2 orders of magnitude higher than LFP/CB1 [38]. Note
that R is negligible for the graphite electrode.

Table 5.7. Results from EIS fitting of Li,,FePO, electrode.

Generalized Transmission Line
RaiQal element
Randles element Pore Electrode
Ru_ (e Re Ca D Riont Ru
(Qcm?) 2 (Qcm?) (Fem?) (cm%™) (Qcm) (Qcm)
FePO, 2.2 0.20 13.8 0.52 810" 402 53
LiFePO, 2.2 0.17 60 0.67 4-10" 1538 113

Table 5.8. Results from EIS fitting of Li,Cg electrode.

Simplified Transmission Line
R:1Q; element
RseiQui element Randles element Pore
C1 Rct

R1 E Rsei Can Cal D Rion,L
(Qcm?) (“E)C M | @em?» (mFem?) ('inm (Fem™) (cm?s™) (Qcm)

LiCe 8.3 0.40 14.3 0.28 14.3 0.10 2101 745

c 16.0 0.43 31.4 0.35 40 0.57 3107 500

Results from single-electrode EIS fitting were used in order to build a final ECM (Fig.
5.24) for the 26650CC, and some simplifications have been done in order to not have a
model with too many variables which would destabilize the fitting routine.
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Figure 5.24 a) Equivalent circuit used to model the 2665CC impedance spectra, b) combined
TLM¢omp used to model porous electrode, c) single particle ECM.

The Re(RaQar) elements model the high-frequency region where Rg and R are resistors
and Q, a constant phase element (CPE). Re models the ionic resistance of the electrolyte,
while (RaQa) represents the aluminum/cathode polarization [66], observed in the LFP/CB1
electrode in the frequency range 1 kHz — 100 Hz. The R,;Q; element, previously used to
model the particle/particle contact in the Grl electrode, is not included in the total circuit
since this process occurs at relative high frequency (>10 kHz). Above ~10 kHz the
26650CC is dominated by inductance.

The (RsgQqz) element models the mid-frequency region (100 Hz — 10 Hz) and
represents the SEI layer which covers the graphite particles in the anode. The TLMcmp in
Fig. 16b combines the cathode and anode TLMs. The two single electrode TLMs have a
Randles element in common to model the insertion or intercalation process at the
electrolyte/electrode (Li;xFePO, or Li,Cs) interface, but the RQ element representing the
SEI layer on graphite is missing on the cathode model. For the 26650CC impedance model
the (RsgiQqi1) is placed outside the TLMym, in order to have an equivalent circuit ¢, to
model the surface impedance inside the TLMgm,, Which is equal for both cathode and
anode particles (Geat = Gan)- NO changes are observed in modelling the mid-frequency part of
the spectra with a Rsg Qg1 places either outside or inside the TLM, since comparable values
have been found for both single-electrode impedance and 2-electrode configuration.

The TLMgmy, variables are Ry, Cq (calculated from CPE according to Eq. 5) and D,
Rion and Rg. The single electrode fitting (Table 3 and 4) shows R; and Cgy are not
negligible for any of the two electrodes. However, the Li* ion diffusion coefficient D was
observed to be around 2-3 orders of magnitude larger for Grl than for LFP/CBL, in
agreement with previous findings [38]. This means diffusion in LFP/CB1 dominates the
final part of the TLMc,mp (the 45° line) and that the Warburg contribution from graphite can
be neglected.
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For this reason diffusion of Li* ion in LFP is modelled by a general finite space
Warburg element with diffusion process along a one-dimensional diffusion path, Wges 1p,
as used for the LFP cathode and the value used for r is the Li;..FePO,/CB radius (22 nm, as
calculated from PSD). R was also found to be negligible in the Li,Cq electrode, so the
calculated electronic resistance R, from the total TLMm, is associated with the Li;.
«FeP0O,/CB cathode, and more specifically the CB network. Finally, the ionic diffusion
resistance per unit length in the pore Rjq, . is seen to be highest when each electrode is in its
fully lithiated state. This means the Rjo, . contribution primarily comes from the cathode
when the battery is discharged, and vice versa. From the single electrode modelling the
cathode:anode contribution ratio was calculated to be 75:25 at 0% SOC, and 35:65 at 100%
SOC.

The low frequency part of the 26650CC impedance spectra predominantly change at the
lowest and highest SOC. For this reason the change this ratio is assumed to mainly occur at
the lowest and highest SOC and consequently a ratio of 50:50 was simply used for all
intermediate SOCs. The ratio was used to calculate an SOC dependent pore length L which
is used as input for the TLMcm,; The values used for L are 57.5, 50 and 45.5 pm
respectively for 0%, (12.5-87.5)%, and 100% SOC.

Fig. 5.25 shows the normalized EIS spectra measured for 26650CC at different SOC
(dots), with the simulated fit (solid lines) for each spectrum. Results from EIS fitting are
shown in Tables 5.9(a,b).
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Figure 5.25 a) Nyquist and b) Bode plot of 26650CC at different SOC, measured in charging mode,
with fitting ¢) Nyquist and d) Bode plot of 26650CC at different SOC, measured in discharging mode,
with fitting. All spectra were measured at OCV after the cell had reached steady state defined by a
change <5 mV/h.

TABLE 5.9a Results from EIS fitting of 26650CC (charging mode).

Combined Transmission Line
RaiQai element RseiQan element Randles element Pores Etectrods
Cal Can
(QFZ:;;Z) (m 'zz)cm' (5;;.2) (m |2:)cm' (le:;ﬁ) (F%dr:f'z) (cmDZs'l) (322};) (Qlierln)
0% 1.81 0.17 7.18 0.54 87.0 0.24 1.5107% 1929 106
12.5% | 1.76 0.17 4,58 0.50 64.0 0.72 9.0-10™ 927 79
25% 1.76 0.16 451 0.44 40.0 0.65 8.8:10™ 1040 92
37.5% | 1.80 0.16 438 0.44 32.0 0.62 8.9-10™ 1025 71
50% 1.86 0.15 4.26 0.48 38.0 0.63 8.9-10™ 994 59
62.5% | 1.80 0.16 427 0.44 42,0 0.58 1110 997 64
75% 1.84 0.16 3.87 0.48 24.0 0.50 1.510™ 1144 58
87.5% | 1.86 0.16 3.86 0.47 30.0 0.53 1.3-10™ 1071 46
100% | 1.75 0.16 2.85 0.58 15.4 0.09 1.410™ 1826 46
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TABLE 5.9b Results from EIS fitting of 26650CC (discharging mode).

RuO element ReeiQan element Combined Transmission Line
Randles element Pores | Electrode
Cal Can
(93::12) (m 'f)cm (5523 (m |2:)cm- (92;;2) (F%ﬁlrf'z) (cmDZs'l) (322}:) (gFi»iln)
100% 1.75 0.16 2.85 0.58 15.4 0.09 1.4-10™ 1826 46
87.5% | 1.82 0.16 414 0.43 20.0 0.55 1410 1035 51
75% 1.82 0.16 410 0.44 44.0 0.63 9.4-10™ 1050 73
625% | 1.84 0.15 450 0.44 26.0 0.59 9.9-10* 1060 88
50% 1.82 0.16 4,68 0.43 24.0 0.55 1.6:10™ 1129 81
375% | 1.80 0.16 4.69 0.44 42.0 0.62 9.0-10™ 1106 80
25% 1.80 0.17 468 0.47 58.0 0.66 1.0-107% 1232 84
125% | 1.78 0.17 4,62 0.53 58.0 0.50 1.4-10™ 1330 91
0% 1.83 0.17 7.82 0.58 88.7 0.20 13107 2119 102

The values of the fitted parameters from TLM, are shown in Table 5.9(a,b). It is
interesting to focus on the ionic resistance Ri,,. of Li* ions diffusing into the electrode
pores, the electron resistance Re in the porous electrodes and Lithium diffusivity in the
active materials in the electrodes. By comparing the obtained values with the values
obtained from single electrode modeling, it is observed that the values for these variables
can be ascribed to either the cathode or the anode. R, was observed to be negligible for the
anode such that R, only depends on the cathode CB network. Rjy, . Was seen to consist of
both cathode and anode contributions and to be dependent on the SOC. Specifically Ry,
was observed to be highest in each of the two electrodes when they were fully lithiated. The
lithium diffusion coefficient D was much smaller in LiFePO, than in C which means D
obtained from measurements of the full battery mainly reflects the lithium diffusion in
LiFePO,.

In conclusion the results from single-electrode impedance and FIB/SEM tomography in
Paper V have been used to build a new ECM with a combined TLM for modelling of
commercial LiFePO,/C 26650 cylindrical cell impedance spectra. Combined with other
characterization techniques, the combined ECM proposed here could be an important tool
to study degradation mechanisms in LiFePO,/C batteries when three-electrode impedance
analysis in not possible.
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5.2.2. Analysis of aging mechanisms in a commercial LiFePO,/Graphite 26650
cylindrical cell by low — kV FIB/SEM tomography

In Paper VI the electrode degradation mechanisms in commercial 2.5 Ah
LiFePO,/Graphite 26650 cylindrical cells were examined. Aged and fresh electrode
samples were prepared by cycling two cells respectively five and 22k times. Subsequently
the cells were disassembled in a glovebox and electrode samples were rinsed and prepared
for electrochemical testing in a 3-electrode setup, and for characterization with low-kV
FIB/SEM tomography.

Table 5.10 shows the test conditions for the examined samples and Fig. 5.26 shows a
schematic representation of the battery packaging design, the degraded graphite foil (from
core and skin of the battery) and the regions where the electrode were punched out from.

Table 5.10. Test conditions for the examined samples

Approx. Total cycle
Sample Current (mA) C-rate SOC range number Comment
F26650CC 250 0.1 0-100 % 5 Cylindrical Cell, 2-electrode setup
A26650CC 10k 4 25-75% 22k Cylindrical Cell, 2-electrode setup
LFP1_F 0.33 0.1 0-100 % 1 Cathode, 3-electrode setup
LFP1_AB 0.33 0.1 0-100 % 1 Cathode, 3-electrode setup
LFP1_AR 0.33 0.1 0-100 % 1 Cathode, 3-electrode setup
Grl_F 0.33 0.1 0-100 % 1 Anode, 3-electrode setup
Grl_AB 0.33 0.1 0-100 % 1 Anode, 3-electrode setup
Grl_AR 0.33 0.1 0-100 % 1 Anode, 3-electrode setup
LFP2_F - - - - Cathode, used for FIB/SEM analysis
LFP2_AB - - - - Cathode, used for FIB/SEM analysis
LFP2_AR - - - - Cathode, used for FIB/SEM analysis
Gr2_F - - - - Anode, used for FIB/SEM analysis
Gr2_AB - - - - Anode, used for FIB/SEM analysis
Gr2_AR - - - - Anode, used for FIB/SEM analysis

As shown in Fig. 5.26b, the negative graphite foil is characterized by a blue shadowed
region in the part of the foil close to the skin of the battery and a red region close to the
core. In the presented photo the colors are oversaturated to enhance the visibility of the blue
and the red region. The color covers almost completely the center of the anode foil (Fig.
1b), with the exception of the sides of the electrode, where the original dark grey color of
graphite is observed. Circular electrode samples from the center of the core and the skin of
the graphite foil were punched out. Similar electrode samples were harvested from the
adjacent sites at the LFP electrode. Additionally samples were collected from the fresh
electrodes (labeled with F as suffix) to allow comparison of fresh and aged electrode
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samples. The electrodes extracted from the skin of the aged battery are then labeled with
AB (aged, blue) as suffix, while the ones from the core are labeled with AR (aged, red).

LixCe negative
electrode

LiFeP04/CB positive

electrode a)

LFP/CB foil

LFP1.AR  LFP2_AR LFP1_AB  LFP2_AB

core Gr foil skin

Gr1_AR Gr2_AR Gr1_AB Gr2_AB

Figure 5.26. a) Schematic representation of the 26650CC LiFePO,/C battery packaging design. b)
Two pieces of the aged Li,Cg negative electrode (upper part from the core, lower part from the skin).
The image has saturated colors to highlight the color contrast. ¢) Schematic representation of
electrodes punched out from LFP/CB and d) Gr foils.
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Figure 5.27. Charge/Discharge curves of a) F26650CC and A26650CC, b) LFP (fresh, aged blue and
red) and ¢) Gr (fresh, aged blue and red)

Fig. 5.27a shows the charge/discharge curves for the fresh and aged cylindrical cell
(F26650CC and A26650CC). To separate the single electrode contributions the two
commercial cells have been subsequently de-assembled in the discharged state, fresh and
aged LFP/CBL1 and fresh and aged Grl were extracted and run in three-electrode setup with
a lithium metal counter and reference electrode.

Fig. 5.27b and 5.27c show respectively the charge/discharge curves for the three
LFP/CB1 and two Grl electrodes. LFP1_AB and LFP1_AR electrodes show capacity
losses equal to 37% and 45% respectively. From the discharge curves however the aged
electrodes are able to completely recover their initial capacity in both regions, showing that
there are no electrochemically inactive regions. A little step in lithium intercalation is
observed in the discharge curves of LFP1_AB and LFP1_AR, as shown in the left inset in
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Fig. 5.27b. The right inset shows that the over polarization for the two aged samples is
about 5 mV higher than that for LFP1_F. No big differences are instead observed between
the charge/discharge curves of the Grl_F and Grl_AR, the aged sample even show a 4%
higher capacity.
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Figure 5.28. SEM images at 1 kV recorded with Lateral E — T detector of a) LFP2_F, b) LFP2_AB,
c) LFP2_AR, d) Gr2_F, e) Gr2_AB and f) Gr2_AR electrodes.

The FIB/SEM analysis of the three LFP2 electrodes showed some changes in the
morphology of the electrode with cycling (Fig. 5.28a,b,c). First of all the LFP particle are
observed to slightly smaller in the two aged samples, as shown in PSD analysis in paper
V1. This could probably be an effect of LFP cracking with cycling [30], [31], [81], [82].
The cracking may also increase the porosity of the aged electrodes, as observed by
comparing the pore volumes for the three electrodes (see paper VI). The CB black particles
are also observed to have a smaller size in the aged samples and their volume fraction is
around a half of what is found in LFP2_F. The most important degradation process seems
to be the formation of a layer at the electrode/electrolyte interface (Fig. 5.28b,c). The layer
is possibly a mixture of carbon and electrolyte decomposition products [81], [82], [83],
[84]. The layer is expected to partially block the electrolyte passage thereby increasing the
ionic resistance, as also shown in the 3D reconstruction in Fig 5.29. This increases the over
polarization of the aged electrodes during charge/discharge cycling (Fig. 5.27b, insets). CB
agglomeration is influenced by the CB/LFP ratio in the electrode material [36]. The layer at
the electrolyte/electrode interface is probably composed by a mixture of CB and
decomposition products from the electrolyte, i.e. Li-organic species, fluorophosphates and
LiF [35] and could thus in part explain the loss of lithium inventory (LLI) observed in Fig.
5.27b. The layer is found to be thickest in the sample collected from the core of the
cylindrical battery, which could be an effect of the accelerated degradation of the
electrolyte caused by the higher temperature [85], [86] developed in the core of the
cylindrical cell [87].
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Figure 5.29. 3D reconstruction of a) LFP2_F, b) LFP2_AB and c) LFP2_AR electrodes. The scale
bar units are [um].

FIB/SEM tomography of the Gr2 electrodes also revealed formation of big
agglomerates sitting at the electrode/electrolyte interface (Fig. 5.28f). The volume fraction
between CB and pores (see PSD analysis in paper VI) is the same for the fresh and the
aged sample, however from PSD analysis it is seen that the graphite particles are
significantly smaller in Gr2_AR than in Gr2_F. This is probably an effect of cracking of Gr
particles with cycling [88], [89].

Figures 5.30 shows cross-sectional In-lens images recorded a 1 kV after FIB milling of
all LFP2 and Gr2 electrodes respectively. The low accelerating voltage enables a detection
of charging effects on carbonaceous materials [81], [82]. The CB particles in the LFP2
electrodes do not seem to charge, however some of the agglomerates in LFP2_AB are
noticed to charge (shown in the red rings, Fig 5.30b).

A few graphite grains are observed to charge in Gr2_F (shown in the red rings, Fig.
5.30d), and a higher amount of particles are observed to charge in Gr2_AB and Gr2_AR
(Fig. 5.30e,f), in particular in the part of the electrodes closest to the electrode/electrolyte
interface.
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Figure 5.30 SEM images at 1 kV recorded with In-lens detector of a) LFP2_F, b) LFP2_AB, c)
LFP2_AR, d) Gr2_F, e) Gr2_AB and f) Gr2_AR electrodes.

The low — kV analysis permitted the identification and quantification of locally charged
Gr particles in the negative electrode sample, and a distinction between “percolating” and
“non-percolating” graphite particles was possible. Non-percolating graphite particles count
for 0.8% and 30% in Gr2_F and Gr2_AR respectively. The bright graphite particles are
predominantly found in the region of the electrode closest to the electrode/electrolyte
interface. This charging effect are not fully understood yet, however they are believed to
describe graphite particles that are disconnected from the electron percolating network.
Several Gr grains show in fact a flickering intensity between two consecutive images
during the milling job. This is probably an effect of connection/disconnection of the same
particle from the percolating network concurrently with the ion milling. Furthermore,
cracking of graphite particles with cycling, as previously suggested by PSD calculation,
would create new carbon/electrolyte interfaces which would be covered by SEI layer after
electrolyte decomposition, which is known to be an electron insulator [11], [68], [90]. This
would of course create new secondary smaller graphite grains with an increased electronic
resistance.

64



Figure 5.31. 3D reconstruction of a) Gr2_F and b) Gr2_AR electrodes. The scale bar units are [um].

Fig. 5.31 shows the 3D reconstructions of low-kV In-lens images of Gr2_F and
Gr2_AR electrodes. Large agglomerates with a diameter between 5-10 pum in diameter are
seen at the Gr2_AR electrode/electrolyte interface. As already explained above this
agglomerates, probably composed by a mixture of CB and decomposition products from the
electrolyte, also contribute to the LLI.

In conclusion the degradation of a cylindrical cell has been analyzed in paper VI by
electrochemical and physical-chemical characterization. Loss in performances could not be
addressed to loss of electrochemically active material (LAM) from either positive or
negative electrode, but is most likely due to LLI which occurs in relation to the deposition
of a thick layer at the electrode/electrolyte interfaces. In addition a loss of electron
dissipation capability is observed in the graphite electrode.
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Concluding Remarks and Future Outlook 6

The aim of this thesis was to investigate the performance and lifetime limiting effects in
Li-ion batteries, trying to understand the detailed coupling between degradation
mechanisms and battery usage. The main focus has been the characterization of the cathode
material LiFePO, (LFP) and carbon black (CB) additives, but the project was also used to
study the degradation of graphite anodes. Several characterization techniques have been
used to thoroughly study the morphological and structural degradation of the battery
electrode materials and link the results to the loss in performance observed by
electrochemical testing.

The PhD project has been divided in two main parts: The first part was dedicated to the
study of the aging mechanisms that occur in laboratory batteries (LiFePO, cathode and
Carbon Black additives) and the second part focused on the characterization of commercial
LiFePO4/Graphite 26650 cylindrical cells.

Laboratory batteries. The structural and morphological degradation of laboratory
LiFePO4/C cathodes subjected to cycling has been studied by Electrochemical Impedance
Spectroscopy, low-kV FIB/SEM Tomography and TEM analysis. The two main
degradation processes observed in the aged electrode were cracking of LFP particles and
agglomeration of CB additive. The increased heterogeneity of the CB network reduces the
electron percolation throughout the porous electrode thereby increasing the amount of
electrochemically active LFP particles. The percolation analysis of the CB additive has
been performed by low-voltage SEM analysis, combined for the first time with a FIB, and
observing some localized charge phenomena on the surface non-percolated CB particles.
This allowed to study the electron percolation in 3D, identifying and quantifying the
amount of “non-percolating” CB, which was observed to be around 25% of the total
network. These charging phenomena are not fully understood yet, but could be either
correlated to disconnected CB particles from the conductive network or change in the bulk
electron conductivity. TEM analysis of this agglomerates showed the presence of an
amorphous structure of what seems to be a mixture of CB and decomposition products from
the electrolyte, which could have lower electron conductivity than the quasi-crystalline
fresh CB.

Impedance analysis of fresh and aged LFP cathode has been also performed and an
equivalent circuit, consisting of a TLM for porous electrode, has been proposed and
validated for the modelling of impedance spectra. From comparison of EIS spectra of fresh
and degraded cathode an increase in electron resistivity R, through the carbon black
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network was observed by fitted results of the TLM, nicely correlating with main findings
from microscopy analysis.

Commercial batteries. The EIS model developed for the laboratory LFP cathode has
been applied to model the positive electrode of a commercial LiFePO4/Graphite 26650
cylindrical cell. Furthermore another equivalent circuit, consisting of a different TLM, has
been developed for the graphite negative electrode and, from the combination of these two
TLMs, a final equivalent circuit model was proposed to model the commercial cell
impedance spectra.

The analysis of the aging mechanisms occurring in the commercial cells was again
performed by low-kV FIB/SEM tomography. Only 22.5% of capacity loss was observed
after 22k cycles, but from GCPL analysis in three-electrode setup, both LFP and graphite
seems to not be affected by degradation. However a thick layer of decomposition products
possibly from the electrolyte and carbon in the electrodes is observed at the
electrode/electrolyte interfaces. This degradation mechanism seems to be comparable with
the one observed in the laboratory cell and could maybe be responsible for the loss of
lithium inventory (LLI).

6.1. Outlook

The study of aging mechanisms occurring in Li-ion batteries is of vital importance for the
development and improvement of future highly performing materials. The development of
new advanced characterization techniques plays an important role in the battery failure
analysis.

During this three years PhD project a new technique has been developed for the electron
percolation analysis in CB network exploiting locally charging phenomena. However the
explanation of the presence of “non-percolating” and “amorphous” carbon is still not fully
understood. Furthermore the presence (and composition) of a thick carbonaceous layer on
the commercial cell electrodes needs to be fully explained, since it could be either an effect
of electrolyte decomposition or graphite cracking and exfoliation. A combined surface
analysis (e.g. XPS) and high resolution TEM on a FIB lamella of the electrode/electrolyte
interface could possibly give us more information about this.
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1. Introduction

Lithium-ion batteries find widespread use in many electricity
storage applications, from portable devices to electric vehicles (EV),
because of their high energy density and design flexibility [1-3].
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However, limited lifetime is still a challenge for several Lithium-ion
battery materials. To understand the degradation mechanisms and
increase the performance of these materials, the development of
improved characterization methods is crucial.

LiFePO4 (LFP) is an interesting material for lithium-ion battery
porous cathodes because of its long durability and inherent safety
[4,5]. Since LFP is a poor ion and electron conductor, it is usually
mixed with carbon black (CB) additives to increase electronic
percolation in the electrode. It is well known that mechanical stress
related to expansion/contraction of the LFP particles during
charging/discharging cycles leads to the formation of micro-cracks
inside the LFP particles [6—8], so electronic conductivity and ho-
mogeneous dispersion of CB play an important role for long term
performance and durability [9,10]. The formation of cracks in the
LFP grains leads to disconnected secondary particles, resulting in an
increased ionic resistivity and a capacity drop of the electrode.
Agglomeration of the CB particles decreases electronic percolation,
i.e. increasing the electric resistivity in the CB network from the
current collector to the LFP particles [10].

Techniques that can directly quantitatively observe the
morphology and structure of the CB phase are limited, however.
FIB/SEM tomography has been successfully used to quantify the 3D
microstructure of porous electrodes [11-15], and to observe
changes in porosity, crack formation, and grain agglomeration
[16,17] but, to our best knowledge, no one have used low-kV FIB/
SEM tomography to study electron percolation in CB phase. Thydén
et al. showed that low-kV SEM imaging is an excellent technique on
conventional polished cross-sections for studying electron perco-
lation in the Ni-network in solid oxide fuel cells (SOFC) [18] but it
has never been combined with a FIB to study three-dimensionally
the electron percolation.

In this work, the degradation of a laboratory-made LFP/CB
porous cathode is studied using various electron microscope
techniques, including low-kV FIB/SEM tomography. The low-
voltage percolation contrast technique shows that the CB agglom-
erates have lower electronic conductivity in the bulk than that of
the fresh CB particles. HRTEM analysis of the LFP/CB interface in-
dicates that the CB agglomerates are amorphous, in contrast to
fresh CB particles which are quasi-crystalline. This explains the low
CB agglomerate bulk electronic conductivity [19,20].

2. Methods and materials
2.1. Electrode fabrication and test conditions

Slurry was made of commercial LiFePO4 powder (already carbon
coated, from MTI), Super C65 carbon black (from Timcal) and Pol-
yvinylidene Fluoride (PVdF) as binder, with the ratio 80:10:10.
From this slurry the electrode material was prepared by casting on
aluminum foil. After drying, the thickness was approximately
22 pum thick and two electrodes with a diameter of 18 mm were
punched out. The two electrodes were tested in an EL-CELL® ECC-
Combi 3-electrode setup, using lithium metal foils counter elec-
trodes, lithium metal as reference electrode and a glass fiber
separator soaked with a standard 1 M LiPFg in 1:1 EC/DMC elec-
trolyte. Both cells were cycled at constant C-rate using a Biologic
VMP3 with Pstat/Gstat boards. Table 1 shows the test conditions for

Table 1
Test conditions for the examined laboratory LFP electrodes.

Electrode Current (mA g~ 1) Total cycle number Remaining capacity

Fresh 17 2 ~100%
Aged 17 100 ~30%

the two electrodes.

The first electrode, denoted “Fresh”, was cycled just two times
while the second one, denoted “Aged”, was cycled 100 times. Both
cells were cycled between 3 and 4 V at a constant current of
17 mA g, corresponding to approximately 0.1 C-rate for the fresh
electrode. Both electrodes were left in the discharged state before
being de-assembled for microscopy analysis.

2.2. FIB/SEM microscopy

FIB tomography and SEM imaging was carried out on a Zeiss
1540XB CrossBeam microscope, using a lateral E-T (Everhart-
Thornley) detector and an In-lens detector. Two 3D datasets were
collected from the fresh electrode (labeled as F1 and F2) and three
from the aged one (labeled as A1, A2 and A3). Conventional SEM
imaging has been also performed in another region of the aged
sample (A4). Table 2 shows the volume sizes of the 5 different 3D
datasets. A Gallium FIB slicing probe of 2 nA was used and the
thickness of each slice was estimated to be 40 nm. The serial
sectioning imaging was performed at 1 kV with a pixel size of
15 x 15 nmz, i.e. the voxel size in the 5 3D-data sets was
40 x 15 x 15 nm’. Conventional SEM imaging was performed at
10 kV, with a pixel size of 15 x 15 nm The electrodes were pre-
pared for the FIB tomography by rinsing with diethyl carbonate and
vacuum infiltrated with a silicon resin (Wacker Chemie) for 30 min
to improve phase contrast between CB particles and pores as
described by Ender et al. [13]. Subsequently the sample was infil-
trated with epoxy resin to enable high-quality grinding and pol-
ishing of the sample.

2.3. Low-voltage percolation contrast

Thydén et al. [18] previously used low-voltage SEM imaging to
identify percolation in SOFC anode Ni-network. Here we briefly
describe the theory behind the percolation contrast.

As the electron beam hit the specimen, a variety of elastic and
inelastic scattering of the electrons in the specimen occurs. The
elastic and inelastic scattered electrons produce respectively
backscattered and secondary electrons (BSE and SE). SEs have by
definition energies <50 eV. BSEs have energies close to the accel-
eration voltage (in our case 1 kV). The SE signal is typically divided
into three different kinds of secondary electrons [18,21,22]:

—_

. SE;, generated by interaction of the primary electron beam with
the specimen.

2. SE,, generated by outgoing BSE.

3. SE3, generated by the interaction of BSEs with the internal

components of the chamber.

The In-lens detector, situated in the electron column, detects
low energy electrons very efficiently due to the beambooster of the
GEMINI column (Carl Zeiss, Germany) [23]. This means that the In-
lens detector signal contains a high fraction of SE; and SE; elec-
trons. At the same time the In-lens detector acts as a low energy
filter for the E-T detector such that it primarily detects higher

Table 2
Volumes of collected datasets.

Dataset Volume (voxels) X x Y x Z Volume (um?) X x Y x Z
F1 250 x 683 x 341 10x10x5

F2 141 x 683 x 341 56x10x5

Al 250 x 683 x 341 10x10x5

A2 131 x 683 x 341 52x10x5

A3 150 x 683 x 341 6x10x5
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energy electrons (>40 eV) [24].

The interaction volume decreases with the electron acceleration
voltage. The visualization of electron percolation in materials is
possible at low-kV due to the smaller interaction volume. At higher
accelerating voltages the penetration depth of the primary beam is
significantly larger (2—3 pm at 10 kV and 20—40 nm at 1 kV). For
this reason observation of local small-feature charge phenomena is
only possible at a low (~1 kV) acceleration voltage.

Fig. 1a shows a general trend of how the SE yield varies in the
low-voltage range for a number of materials comparable to the Si-
resin [25,26]. For beam energies higher than E; and lower than E;
(the crossover voltages) less than 1 secondary electron is generated
per incident electron. For beam energies between E; and E; more
than 1 secondary electron is generated per incident electron. If the
total electron yield (SE and BSE) differs from 1 a surplus or deficit of
electrons will build up locally in the specimen. For many polymers
E; is usually equal to or lower than 0.1 kV, while E; is in the range
0.6—1.5 KV, and dpax is between 2 and 4 [23,27]. Fig. 1b presents
carbon SE yield data compiled from data presented by D.C. Joy [28].
The SE yield curves follow the same general trend as observed for
polymers [25,26] as depicted in Fig. 1a. Based on Fig. 1b, unfortu-
nately it cannot be concluded whether the yield is higher or lower
than 1 at 1 kV based on the presented knowledge for Carbon SE and
BSE coefficients. From Fig. 1a Si-resin is expected to charge
positively.

BSE coefficient for carbon is reported to be quite low, varying
between 0.05 and 0.15 [28]. Additionally, a Monte Carlo simulation
performed with Casino [29] software indicates that the BSE coef-
ficient for Carbon is 0.06—0.11. BSE values for silicon resin have not
been found in literature but a Monte Carlo simulation [29] indicates
that they are in the range 0.1-0.12. According to these values, the SE
coefficient contributes the most to the total electron yield.

For electron conducting phases with a connection to ground the
local buildup of charge is rapidly equalized and no charging effects
will occur. For insulators, the lack of charge dissipation means that
balancing of the ingoing and outgoing electrons will occur mainly
through charging of the particles which changes the secondary
electron yield:

o Total electron yield >1: the sample will charge positively.
Emission of low energy electrons will be impeded to balance the
yield.

o Total electron yield <1: the sample will charge negatively.
Deceleration or deflection of the incident beam and emission of
additional low energy electrons will balance the yield.

To sum up sufficiently accurate yield-coefficient-values at 1 kV
for the carbon black are not readily available and the best indication
of the charging regime (positive, negative or not charging) for the
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two phases of carbon (non-electron-dissipating and electron-
dissipating) is thus to observe their characteristic intensities. As
mentioned, the silicon resin used to infiltrate the specimens has a
total electron yield higher than 1, meaning that it is expected to
charge positively and appear bright, when imaged at 1 kV.

As described above, the result of beam induced charging in an
insulator will primarily change the yield of the lowest energy
electrons. The contrast changes due to charging are thus almost
exclusively seen in the In-lens detector images and the E-T detector
images are largely unaffected. It is important to note that this
technique only allows us to determine relative differences in the
yield and conductivity of each phase; it does not allow a direct
quantification of the conductivity.

2.4. Image processing

Segmentation of the 3D FIB/SEM image data was performed
with the program Image] (NIH). Because of uneven illumination,
setting a single threshold for entire micrographs was not feasible.
Therefore the Sauvola algorithm [30,31] was so used to perform
local thresholds of the data. The Sauvola algorithm works by
dividing the input image into square windows (n x n pixel) and
setting thresholds for each of them based on the mean and stan-
dard deviation of the pixel intensities. Visualizations of the 3D re-
constructions of the analyzed data were performed with the
program Avizo (FEI).

The particle size distributions (PSD) of LFP and CB phases in both
fresh and aged samples were analyzed based on the method
introduced by Miinch et al. [32]: The segmented 3D volumes are
filled with spheres of a given radius. By reducing the radius incre-
mentally, more volumes will be filled. The cumulative PSD is then
obtained by correlating the incrementally filled volume with cor-
responding radii.

2.5. Transmission electron microscopy

TEM specimen of the fresh sample was prepared by dropping a
small drop of cathode solution on an Au TEM grid supported with a
holey carbon film, and naturally drying at 120 °C in the air. TEM
specimen of the age sample cured in Si resin was prepared by FIB.
Transmission electron microscopy (TEM) characterizations
(including HRTEM, STEM and X-ray spectroscopy analysis) were
conducted on a JEOL JEM 3000F equipped with a 300 kV field
emission gun (FEG), high annular angle dark field (HAADF) STEM
detector, and an Oxford Instruments X-ray detector with an ultra-
thin window for EDX analysis.
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Fig. 1. a) General SE yield curve in the low-voltage range and b) SE yield for carbon according to data compiled by D.C. Joy [28].
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3. Results
3.1. SEM images

Fig. 2 shows SEM images after FIB slicing recorded at 1 kV of the
fresh electrode (region F1, Fig. 2 a,b) and aged electrode (region A1,
Fig. 2 c,d), and recorded at 10 kV of the aged electrode (region A4,
Fig. 2 e,f). The images were recorded with the E-T detector (Fig. 2
a,c,e) and with the In-lens detector (Fig. 2 b,d,f).

In the images recorded at 1 kV with the E-T detector (Fig. 2 a,c) it
is possible to distinguish three different phases: the grains with the
brightest contrast correspond to LFP particles, the almost black
regions correspond to CB and the large gray areas in-between
correspond to pores filled with silicon resin. The fresh electrode
(Fig. 2a) shows a relatively homogeneous distribution of sub-
micrometer LFP grains and CB particles. On the contrary, the aged
sample (Fig. 2c) has a less homogeneous distribution of both LFP
and CB and an increased porosity. The aged sample is further
characterized by the presence of larger CB agglomerates sur-
rounding some LFP grains, which is not observed in the two images

Electrode surface

1pum 2
— Aluminum

Electrode’surface
_—

1pm
AT Aluminum

of the fresh electrode. The increased agglomeration is expected to
result in a decrease in the percolation of the CB network [9,10].

In the images recorded at 1 kV with the In-lens detector it can
further be observed that the silicon resin has high intensity in the
parts of the sample not adjacent to electron conducting phases
(Fig. 2b). The two detectors give different type of contrast and
sensitivity to charging, as discussed in the theory section. This in-
dicates that the silicon resin is charging negatively due to low
conductivity to the ground [23]. It is expected that the CB network
has a good conductivity and connectivity to ground. Consistent
with this expectation, the CB in the fresh sample has a dark
contrast, which indicates minimal charging (Fig. 2b). However, in
the aged electrode on (Fig. 2d) large agglomerations (circled in red)
of what appears to be CB are brighter than other CB regions. This
indicates that those agglomerations are charging negatively i.e.
have lost connection to ground and/or have low conductivity.

Furthermore, a transition layer (pointed out by green arrows)
with intermediate intensity between the CB agglomerates and the
silicon resin is also observed as rims around the CB agglomerates in
Fig. 2d. This indicates a transition zone where the silicon is able to

Fig. 2. SEM images at 1 kV of the (a—b) fresh and (c—d) aged electrode recorded with the (a,c) Lateral E-T and (b,d) In-lens detector. SEM images at 10 kV of the (e—f) aged electrode

(A4) recorded with the (e) lateral E-T and (f) In-lens detector.
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dissipate charge to the CB phase. In the images recorded with the
In-lens detector, the LFP particle has a brighter contrast than the CB,
which, as one would expect, indicate low electronic conductivity of
the LFP particles.

Fig. 2 (e,f) shows SEM images of the aged electrode, at higher
magnification recorded at 10 kV. With the relatively high energy of
10 kV, the electrons penetrate app. 2—3 um into the sample surface
and the images therefore give insight into the internal structure of
the particles.

SEM images at 10 kV show cracks in some of the LFP grains in
area (A4) of the aged electrode (e.g. the large grain in the top right
corner of Fig. 2e). The cracks are expected to be caused by expan-
sion/contraction of the particle during the lithiation/delithiation
process. In the In-lens detector image (Fig. 2f) many of the cracks
appear as bright highlights due to the easier escape path of sec-
ondary electrons at topological LFP edges through the epoxy.

3.2. FIB tomography

The SEM images from the five datasets F1, F2, A1, A2 and A3 are
used for three-dimensional reconstructions. Fig. 3 shows the 3D FIB
tomography reconstruction after image segmentation of the 1 kV
Lateral E-T image dataset from the fresh (F1) and aged (A1) elec-
trodes, respectively. LFP grains are represented as gray, CB as black,
while pores are shown as transparent. From the figure it can be
observed again that compared to F1, all phases are less homoge-
neously distributed in Al. Further, the presence of large CB ag-
glomerates are seen in Al.

From the segmentation of the 3D datasets presented in Fig. 3 it is
possible to extract and calculate statistical data. Table 3 shows
calculated phase fractions for all the analyzed volumes. Relative to
the fresh electrode, the aged electrode is characterized by a larger
variation in the volume fraction of pores and of CB. This is in
agreement with the 2D SEM analysis, where the aged sample was
observed to be less homogeneous (Fig. 2).

Particle size distribution (PSD) for the LFP phase in the five 3D
dataset is presented in Fig. 4. It shows a slight shift towards smaller
grains in the aged samples compared to the fresh ones and this
could be explained by cracking of the particles. The PSD of CB has
not been calculated because of the size of the majority of the CB
particles is below or comparable to the slicing resolution (~40 nm),
which results in considerable uncertainty in determining the par-
ticle size.

From the segmented 3D datasets it is also possible to analyze the
CB connectivity. In this analysis, a CB voxel is considered connected
when it has a pathway to the bottom side of the reconstructed data
cube (the direction of the aluminum current collector) through the
carbon network. Unknown connectivity is defined as only being
connected to one of the other sides of the reconstructed data cube.

Fig. 5 shows the analysis of connected CB in the five 3D data sets.
Statistical results of the connectivity analysis are reported in
Table 4. Both for F1 and F2, the CB networks are highly (97%)
connected to the aluminum current collector. Regions from the
three aged sample are instead characterized by large variations in
connected and isolated fractions. Note that the precision of the
connectivity analysis is also affected by the slicing resolution which
is not included in the uncertainties given in Table 4.

3.3. Charge contrast FIB tomography

As presented in Fig. 2b and d, CB with two different contrast
levels, apparently revealing the electronically percolated and non-
percolated CB, can be obtained when recording the SEM images
using an acceleration energy of 1 kV in combination with the in-
lens detector. To analyze the two types of CB in 3D, the 1 kV in-

lens SEM images were used for an additional segmentation.
Fig. 6a shows a 3D reconstruction of the CB network in A1. The black
particles represent the apparently electronically percolated CB,
while the gray ones show the apparently insulated CB
agglomerates.

However, the assumption that the CB agglomerate brightness
correlates with electronic percolation seem to be problematic. Fig. 6
(b, ¢) show a zoom on a sub-volume and Fig. 6 (d) show the cor-
responding raw images.' From the inspection of the raw images in
the 3D data (Fig. 6d), the CB agglomerate brightness is seen to
flicker between the grounded intensity level and the insulated
(charged) intensity level. The flickering rules out that the increased
intensity is due to the entire CB agglomerate being conducting and
disconnected from ground. Further, the CB agglomerates appear
dark (slices 114 and 116, Fig. 6d) where it has a surface connection
(in the slicing plane) to grounded CB particles. Additionally, if the
CB agglomeration is isolated in the slicing plane the CB agglomer-
ation appears bright (slices 110 and 120). Such intensity flicker was
observed to be a general behavior of the examined CB agglomer-
ates. For this reason, we propose that the intensity flipping is
attributed to the buildup of electrons on the CB agglomerate/vac-
uum interface resulting in a brighter contrast, and discharge across
the slicing plane surface when adjacent to grounded CB, resulting in
the darker contrast. Importantly, and as mentioned above, if the CB
agglomerates had sufficient electronic conductivity to dissipate the
charge the intensity would not flip from bright to dark on subse-
quent images. This leads us to suggest that these large CB ag-
glomerations have lower bulk electron conduction. However, the
CB agglomerate/vacuum interface seems to be sufficiently con-
ducting to dissipate the SE electrons.

As described above, the apparent percolated and non-
percolated CB should rather be interpreted as CB agglomerates
with low bulk electric conductivity as opposed to the fresh CB
particles with high bulk conductivity. Table 5 shows the ratio of
observed high- and low-conductivity CB for all the analyzed re-
gions. Note that due to the surface discharge of the low-
conductivity CB, a part of the low-conductivity CB has a low in-
tensity and is thus not interpreted as low-conductivity CB. For this
reason the actual amount of CB with low conductivity might be
higher than the observed amount and correspondingly the amount
of CB with high electronic conductivity might be lower than the
observed amount. No attempts were made to quantify the amount
surface-connected low-conductivity CB which could have quanti-
fied the difference between the observed and the actual amount of
low-conductivity CB.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.jpowsour.2015.12.119.

3.4. TEM images

Fig. 7a show a TEM image of fresh CB where it can be seen that
the primary particles have an almost spherical shape with an
average diameter of ~40 nm. The selected area electron diffraction
(SAED) pattern in the inset of Fig. 7a reveals a quasi-crystal struc-
ture of CB nanoparticles and from Fig. 7b the graphitic sheets ori-
ented concentrically approximately tangent to the CB surface is
observed. The distance to the brightest ring in the SAED pattern in
Fig. 7ais 2.95 nm~! corresponding to (002) planes with a spacing of
0.34 nm. From Fourier transforms of HRTEM images like the one
presented in Fig. 7b, the mean distance between the graphitic

! Additional parts of the raw images, not used for 3D reconstruction, are also
shown in the raw images. Further, the raw images also contain the LFP phase which
is not shown in the 3D reconstruction of the CB network.
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Fig. 3. A segmentation of the 3D FIB tomography reconstruction of a) the fresh (F1) and b) aged (A1) electrode. (c, d) show only the LFP phase and (e, f) show only the CB phase of

(F1) and (A1), respectively.

Table 3
Phase volume fraction for fresh and aged electrode.

Phase F1 F2 Fresh (av. and deviation) Al A2 A3 Aged (av. and deviation)
LiFePO4 23% 17% 20% + 3% 12% 18% 12% 14% + 3%
CB 16% 15% 15.5% + 0.5% 16% 5% 26% 16% + 9%
Pores 61% 68% 64.5% + 3.5% 72% 77% 62% 70% + 6%

sheets is determined to 0.34 nm consistent with the characteristic
distance of the CB (002) planes calculated from the SAED data.
The morphology of the pristine LiFePO4 nanoparticles can be
seen in the TEM images shown in Fig. 7 (c,d). LFP nanoparticles with
a size of 200—300 nm are visible in a TEM image in Fig. 7c. Fig. 7d
shows a close-up of a typical LFP particle with a lattice spacing of

0.37 nm corresponding to the (011) lattice distance of ortho-
rhombic LiFePO4. The carbon coating prepared by the commercial
supplier is observed as a thin amorphous layer (~2 nm) at the edge.

HRTEM analysis has also been performed on a FIB lamellar
specimen of the aged cathode. Fig. 8 shows TEM (a,b) and HRTEM
(c,d) images of the LFP/CB aged cathode. A bright-contrast layer is
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visible near the edges of the LFP particles (Fig. 8a,b). The bright
contrast near the edges of the LFP particle indicates a coating layer
with a light atomic weight relative to the darker LFP core. High
resolution images (Fig. 8c,d) reveal contrast details of the coating
layer on the LFP particle at an atomic level:

1. A thin layer carbon coating layer with average thickness of
2—4 nm (labeled as (1) in Fig. 8c,d). This layer has the same
thickness as that observed in the fresh sample, as shown in
Fig. 7d, and is most likely the carbon coating already present in
the commercial LFP powder.

2. A dark layer, labeled as (2) in Fig. 8 (c,d), with thickness of
10—15 nm. It appears darker than the first one which indicates
that it is composed by heavier elements.

3. A bright layer (3) with a thickness of 20—25 nm.

4. A dark layer (4) with a thickness of 2—4 nm.

Aged electrode

© Connected
@ Isolated
O  Unknown

Fig. 5. Connectivity analysis of CB in the five 3D data sets. Green particles are connected with the bottom of the segmented volume (closest to the aluminum current collector). Red
particles are unconnected and yellow particles are unknown (could be connected outside the segmented volume).
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Table 4
Connectivity volume fraction for fresh and aged electrode.
Connectivity F1 F2 Fresh (av. and deviation) Al A2 A3 Aged (av. and deviation)
Connected 97% 97% 97% + 0% 78% 64% 98% 80% + 14%
Isolated 2% 2% 2% + 0% 5% 16% 1% 7% + 6%
Unknown 1% 1% 1% + 0% 17% 20% 1% 13% + 8%
Observed

CB conductivity

Fig. 6. a) Segmentation of apparently percolated (black) and non-percolated (gray) CB from a 3D FIB tomography reconstruction of sample A1 based on SEM images recorded with
an In-lens detector at 1 kV b) and c) shows a zoom on a smaller section of the volume and d) examples of slices (raw SEM images) in the 3D dataset. Slice numbers are indicated in

the figure.

Table 5

Observed high- and low-conductivity in the fresh and aged electrode samples.
Observed CB conductivity F1 F2 Fresh (av. and deviation) Al A2 A3 Aged (av. and deviation)
High 100% 100% 100% + 0% 75% 71% 100% 82% + 13%
Low 0% 0% 0% + 0% 25% 29% 0% 18% + 13%

HRTEM imaging combining with Fourier transform deduced from HRTEM images indicates that the LFP particle cores preserve
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Fig. 7. (a) TEM image of fresh CB. The inset shows SAED pattern from the corresponding area. (b) HRTEM image of fresh CB nanoparticles indicating quasi-crystalline structure of
graphene sheets in the particles. (c) TEM image of LFP nanoparticles on lacey carbon film, and (d) HRTEM image of a LFP nanoparticle with contrast from (011) lattice planes

(d = 0.37 nm) and with a thin coating layer.

their crystalline structure (orthorhombic structure) denoted by
crystal planes visible in Fig. 8d whereas the coating layer on the LFP
particles are amorphous.

4. Discussion
4.1. Morphological changes

PSD calculation of LFP and connectivity analysis of CB has been
used to study morphological degradation in a LFP/CB electrode. The
LFP PSD in Fig. 4 shows a slight shift towards smaller grains in the
aged samples compared to the fresh samples, probably due to
cracking of the particles (Fig. 2 e,f). This creates new secondary
smaller particles which are not connected or poorly connected to
the carbon black network. Due to low ionic and electronic con-
duction of LFP, the cracks will likely cause parts of the old particles
and some of the new LFP particles formed by cracking to become
electrochemically inactive such that they cannot participate in the
overall (de)lithiation reaction in the electrode, resulting in a drop in
electrode capacity. Furthermore, olivine LiMPO4 (with M = Fe, Mn,
Co) in presence of HF, developed by LiPFg electrolyte decomposi-
tion, are known to be subjected to M dissolution, which leads to
capacity fading [33,34]. This process is usually accelerated if the
active material is not protected by a carbon coating [34], thus the

particle cracking observed by PSD distribution (Fig. 4) and SEM
images at 10 kV (Fig. 2 e,f) suggests that the increased surface area
of non-carbon coated LFP accelerates the iron dissolution.

Regions A1 and A2 are characterized by the worst CB connec-
tivity to the current collector (Fig. 5 and Table 4), because of rela-
tively big carbon agglomerates disconnected from the CB network.
On the other hand, no significant changes are observed between A3
and the fresh electrode. This suggests that CB degradation occurs
heterogeneously throughout the sample and that carbon particles
probably tend to agglomerate with cycling, reducing the electron
supply needed for LFP (de)lithiation. Zhu et al. [9] showed that CB
additive tends to aggregate and attach on the active material sur-
face (n.b. LFP), especially with a high CB/LFP mass ratio as in our
cathodes (10%:80%). However the continuous CB agglomeration on
LFP surface upon cycling could be an effect of two different kind of
degradation:

1. Mechanical stress, due to expansion/contraction of LFP during
charging/discharging cycling, which would cause CB attachment
on LFP surface and detachment from other sites;

2. Iron dissolution [34]. It is believed that this process causes the
loss of contact between active materials (LFP) and conductive CB
[34] with consequent agglomeration on other LFP grains.
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Fig. 8. (a, b) TEM images of LFP/CB aged cathode, (c, d) HRTEM images of the edge of the LFP particle presented in (b).

4.2. Charge contrast

Morphological changes are not the only degradation mechanism
observed with cycling. Another important aspect is the observed
change in the electronic conductivity of the CB agglomerates.
Charge contrast FIB/SEM tomography was used to resolve high- and
low-conductivity CB. The fresh electrode is characterized by high-
conductivity CB, whereas localized charging is observed in the
aged samples, A1 and A2. A3 does not show any charging phe-
nomena, confirming that degradation of the LFP/CB electrode oc-
curs heterogeneously.

The reason for the low electronic bulk conductivity in the CB
agglomerates is probably due to structural degradation. TEM im-
ages of a sample from the aged electrode show carbon surrounding
the LFP particles that seems to be amorphous, in contrast to the
quasi-crystalline fresh CB particles. The reason for the formation of
the large amorphous structures in the degraded electrode is
currently not known by the authors. A possible reason for structural
changes of CB during charge/discharge cycling could be its disso-
lution and subsequent agglomeration in the amorphous form at
other sites in the electrode [35]. The change from a quasi-
crystalline structure to an amorphous structure is known to
decrease the electronic conductivity [19,20] several orders of
magnitude [36,37]. It is reported in literature that the electrical
resistivity of crystalline graphite is around 10~> — 10> Qm, while in

bulk amorphous carbon is around 10°~10' Qm [37].
4.3. SEl-like layer

It is well known that the positive electrode materials are reac-
tive with the most common electrolyte solutions, forming SEI
phases at the interphase between salt-based and solvent-based
species [38]. Specifically, the LiFePO4 electrode material, in the
presence of 1 M LiPFg in 1:1 EC:DMC electrolyte reacts, creating an
SEl-like layer composed by different species, such as Li-organic
species, Fluorophosphates and LiF [38]. This is likely what we
observed in our LFP particles, as the first SEI layer denoted (2) in
Fig. 8c,d possibly formed once the electrode has been soaked into
the electrolyte. This layer can be distinguished from the first carbon
layer because appears darker, being composed by heavier element
such as F, P, O coming from electrolyte decomposition.

As discussed above, cycling the battery for 100 cycles, causes
carbon agglomeration on the LFP surface, it could therefore be
suggested that the 3rd relatively thick and bright layer, denoted (3)
in Fig. 8¢, is the initiation of the carbon agglomeration. This carbon
layer appears amorphous in contrast to the crystallinity of the fresh
Super C65 structure. If the original CB particles, with degradation,

2 A video showing rotations of the 3D structures is available as supplementary
material.
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dissolves and agglomerate as amorphous structures on LFP sur-
faces, this could partly explain the reduced the electrical conduc-
tivity and decreased cathode performance. It can be speculated that
the 4th relatively thin and dark layer in Fig. 8c is an SEI-like layer
which deposited after the battery cycling was ended. It should,
however be emphasized that further characterization is needed to
verify the composition of the amorphous layers.

5. Conclusions

In this work a fresh and a degraded laboratory-made Li-ion
battery LFP/CB cathode were characterized by SEM, TEM and low-
kV FIB/SEM analysis. Five samples, two from the fresh cathode
and three from the degraded cathode were analyzed.

Lateral E-T detector imaging provided brightness contrast be-
tween LFP, CB and pores, which allowed phase separation and
segmentation of the electrode samples.

LFP particle size distribution analysis revealed that the aged
cathode had a higher amount of smaller LFP particles than the
amount observed in the fresh electrode, probably due to cracking of
the LFP particles during cycling. This was supported by the obser-
vation of visible cracks in the bigger LFP particles in the degraded
electrode using 10 kV SEM imaging.

The CB particles were seen to agglomerate and accumulate on
the LFP surface in some parts of the aged electrode, increasing
heterogeneity of the CB network and reducing electron percolation
thereby decreasing the amount of electrochemically active LFP
particles.

Low accelerating voltage (1 kV) permitted a detailed study of
charging effects in CB agglomerates observed in the aged cathode.
The interpretation of low-kV SEM imaging, that charging effects
correlate with electronic percolation, was shown to be incomplete
in the analysis of the CB agglomerates. A careful analysis of the 3D
low-kV images indicated that the CB agglomerates do not have a
sufficient bulk electronic conductivity to dissipate the electrons
induced by the SEM imaging. However, the CB/vacuum interface
seems to have sufficient conductivity to dissipate the electrons
induced by the SEM imaging. In conclusion the low-kV SEM in-lens
imaging can provide a useful contrast between high-conductivity
carbon phases and low-conductivity carbon phases with no elec-
tronic percolation to high-conductivity carbon phases at the car-
bon/vacuum interface. We can observe from the contrast difference
that the CB is moving toward lower conductivity, indicating the
presence of a different structure as later confirmed by TEM analysis.
The poor electronic conductivity of the CB agglomerates is attrib-
uted to a change in the structure from quasi-crystalline to amor-
phous, supported by HRTEM analysis of the degraded cathode,
which would increase the electrical resistivity of carbon from
10-°-10~3 Qm to around 10°~10"® Qm [37].

The presented method combining low-kV SEM in-lens imaging
with FIB 3D tomography can yield detailed information about the
amount of low-conductivity carbon in aged LFP/CB electrodes and
we hope the method will prove valuable in failure analysis of bat-
tery electrodes, thereby assisting in improving existing and future
battery technologies.
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This work presents an investigation of the degradation mechanisms
that occur in LiFePO,/C battery electrodes during charge/discharge
cycling. Impedance spectra were measured on a fresh electrode and
an electrode aged by cycling. The spectra were modeled with an
equivalent circuit which indicates that both the ionic and electronic
pathways in the electrode were negatively affected by the cycling.
Focused lon Beam/Scanning Electron Microscopy (FIB/SEM)
tomography of both electrodes shows that cycling causes
agglomerations of Carbon black (CB). In addition to this, Low-
voltage FIB/SEM revealed non-conductive CB in the aged
electrode.

Introduction

Li-ion batteries find widespread use in many applications, from portable devices to
electric vehicles [1-3], and LiFePO,4 (LFP) is one of the most common cathode materials
because of its long durability and high safety [4, 5]. Since LFP is a poor electronic
conductor, it is always mixed with carbon black (CB) additives to increase electronic
percolation in the electrode. LFP is known to be subjected to expansion/contraction with
cycling. The resulting mechanical stress leads to formation of micro-cracks inside the
LFP particles [6-8] and aggregation of CB [9]. FIB/SEM tomography is one of the most
used techniques for quantitative observations of electrode morphology and structure [10-
12]. SEM imaging at low-kV has previously been used to study electron percolation in
solid oxide fuel cell Ni/YSZ-electrodes [13]. Here we combine low-kV SEM imaging
with FIB to study electron percolation in three dimensions (3D) in two laboratory
LiFePO,/C electrodes; one fresh and one degraded by cycling. A loss of electron
percolation was observed in the degraded electrode, correlating with modeling of
impedance spectra recorded on the two electrodes.

Experimental

Cell assembly and testing

The electrodes were prepared by casting, on aluminum foil, a slurry made of
commercial LiFePO, powder (already carbon coated, from MTI), Super C65 carbon
black (from Timcal) and Polyvinylidene Fluoride (PVdF) as binder, with the ratio
80:10:10. After drying, two electrodes with a diameter of 18 mm and thickness of 22 um

71
Downloaded on 2016-01-04 to IP 130.88.121.143 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 69 (18) 71-80 (2015)

were punched out. The electrodes were tested in an EL-CELL® ECC-Combi 3-electrode
setup, using lithium metal foil counter electrodes, lithium metal as reference electrode
and a glass fiber separator soaked with a standard 1M LiPFg in 1:1 EC/DMC electrolyte.
Both cells were cycled at constant C-rate using a Biologic VMP3 with Pstat/Gstat boards.
Table 1 shows the test conditions for the two electrodes.

TABLE I. Test conditions.

Electrode Current (mA g% Voltage limits Total cycle Remaining
number capacity
Fresh 17 3-4V 2 ~100%
Aged 17 3-4V 100 ~30%
Impedance spectroscopy

The 3-electrode setup combined with the Biologic VMP3 enabled electrochemical
impedance spectroscopy (EIS) measurements of the LiFePO,/C electrodes. EIS
measurements in a frequency range from 100 kHz to 10 mHz of both the fresh and the
aged electrode were obtained after discharging the cells at 3V with a calculated 0.1 C-rate.
All measurements were performed at OCV after the cell had reached steady state defined
by a change < 5 mV/h. The impedance results were modeled using the equivalent circuit
presented in Fig. 1.

L] ] Electrode

Electrolyte

Rai

Current collector

(b)

O LiFePO4

@® Carbon Black

(c)

Figure 1. (a) Equivalent circuit used to model the impedance spectra, (b) Generalized
Transmission Line model resembling the element TL in (a), (c) Randles circuit used to
model electrode/electrolyte interface with Li* diffusion (Warburg Finite Space element,
Wi) within a particle with radius r. The Randles circuit resembles the element ¢ in (b).
The yellow arrow in (c) indicates the electron pathway on the surface of the LFP particle.

The Re-RaiQai elements, Fig. 1(a) model the high-frequency region where R
corresponds to a resistance and Q corresponds to a constant phase element. Re represents
the ionic resistance of the electrolyte, while the RaQa element denotes the
aluminum/electrode polarization impedance [14]. The low-frequency region was modeled
with a generalized transmission line (TL) for a porous electrode [15-17], Fig. 1(b). This
model involves a cylindrical pore (filled with the electrolytic solution) with length L,

72
Downloaded on 2016-01-04 to IP 130.88.121.143 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 69 (18) 71-80 (2015)

electronic resistance of the electrode R, ionic resistance of the solution in the pore Rion L
and an equivalent circuit ¢ to model the interface electrode/electrolyte, including charge
transfer resistance, double layer capacitance and solid state diffusion. The electronic
resistance is often assumed to be much lower than the ionic resistance of the solution
(Rei<<Rion,) for which reason a simplified transmission line without the electronic rail is
used [17, 18]. However, assuming to find a higher Re; non-negligible electronic resistance
in the aged electrode, the generalized version of the transmission line model is used [15-
17], where the overall impedance is:

2

Rer* Ripn.1 ( 22 ) Rai+ Rin
Zr = =L+ — + A ~coth(L/A
" TRyt Ry sinh(L/D)) " "Ry + Ry (L/3) 1]

With:

A= [S/(Ra+ Rions) [2]

The electrode/electrolyte interface, Fig. 1(c), has been modeled with a Randles circuit
which includes the charge transfer resistance R, a constant phase element Q (from which
the effective double layer capacitance Cg is calculated according to [19]) and the general
finite space Warburg element Wers [20-22], with the impedance:

__ coth[(jwt,)™]
Lwers = RWW 3]
With time constant:
_r
“D [4]

Ry is polarization resistance, ny is an exponent (0<n,<0.5), r is the particle radius and
D is the diffusion coefficient of Lithium ion within LiFePOj.

FIB/SEM Tomography

FIB tomography and SEM imaging was carried out on a Zeiss 1540XB CrossBeam
microscope, using a lateral E-T (Everhart-Thornley) detector and an In-lens detector.
Two 3D datasets were collected from the fresh electrode (labeled as F1 and F2) and three
from the aged one (labeled as A1, A2 and A3). Table 2 shows the volume sizes of the 5
different 3D datasets. A gallium FIB slicing probe of 2nA was used and the thickness of
each slice was estimated to be 40 nm. The serial sectioning imaging was performed at 1
kV with a pixel size of 15x15 nm? and the voxel size in the five 3D-data sets was
therefore 40x15x15 nm®. The electrodes were prepared for FIB tomography by rinsing
with diethyl carbonate and vacuum infiltrated with a silicon resin (Wacker Chemie) for
30 minutes to improve phase contrast between CB particles and pores as described by
Ender et al [11]. Subsequently the samples were infiltrated with epoxy resin to enable
high-quality grinding and polishing of the sample.

73
Downloaded on 2016-01-04 to IP 130.88.121.143 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 69 (18) 71-80 (2015)

TABLE Il. Volumes of collected datasets.

Dataset Volume (voxels) Volume (Um3)
XxYxZ XXYxZ

F1 250 x 683 x 341 10x10x5

F2 141 x 683 x 341 56x10x5

Al 250 x 683 x 341 10x10x5

A2 131 x 683 x 341 52x10x5
A3 150 x 683 x 341 6x10x5

Low-voltage FIB/SEM

The low-voltage SEM technique has previously been used to study electron
percolation by Thydén et al [13] and is here combined with a FIB to study the three-
dimensional electron percolation in the CB network.

A low accelerating voltage (in our case 1 kV) causes a high secondary electron (SE)
yield thereby charging the investigated specimen (depending on the examined material)
[23, 24]. For electron conducting phases with a connection to ground, the local buildup of
charge is rapidly equalized and no charging effects are observed. For insulators, the lack
of charge dissipation means that a 1-1 balance between ingoing and outgoing electrons is
rapidly established, mainly through charging of the insulator since the charging results in
deflection/attraction of electrons. The silicon resin used to infiltrate the specimens (to fill
out pores in the electrode) has a total electron yield higher than 1 [23, 24], meaning that it
is expected to charge positively and appear bright, when imaged at 1 kV.

Electron conducting carbon was observed to be darker than non-electron-dissipating
carbon particles, indicating that the later carbon type tends to charge positively.

Image processing

Segmentation and statistical data analysis of the 3D FIB/SEM image data was
performed with the program ImageJ (NIH). Because of uneven illumination, setting a
single threshold for entire micrographs was not feasible. Therefore the Sauvola algorithm
[25, 26] was used to perform local thresholds of the data. The Sauvola algorithm works
by dividing the input image into square windows (n x n pixel) and setting thresholds for
each of them based on the mean and standard deviation of the pixel intensities.
Visualizations of the 3D reconstructions of the data were performed with the program
Avizo (FEI).

Results

Impedance spectra modeling

The normalized” impedance of the fresh electrode (dots) with the modeling result
(line) using the model presented above is shown in Fig. 3(a,b). The Nyquist plot, Fig. 3(a),
consists of a small semicircle in the high frequency range (between 10 kHz and 10 Hz)
and a low frequency branch characterized by a diffusive tail (with an angle close to 45°).
Modelling values are given in Table 3.

! Normalized to the geometrical surface area 2.545 cm?
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The high frequency side of the semicircle intersects with the x-axis at 9 Qcm? (Rg).
This value originates mainly from the ionic resistance of the electrolyte between the
cathode and the Li reference electrode. As mentioned above, the semicircle (RaQar) can
be assigned to the interface between the Aluminum current collector and the porous
cathode [14], where Ra corresponds to the contact resistance between current collector
and the LiFePO,/C network, while Qa is the constant phase element which represents the
double layer capacitance at this interface. The effective double layer capacitance Cp is
subsequently calculated [19] and presented in Table 3. The low-frequency part (TL) of
the Nyquist plot models the electrode/electrolyte interface (with Re;, Cqi and Finite Space
Warburg diffusion of Li* ions inside the LFP particle with radius r) [20-22] including the
electron resistivity through the Carbon Black and the ion resistivity into the pore (with
lenght L) filled with the electrolyte [15-17]. The LFP particle radius used in this fitting
are 55 and 40 nm for fresh and aged electrode respectively, while the pore length L is 22
um. The particle size values were obtained by particle size distribution analysis reported
elsewhere [28].
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Figure 2. (a) Nyquist and (b) Bode plot of the fresh electrode at 0% SOC including fit
using the equivalent circuit in equation 1. (¢) Nyquist and (d) Bode plot of fresh and aged
electrode at 0% SOC. The EIS measurements are performed after discharging the
electrodes at 3V, at OCV after relaxation. All insets show a zoomed view of the high
frequency region.

Figure 2 (c,d) shows the impedance response of both fresh and aged electrodes at the
discharged state. Comparing the two impedance response is possible to observe an
increase in the size of the first semicircle and of the transmission line. As seen in Table 3,
the modelling suggests that these increases are mainly due to a raise in the electric and
the ion resistivity in the porous electrode.
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TABLE Ill. Results from EIS fitting.

RQ element Transmission Line
RAI CAI Rct Cdl D Riun,L Rel
(@cm?) (uF) (@cm?) (F) Cem’s?)  (eem?)  (@em?)
Fresh 68 42 0.66 0.75 2.7-101 8760 21
Aged 142 3 3.27 0.64 29101 17260 1546

The aged electrode shows a big rise in the contact resistance Ra between current
collector and porous electrode and slight decrease in double layer capacitance Cg. The
charge transfer resistance R at the interface between electrode material and electrolyte,
is observed to be higher in the aged electrode than in the fresh electrode, while Cqy is
smaller. As expected, the Li" ion diffusion coefficient was relatively constant, and it is in
agreement with value found in literature [27]. Interestingly, the ionic resistance is seen to
double, while the electron resistance within carbon black additive drastically increases.

Low-voltage FIB/SEM

Figure 3 shows SEM images after FIB slicing, recorded at low accelerating voltage (1
kV), of the fresh electrode (region F2, Fig 3(a,b)) and of the aged electrode region A2,
Fig. 3(c,d). SEM images of other regions are reported by Scipioni et al [28]. The images
were recorded with E-T detector Fig. 3(a,c) and with the In-lens detector Fig. 3(b,d).

In the images recorded at 1 kV with the E-T detector Fig. 3 (a,c) we can observe a
very bright area on the top, which is the electrode surface. It is possible to distinguish
three different phases: the grains with the brightest contrast are LFP particles, the almost
black regions are CB and the large grey areas in-between are pores filled with silicon
resin. The fresh electrode, Fig. (3a) shows a relatively homogeneous distribution of sub-
micrometer LFP grains and CB particles. On the contrary, the aged sample (Fig. 3c) has a
less homogeneous distribution of both LFP and CB and an increased porosity. The aged
sample is further characterized by the presence of larger CB agglomerates surrounding
some LFP grains, which is not observed in the fresh electrode.
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Figure 3. SEM images at 1 kV of the (a,b) fresh and (c,d) aged electrode recorded with
the (a,c) Lateral E-T and (b,d) In-lens detector.

In the images recorded at 1 kV with the In-lens detector it can be observed that the
silicon resin has high intensity in the parts of the sample not adjacent to electron
conducting phases. This indicates that the silicon resin is charging negatively due to low
conductivity to the ground. The CB network is instead expected to have a good
conductivity and connectivity to the ground. Consistent with this expectation, the CB in
the fresh sample has a dark contrast, which indicates minimal charging Fig. (3b).
However, in the aged electrode on Fig. (3d) large agglomerations (circled in red) of what
appears to be CB are brighter than other CB regions. This indicates that those
agglomerations are charging negatively i.e. have lost connection to ground and/or have
low conductivity. In other words, these CB regions appear not to be electron percolating.

3D Reconstruction

The SEM images, recorded after FIB slicing from the five dataset F1, F2, Al, A2 and
A3 have been used for three dimensional reconstructions. Fig 4 shows a volume
rendering of the 3D FIB tomography reconstruction after image segmentation of the 1 kV
Lateral E-T image dataset from F2 and A2. Other 3D reconstructions can be found in [28].
From the figure it can be observed that all phases are less homogeneously distributed in
A2 in all three dimensions, and not only in the single slice presented in fig. 2.
Furthermore large CB agglomerates are seen in the aged electrode [28].
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Figure 4. Volume rendering of the 3D reconstruction of a) fresh and b) aged electrode,
after segmentation of Lateral E-T images.

The segmented regions from the 5 dataset have been used to extract and calculate
statistical data. Table 4 shows the calculated phase fraction for all the volumes.
Furthermore the average LFP particles size for the fresh and the aged electrode were
calculated equal to 110 and 80 nm, respectively. More results from the particle size
distribution analysis can be found in [28].

TABLE IV. Phase volume fraction for fresh and aged electrode.

Fresh Aged
Ph F1 F2 . Al A2 A L
ase (Av. and Deviation) 3 (Av. and Deviation)
LiFePO, 23% 17% 20% + 3% 12% 18% 12% 14% + 3%
CB 16% 15% 15.5% + 0.5% 16% 5% 26% 16% + 9%
Pores 61% 68% 64.5% + 3.5% 2% T77% 62% 70% + 6%

As described in relation to Fig. 2, by using the images recorded by the In-lens
detector for 3D segmentation we can distinguish between percolating and non-percolating
CB. Fig. 5 shows a volume rendering of the 3D reconstruction of the CB network in F2
and A2. The amount of non-percolating CB was 29% in A2 and 0% in F2.

Fresh Electrode

B Aged Electrode
(region F2) -

(regionA2) g '

Conductivity

O Llow
@ High

Figure 5. Volume rendering of the 3D reconstruction of a) fresh and b) aged carbon
network, after segmentation of In-lens images.
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Discussion

The impedance spectra modeling, indicates that most of the electrode degradation is
due to changes in morphology and electrical conductivity of CB additive. Presence of
low-conductive carbon, as shown by low-voltage FIB/SEM tomography, is clearly found
to lead to an increase in electric resistivity both at the aluminum/electrode interface and
throughout the CB network. This is suggested by the rise in Ra in the first semicircle in
the aged electrode. The drop in Cq is also expected after CB agglomeration, having a
smaller surface in contact between the CB network and the current collector, and being
Cq directly proportional to the surface area. The lithium ion R is also found to increase
in the Randles circuit which models the electrode/electrolyte interface: it is an effect of
lower electron transport by carbon, which should foster (de)lithiation process. The Cq is
again observed to decrease, because of a smaller electrode surface area after CB
agglomeration, while the Li* ion diffusion coefficient within LiFePO, seems to not be
affected. This could be an indication of almost no degradation occurring in the LiFePO,
lattice. The rise in Rign . in the infiltrated pores, as shown by the Transmission Line, is not
clearly understood, but it may be caused by formation of micropores, with a higher ion
resistivity, after LFP cracking and/or increased tortuosity to electrochemically active sites.
The most important result from the EIS model is the huge increase in electron resistance
Rer throughout the CB network, of about two orders of magnitude. This higher resistance
correlates with the presence of the non-conducting carbon phase which prevents the
electron transfer within the electrode.

Conclusion

In this work a fresh and a degraded laboratory-made Li-ion battery LiFePO,/C electrode
were characterized by impedance spectroscopy (EIS) and low-voltage FIB/SEM analysis
to correlate degradation mechanisms to observed loss in capacity.

Modeling of the EIS indicates a large increase with cycling in the electron resistance in
the Carbon Black (CB) network in both the aluminum/electrode interface and the
electrode/electrolyte interface.

The electron percolation in the CB network was studied with low-voltage FIB/SEM
tomography. Low acceleration voltage (1 kV) permitted a detailed study of charging
effects in CB agglomerates observed in the aged cathode, indicating that they have a low
electronic conductivity.

The presented method combining low-kV SEM in-lens imaging with FIB 3D tomography
can yield detailed information about the amount of low-conductivity carbon in aged
LiFePO,/C electrodes and we hope the method will prove valuable in failure analysis of
battery electrodes, thereby assisting in improving existing and future battery technologies.
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SUMMARY

LiFePOy-based cathodes suffer from various degradation mechanisms, which influences the battery performance. In this
paper, morphological and structural degradation phenomena in laboratory cathodes made of LiFePO, mixed with carbon
black (CB) in a 1 mol/L LiPF4 in EC: DMC (1:1 by weight) electrolyte are investigated by transmission electron micros-
copy at various preparation, assembling, storage, and cycling stages. High-resolution transmission electron microscopy
imaging shows that continuous SEI layers are formed on the LiFePO, particles and that both storage and cycling affect
the formation. Additionally, loss of CB crystallinity, CB aggregation, and agglomeration is observed. Charge-discharge
curves and impedance spectra measured during cycling confirm that these degradation mechanisms reduce the cathode

conductivity and capacity. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Lithium iron phosphate, LiFePO, (LFP), is a common cath-
ode material in lithium-ion batteries [1,2]. It combines rea-
sonably good cycle life, low cost and toxicity, high open-
circuit voltage around 3.4 V versus Li*/Li, and a theoretical
charge/discharge capacity of ~170 mAh/g [3-5]. LFP has a
low electronic conductivity, which requires mixing with
carbon or a conductive polymer to ensure good electric
conductivity and power density [6-8].

Several degradation phenomena can occur in this type
of cathode. Among these, cycling-related micro-cracks in
larger LFP grains [9-11], loss of crystallinity [12], and ac-
tive material [9] as well as carbon aggregation and agglom-
eration [13,14] are known to negatively affect the electrode
performance and cause capacity fading. LFP nanoparticles
are surface sensitive to modifying additives [15-19]. The
electrolyte composition, the use of additives, and the elec-
trode charge/discharge history affect the morphology of
decomposition compounds, the solid electrolyte interface

Copyright © 2016 John Wiley & Sons, Ltd.

(SEI) layer formation, and the related electrode perfor-
mance [20-23].

Here, we present a study of laboratory LFP electrodes in
1 mol/L LiPF in EC: DMC (1:1 by weight) at different prep-
aration, assembling, and testing stages. Transmission electron
microscopy (TEM) of as-received LFP and carbon black (CB)
powders, as-prepared LFP-CB, LFP-CB stored in the electro-
Iyte, and LFP-CB after 100 charge/discharge cycles is used to
investigate nanostructural changes including SEI layer forma-
tion. A heterogeneous electrode structure, formation of sec-
ondary phases, and multilayered SEI are observed in the
cycled electrode. Although not investigated in detail in this pa-
per, the latter interestingly indicate that the electrode history —
to some extent —is stored and can be detected in the SEI layers.

2. EXPERIMENTAL DETAILS

Laboratory LFP-CB cathode specimens were prepared
from LFP nanoparticles (MTI Corp., Richmond, CA,
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USA), Super C65 CB (Timcal, Bodio, Switzerland), and
polyvinylidene fluoride (PVdF). The microstructure of as-
received LFP and CB nanoparticles was studied sepa-
rately and referred to as ‘pristine’ samples. The LFP,
CB, and PVdF were mixed with a ratio of 80:10:10 and
dissolved in N-methyl-2-pyrrolidone (NMP) solvent by
magnetic stirring for 10 h. The PVdF was used as binder
to enhance the adhesion to the current collector. After
magnetic stirring, a TEM specimen was prepared by put-
ting a small drop of the cathode mixture on Au TEM grids
with a holey carbon support film. Subsequently, it was
dried at 120 °C under vacuum. The sample was investi-
gated in the TEM microscope and is referred to as the
‘fresh cathode’. After TEM characterization, the fresh
cathode was kept in a standard 1M LiPFs in 1:1
EC/DMC electrolyte for 72 h, rinsed with diethyl carbon-
ate, and dried at 120 °C under vacuum. The sample was
investigated once again in the TEM and referred to as
the ‘stored cathode’.

Two electrodes were prepared by drying the LFP, CB,
and PVdF solution in NMP solvent (described earlier) on
an Al current collector at 120 °C under vacuum. The elec-
trodes were then subjected to respectively 2 and 100
charge/discharge cycles in a three-electrode EL-CELL®
ECC-Combi cell house at 0.1 °C using lithium metal foil
as counter and reference electrodes and a glass fiber sepa-
rator soaked with the standard 1M LiPFg in 1:1
EC/DMC electrolyte. After cycling, the cell houses were
disassembled in a glove box, and the two electrodes were
rinsed with diethyl carbonate to remove the remaining
electrolyte before being dried at 120°C under vacuum
and subsequently embedded in silicon resin. The elec-
trodes cycled two times and 100 times are referred to as
the ‘reference cathode’ and ‘aged cathode’, respectively.
After curing of the resin, a TEM lamellar specimen of the
aged cathode was prepared by focused ion beam (FIB)
milling using a 30-kV Ga ion beam (Zeiss Crossbeam
XB1540; Germany). Scanning electron microscopy
(SEM) images of the reference and aged cathodes were
also obtained using FIB/SEM imaging with the same
Crossbeam XB1540 equipment. An overview of the stud-
ied samples is presented in Table I.

(Scanning) transmission electron microscopy, (S)TEM
imaging (bright-field, high-resolution, and high annular an-
gle dark-field imaging) of the LFP-CB cathode specimens

Morphological and structural degradation in LiFePO4-CB cathodes

was performed on a JEOL JEM 3000F equipped with a
300-kV field emission gun, high annular angle dark-field
(HAADF) STEM detector, and an Oxford Instruments X-
ray detector (Abingdon, UK) with an ultra-thin window
for X-ray energy dispersive spectroscopy (EDX) analysis.

Electrochemical impedance spectroscopy measure-
ments were performed on the two cycled cathodes in the
three-electrode EL-CELL® ECC-Combi using lithium
metal as counter and reference electrodes. Electrochemical
impedance spectroscopy measurements in a frequency
range from 10mHz to 10kHz were obtained from the
LFP-CB reference and aged electrodes in the discharged
state at open-circuit voltage, after the cells had reached a
steady state defined by a voltage change less than 5 mV/h.

3. RESULTS

3.1. SEl layers

Figure 1(a) displays a bright-field image and a dark-field
(inset) TEM image of pristine off-the-shelf LFP nanoparti-
cles deposited on a lacey carbon grid. A high-resolution
TEM (HRTEM) image of one of the LFP particles is pre-
sented in Figure 1(b). A thin amorphous coating with a
thickness of ~1nm is observed at the particle surface.
Figure 1(c) and (d) shows respectively a bright-field
TEM and a HRTEM image of pristine CB nanoparticles.
The inset in Figure 1(c) shows a selected area electron
diffraction pattern of the CB particles.

Figure 2(a)—(c) presents bright-field TEM images of the
(a) fresh, (b) stored, and (c) aged cathode microstructures
with LFP (dark contrast and large particles) and CB nano-
particles (light contrast and smaller particles) distinguished
by amplitude contrast [24]. In Figure 2(c), the relatively
dark LFP particles are indicated by black arrows, and the
lighter CB particles are indicated by white arrows. In
Figure 2(c), the gray contrast background arises from the
Si-resin stabilizing the TEM lamella.

Changes in the coating layer at the LPF particles
surfaces are observed in the magnified TEM images
[Figure 2(d)-(f)]. It is seen that the thickness of the
layers formed at the LFP particle surface increases from
the fresh [Figure 2(d)] to the stored [Figure 2(e)] and fur-
ther to the aged [Figure 2(f)] cathode. Representative

Table I. Overview of the investigated LFP-CB samples.

Number Name Description Sample

1 Pristine CB As-received CB powder Powder (TEM)

2 Pristine LFP As-received LFP powder Powder (TEM)

3 Fresh cathode LFP-CB (+ binder) Powder (TEM)

4 Stored cathode Sample 3 stored in electrolyte for 72 h Powder (TEM)

5 Reference cathode After 2 charge/discharge cycles FIB/SEM

6 Aged cathode After 100 charge/discharge cycles Lamellar (TEM) + FIB/SEM

TEM, transmission electron microscopy; CB, carbon black; LFP, LiFePOy; FIB, focused ion beam; SEM, scanning electron microscopy.

Int. J. Energy Res. (2016) © 2016 John Wiley & Sons, Ltd.
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Figure 1. (a) Bright-field transmission electron microscopy (TEM) image of pristine (off-the-shelf) LiFePO,4 nanoparticles on lacey car-

bon grid: The inset shows a (200)-reflected dark-field image of the corresponding area. (b) High-resolution TEM image of a single-crys-

tal LiFePO,4 nanoparticle. (c) Bright-field TEM image of pristine (off-the-shelf) carbon black (CB) nanoparticles. The inset shows a

selected area electron diffraction pattern of the corresponding CB nanoparticles. (d) High-resolution TEM image of a typical CB
nanoparticle.

HRTEM images are shown for the fresh [Figure 2(g)],
stored [Figure 2(h)], and aged [Figure 2(i)] cathode.
The thickness of the amorphous layer at the LFP particle
surfaces increases from ~3nm for the fresh cathode
[Figure 2(g)] to ~9nm for the stored cathode [Figure 2
(h)] and ~30nm for the aged cathode [Figure 2(i)]. In
the latter sample, the SEI consists of distinct layers.
The relation to the cathode history is debated further in
the discussion section. The inset in Figure 2 (g) shows
a magnification of one of the LFP/SEI layer interfaces
for the fresh sample. Further magnification of one of
the LFP/SEI interfaces for the aged cathode sample can
be seen in the Supporting Information, Figure Sl(a).
Fourier transforms of areas within the LFP particle and
coating layer are presented in Figure SI(b) and (c),

Int. J. Energy Res. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/er

respectively. Area selections for the Fourier transforms
are shown with dotted squares in Figure S1(a).

3.2. Carbon crystallinity

Selected area electron diffraction patterns of CB from the
fresh, stored, and aged samples are presented in Figure 3
(a), (b), and (c), respectively. The diffraction patterns were
obtained from the areas inside the dotted blue rings in
Figure 2(a)—(c) respectively. Diffraction intensity profiles
are shown as insets in the figure. The diffraction intensity
profiles are obtained by rotationally averaging the diffrac-
tion patterns and normalizing. A quantitative analysis of
the peaks in the diffraction profile is provided in Table II.
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5.nm

Figure 2. Transmission electron microscopy images of the (a,d,g) fresh, (b,e,h) stored, and (c,f,i) aged LiFePO, (LFP)-carbon black (CB)
cathode. The inset in (g) presents the magnified primary coating layer on LFP nanoparticles, and the inset in (i) shows the magnified
LFP/SEI layer interface.

3.3. Carbon agglomeration

A STEM-HAADF image of the aged sample is presented in
Figure S2(a). Elemental maps of the sample using STEM-
EDX are presented in Figure S2(b)—(f), and an average
EDX spectrum showing apparent presence of C, O, Fe, P,
Al and Si is illustrated in Figure S2(g). It is noteworthy that
Fluorine (F) is presumably present in the sample denoted by
a shoulder (~677eV) nearby the Fe peak (704 eV). How-
ever, it is likely impossible to resolve the F-presence be-
cause of small difference between Fe and F peaks (27 eV)
compared with measurement resolution of our EDX detec-
tor (~140¢eV). Fe is known to be part of LFP and thus pres-
ent in the sample firmly, whereas it cannot be concluded
from the EDX map whether F is present in the sample. Ad-
ditionally, the Al map is not provided because the Al counts
were too weak to form a clear visible spatial distribution.

In the STEM-HAADF image, carbon appears as dark con-
trast areas, whereas the Si-epoxy resin is visible as grey con-
trast and the LFP is bright-contrast, in accordance with the
Z-contrast rule in HAADF imaging. A high-magnification
BF-TEM image of the carbon as seen in the upper part of
Figure S2 is presented in Figure S3(a), and a STEM-HAADF
image of the same region is shown in Figure S3(b).

Scanning electron microscopy images of the reference
and aged electrode are presented in Figure S4. Relative to
the reference electrode, increased heterogeneity and forma-
tion of agglomerates are observed in the aged electrode.

3.4. Charge-discharge cycling

Figure 4 displays 0.1 °C charge—discharge curves for the refer-
ence and aged LFP-CB cathode. The two cathodes show sim-
ilar initial charge capacity, but the aged cathode shows a

Int. J. Energy Res. (2016) © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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5 1/nm

Figure 3. Selected area electron diffraction electron diffraction patterns of carbon black particles for (a) fresh cathode, (b) stored cath-
ode, and (c) aged cathode recorded inside the dotted blue rings in Figure 2(a)-(c), respectively. The insets show normalized intensity

profiles.

Table Il. Selected area electron diffraction peak data.

(002) peak
Diffraction

(101) peak

quantity Fresh Stored

Aged Fresh Stored Aged

Intensity (a.u.) 1.13+0.02 0.96 +0.02
FWHM (a.u.) 0.22+0.02 0.25+0.02

0.15+0.02 0.47 +0.02 0.36 £0.02 0.30+0.02
0.35+0.02 0.36 £0.02 0.47 £0.02 0.58 +0.02

FWHM, full width at half maximum.
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Figure 4. Charge/discharge curves for the reference and aged cathodes recorded at 0.1 °C.

significant reduction of charge capacity during cycling, ending 3.5. Impedance analysis

at~40 mAh/g after 100 cycles. The DC resistance — here cal-

culated as the difference between the horizontal voltage level Figure 5 shows impedance spectra recorded for the refer-
during charging and discharging (i.e., two times a DC over- ence cathode and for the aged cathode at various state of
voltage of 37 mV), divided with two times the applied DC cur- charge (SOC) and cycling number. The equiaxial Nyquist

rent — is fairly constant with cycling around 2000 Q cm”.
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plot, Figure 5(a), shows impedance spectra for the aged
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Figure 5. (a) Nyquist and (b) Bode plots of impedance spectra recorded at various state of charge with the aged electrode after

five cycles. (c) Nyquist and (d) Bode plots of impedance spectra recorded with the reference electrode (blue and green spectra) and

with the aged electrode (yellow-red-black spectra). (e) Nyquist and (f) Bode plots showing a zoom of the high-frequency part of the
spectra presented in (c) and (d).

cathode recorded at decreasing SOC from 100% to 0%
SOC after five full cycles at 0.1 °C. Figure 5(b) shows a
Bode plot of the same spectra. A Nyquist plot of imped-
ance spectra for both the reference and aged cathode at var-
ious cycling number is presented in Figure 5(c). The
spectra were recorded at 0% SOC, that is, at 3 V. A Bode
plot of the same spectra is presented in Figure 5(d). Zooms
of the spectra are presented in Figure 5(e) and (f).

4. DISCUSSION

4.1. SEIl Layer formation

From Figure 1(b), it is seen that the pristine LFP particle is
crystalline and has a thin amorphous coating with a thick-
ness of ~1 nm at the surface. The coating is an electron con-
ductive amorphous carbon layer deposited by the supplier.

The relatively distinct thin circles in the inset in Figure 1(c)
show that CB is quasi-crystalline in agreement with previously
findings [25,26]. Figure 1(d) reveals concentric single-crystal
sheets in CB particles oriented approximately parallel to the
electron beam. A distance of 0.34+0.02nm between the
sheets was obtained from a Fourier transform of the HRTEM
image. This is in agreement with the previously reported
distance of 0.36 nm between CB(002) planes [26-28].

The overall contrast and morphology of the aged cath-
ode [Figure 2(c)] seem to be different from that of the fresh
[Figure 2(a)] and stored [Figure 2(b)] cathodes. However,
at this magnification, the main difference in appearance is
due to the difference in sample preparation. The fresh
and stored cathode samples were prepared on Lacey car-
bon grids, whereas the aged cathode sample was a TEM
lamella from the cycled cathode. In the lamella [Figure 2
()], the gray contrast background arises from the Si-resin
filling the pores between the LFP and CB particles while
stabilizing the TEM lamella.
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The measured difference in the thickness of the amor-
phous layer on the surface of the LFP particles in the pris-
tine (~1nm) and fresh sample (~3nm) [Figure 1(b) and
Figure 2(g)] could possibly be ascribed to the electrode
preparation [29]; however, it should be noted that the dif-
ference is comparable with the measurement uncertainty.

The Fourier transform of the LFP coating layer in [Fig-
ure S1(c)] shows broad diffuse rings thus confirming that
the coating is amorphous. The Fourier transform of the
LFP particle in [Figure S1(b)] shows bright spots. The
measured lattice spacing agrees with the distances between
LFP lattice planes within an estimated measuring error of
6%. This confirms that the crystalline structure of the
LFP particle survived the cathode preparation and
subsequent cycling.

The composition of the coating on the pristine LFP par-
ticles was not provided by the manufacturer. The EDX Al
signal was too weak to provide a map with enough spatial
resolution; however, from the EDX spectrum [Figure S2
(2)], Al is seen to be present in the aged sample. This in-
dicates that the coating on the pristine LFP particles could
be an Al-containing coating such as AlF;, which are
known to suppress iron dissolution and improve the
cycling capability [30,31].

It is observed that while the coating layers in the fresh
[Figure 2(g)] and stored [Figure 2(h)] cathodes appear as
one single amorphous layer, the coating layer in the aged
cathode [Figure 2(i)] seems to consist of several layers
distinguishable by different contrast levels.

The observation of a growing amorphous SEI layers on
LFP during exposure to the electrolyte agrees with previ-
ous reports [32,33]. It has also been reported that SEI
layers can grow during battery charge/discharge cycling
and dismantling [33,34].

Specifically, LFP nanoparticles are surface sensitive to
modifying additives, which means the electrolyte composi-
tion is important for the morphology of decomposition
compounds and SEI layers formed on LFP surfaces [15—
18]. For instance, continuous SEI layer formation on LFP
using 1 mol/L LiPFq in EC/PC/EMC (0.14/0.18/0.68 wt.
%) has previously been observed by Borong W. et al.
[19] The addition of fluoroethylene carbonate to the elec-
trolyte was observed to maintain layer continuity while af-
fecting the SEI morphology and the impedance associated
with the SEI layer. Contrary to this, heterogeneous forma-
tion of electrolyte decomposition compounds such as
Li,COj3 and LiF was observed on LFP in 1.2 mol/L LiPFg
in EC:DMC (1:1 by weight) electrolyte by C. C. Chang
et al. [20]. Tt was noted that the addition of tris
(pentafluorophenyl) borane suppresses this heterogeneous
formation. Similarly, heterogeneous deposition of surface
compounds was observed on LFP using 1 mol/L LiPF6 in
EC:DEC (2:1 by weight) as electrolyte [21,22].

An interesting complementary X-ray photoelectron
spectroscopy and in-situ atomic force microscopy study
suggested that SEI layers formed on a highly oriented py-
rolytic graphite electrode in 1 mol/L LiPF6 in EC:DMC
(1:1 by weight) consist of a thin and scattered top layer
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with a dense and more continuous bottom layer [23]. Im-
portantly, the layer formation was observed to dynamically
depend on the anodic/cathodic electrode operation. In other
words, the electrolyte composition, the use of additives,
and the electrode charge/discharge history were shown to
be important for the morphology of decomposition com-
pounds and SEI layer formation on LFP surfaces. This in-
dicates that the layers observed in Figure 2(i) could include
the primary coating layer and different SEI layers formed
when the cathode was stored and cycled.

4.2. CB crystallinity

Relative to the selected area electron diffraction profile
from the fresh cathode [Figure 3], a reduction of peak in-
tensity and peak broadening is observed for both the stored
and in particular the aged sample. Decreasing CB crystal-
linity during storage has previously been observed [35],
and the peak broadening and peak intensity decrease indi-
cates that the CB crystallinity decreases during storage in
electrolyte and during cycling. It should be noted that in
the aged cathode, the amorphous Si-resin — to some extend
— tends to smear out the electron diffraction pattern thereby
causing additional peak intensity reduction and peak
broadening.

4.3. CB agglomeration

The area within the blue dotted circle in Figure 2(c) shows
an aggregate of particles. Here, it is important to distin-
guish between aggregation (gathering of carbon particles)
and agglomeration (nucleation of new amorphous phases)
[13]. A zoom on the aggregated particles is presented in
the upper left part of the BF-TEM image [Figure S3(a)].
Here, it is seen that the aggregated particles have partly nu-
cleated to form an agglomerate. The same area is shown in
the STEM-HAADF image in Figure S3(b). Here, the car-
bon (black), Si-resin (grey), and the LFP (white) can be
distinguished by brightness contrast, which confirms that
the agglomerate primarily consists of carbon. The area
shown in Figure S3 is part of the larger area mapped in
Figure S2 (upper, right part). Figure S2(f) shows that the
Si-resin contains more carbon than the LFP particles and
that the agglomerate contains more carbon than the Si-
resin.

It should be noted that TEM images only show smaller
parts of the cathodes and are therefore prone to severe sta-
tistical errors. SEM images [Figure S4(a) and (b)] show
larger parts of the reference and aged electrode with im-
proved statistical information. Comparing the two SEM
images, we observe that, relative to the reference electrode,
a more heterogeneous structure and larger agglomerates
are observed in the aged cathode.

It has previously been suggested that Brownian motion
may cause aggregation of CB particles [36,37]. The CB ag-
gregation is most likely enhanced by mechanical stress, be-
cause of expansion/contraction of LFP upon cycling and/or
Fe dissolution from LFP grains [38]. Self-agglomeration of
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Cgs and Super P is previously observed in LiCoO, cathode
systems [29,39]. Similarly, Cqs agglomeration has been
observed in cycled LMNO/Cgs electrodes where Fourier
transform infrared spectroscopy analysis of the cycled
electrode indicated decomposition reactions and possible
formation of alkyl carbonates [40]. Thus, in the present
study, the observed decrease of CB crystallinity is likely
related to the formation of carbon agglomerates.

It should be noted that pristine CB consists of particles
that have grown into each other as part of the combustion
process so that they share graphitic sheets. This means that
the pristine CB — to some extent — already forms agglom-
erates. However, the agglomerates observed in the aged
sample [Figure S4(b)] are significantly larger than the ag-
glomerates in the pristine CB. Specifically, quasi-
crystalline round-shaped CB nanoparticles are observed
in both the fresh and the stored cathode, whereas spherical
CB nanoparticles are difficult to find in the TEM specimen
from the aged sample. Here, the carbon has primarily
formed amorphous chains rather than spherical particles.

Relative to commercial cathodes, the investigated
laboratory-made cathode has a rather poor particle packing
with large open pores, which enhances carbon particle ag-
gregation and subsequent formation of large agglomerates
[14]. Amorphous carbon has a lower electric conductivity
than the quasi-crystalline CB [8,41,42], which means that
the formation of large carbon agglomerates with decreased
crystallinity along with the increased heterogeneity in the
aged sample will likely decrease the electric conductivity
in the carbon network.

4.4. Charge-discharge cycling

The capacity loss observed in LFP batteries is normally as-
cribed to the negative graphite electrode [43], and related
to the thick SEI layers of several hundredth of nm that
can be formed here [44]. However, the thickness of the
SEI layers formed on the LFP particles in this study is
much smaller [Figure 2(f) and (i), ~30 nm] than the thick-
ness of the SEI layers normally formed at the negative
graphite electrode. For this reason, the SEI layer formation
at the LFP surface is not expected to contribute signifi-
cantly to the observed capacity fade seen for the aged
LFP electrode in Figure 4.

In commercial batteries, the resistance of the LFP elec-
trode is normally significantly larger than the resistance at
the graphite electrode [45]. Thus, for such batteries, SEI
layer formation at the LFP is likely to affect the battery
resistance rather than the battery capacity. The DC resis-
tance (before onset of concentration polarization) is fairly
constant [Figure 4] around 2000 Q cm? (=37mV/
40 uA~n~9mm2), so the SEI layers formed on the LFP
particles during storage and cycling do not seem to affect
the DC resistance.

At the low C-rate used in this manuscript, the DC over-
potentials are related to the critical over-potential required
to initiate lithiation/delithiation in the LFP particles [46].
It is believed that this over-potential is not affected by
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the local increase in current density with capacity fading
at the individual LFP particles, because the applied current
densities are relatively small — even after the observed ca-
pacity fade.

4.5. Impedance analysis

The semi-circle in Figure 5(a) occurring between 10kHz
and 100 Hz [Figure 5(b)] is independent of SOC. This is
in agreement with the conventional assumption that this
arc is related to the interface between the current collector
and the cathode materials [47-51]. The mid-low frequency
range (between 10 Hz and 10kHz) [Figure 5(b)] is charac-
terized by a larger semicircle [Figure 5(a)] that transitions
into a low-frequency tail with an angle of 45° in the
Nyquist plot [Figure 5(a)], which is usually related to
respectively electrode/electrolyte interface reactions and
diffusion of lithium ions in the LFP particles [52,53]. This
part of the spectra is seen to be dependent of SOC in
particular at low and high SOC.

Figure 5(c) and (d) (zoom in (e) and (f)) shows that both
the high-frequency part and the low frequency part in-
crease because of cycling. Relative to the reference cath-
ode, the aged cathode exhibited increased heterogeneity
in the carbon network, carbon agglomeration, and
decreased carbon crystallinity. Additionally, loss of elec-
tric percolation has been reported for the aged LFP CB
electrode using low-kV FIB/SEM [11,14]. These degrada-
tion mechanisms are expected to decrease the electric con-
ductivity in the CB network, thereby increasing the size of
the high-frequency arc.

The resistance related to the low-frequency part of the
impedance spectra in Figure 5 is also observed to increase
with cycling. The value of the real part of the lowest-
frequency impedance in part (c) is larger than the
~2000 Q cm? DC resistance. This is because the impedance
is measured at 0% SOC where the overvoltage deviates
from the DC overvoltage of 37 mV.

It is important to note that the resistance associated with
the high-frequency arc is in the order of 75-175 Qcm?,
which is small relative to the DC resistance of
~2000 Qcm?. Thus, the increase with cycling of the size
of the high-frequency arc does not significantly affect the
DC resistance.

5. CONCLUSIONS

Laboratory assembled electrodes of LFP-CB were investi-
gated at different preparation, storage, and cycling stages
by complementary TEM and SEM microscopy techniques,
charge—discharge capacity curves, and impedance
spectroscopy.

Decreased crystallinity of CB particles was observed in
an electrode cycled 100 times. Additionally, agglomeration
of carbon was seen in the electrode. The decrease in the
crystallinity and CB agglomeration is expected to decrease
the electrical conductivity in the CB network. Impedance
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spectroscopy was performed on the cycled electrode every
10cycles. The spectra showed an increasing resistance
with cycling in the high-frequency impedance arc. This
arc was independent of SOC and associated with the CB
network — current collector interface. The increase in the
arc resistance was linked to a decrease in the
conductivity/percolation of the CB network.

Storage in electrolyte and charge/discharge cycling was
shown to increase the thickness of amorphous SEI layers
formed at the LFP surfaces. Interestingly, a multilayered
SEI was formed on the cycled electrode. This suggests that
the operational history of the electrode to some extent is re-
corded by the SEI layer and points towards research that
can ‘read’ this history. More systematic studies of the cor-
relation between SEI layer formation and changes in the
electrode impedance are required to quantify and solidify
these conclusions.
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Carbon black (CB) additives commonly used to increase the electrical conductivity of electrodes in Li-ion batteries are generally
believed to be electrochemically inert additives in cathodes. Decomposition of electrolyte in the surface region of CB in Li-ion cells
at high voltages up to 4.9 V is here studied using electrochemical measurements as well as structural and surface characterizations.
LiPFg and LiClOy dissolved in ethylene carbonate:diethylene carbonate (1:1) were used as the electrolyte to study irreversible charge
capacity of CB cathodes when cycled between 4.9 V and 2.5 V. Synchrotron-based soft X-ray photoelectron spectroscopy (SOXPES)
results revealed spontaneous partial decomposition of the electrolytes on the CB electrode, without applying external current or
voltage. Depth profile analysis of the electrolyte/cathode interphase indicated that the concentration of decomposed species is highest
at the outermost surface of the CB. It is concluded that carboxylate and carbonate bonds (originating from solvent decomposition)
and LiF (when LiPFs was used) take part in the formation of the decomposed species. Electrochemical impedance spectroscopy
measurements and transmission electron microscopy results, however, did not show formation of a dense surface layer on CB
particles.
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The growth of earth’s population with concomitant increase in
energy consumption require development of renewable energy con-
version technologies coupled with advanced energy storage systems
like lithium batteries.'* In order to increase the power density in Li-ion
batteries, much research is focused on developing cathode materials
that can operate at high voltages (above 4.5 V vs. Li/Li*) with a high
capacity, high cycling stability, and good rate capability.>> However,
at high voltages, all the components of positive electrodes includ-
ing the Al current collector, polymer binders, conductive additives,
and other possible additives have an increased risk of degradation.
In addition, one of the main issues with high voltage batteries is the
instability of common aprotic electrolytes at voltage above 4.5 V.%7
The stability of the electrolyte/cathode interphase is related to the
chemistry of electrolyte solvents and salts and also to the chemistry
of the components of the cathode.

Carbon black (CB) additives are one of the main constituents of
cathodes, added to increase the electrical percolation and thus the
electronic conductivity.*® Though the weight percentage of CB in
commercial batteries is generally very small, it composes a rather
large part of the internal surface area of a cathode due to its small
particle size (=50 nm), low density, and high surface area. CBs are
generally thought of being an electrochemically inert additive in cath-
odes, but few studies have investigated the role of CBs at high voltages
and have indicated that CBs exhibit irreversible electrochemical reac-
tions resulting in appreciable irreversible charge capacities.'*'® This
charge capacity is attributed to oxidation reactions, anodic degradation
of aprotic electrolytes on the surface of CBs, side reactions involv-
ing binder and salt, and intercalation of anions such as PF¢~ (partly
reversible) and solvent molecules into graphitic layers.'*!* The oxi-
dation voltage, decomposition products, and possible formation of a
surface layer are dependent on the chemistry of electrolyte and the
surface area and the surface functional groups of CBs.!%!* This is sim-
ilar, but not identical, to the concept of formation of solid electrolyte
interphase (SEI) on anodes. This SEI-like layer is often referred to as
a solid permeable interphase (SPI)* or cathode electrolyte interphase
(CEI?! and can ideally prevent further parasitic reactions between
electrolyte and cathode materials. According to La Mantia et al. the
oxidation of surface active groups occurs around 4.5-4.6 V.'> They
showed that the first charge capacity is dependent on the charge rate,
which could indicate the formation of a SPI layer. This surface layer

*Electrochemical Society Active Member.
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was suggested to be made of Li,COs, LiF, and polycarbonates, but
was not analyzed to prove.'? In two recent studies Demeaux et al. and
Syzdek et al. suggested decomposition products from the electrolyte
on the surface of carbon particles at high voltages using FT-IR.!"!4
A surface layer of decomposed electrolyte formed on carbon parti-
cles can decrease electronic conductivity, and thus, hinder the overall
performance of the cathode.??

The aim of this work is to study parasitic reactions and possible
formation of a surface layer on Super P, as one of the most common
CB, in cathodes during the first few cycles at high voltages in Li-ion
cells with two different electrolyte salts, LiPFs and LiClOy4. The sur-
face layer on cathodes can be very thin, and thus, difficult to analyze
by SEM, XRD,'"* or conventional X-ray photoelectron spectroscopy
(XPS). Therefore, we used synchrotron-based soft X-ray photoelec-
tron spectroscopy (SOXPES), which is one of the most powerful tech-
niques for studying the outermost surface of compounds, to analyze
the surface of CBs. We chose to use relatively low excitation photon
energies to detect both crystalline and/or amorphous chemical com-
pounds at shallow depths from the surfaces of the cathodes. Tuning the
photon energies, we could achieve a nondestructive depth profiling of
the surface layer. In addition electrochemical impedance spectroscopy
(EIS), transmission electron microscopy (TEM) and energy-dispersive
X-ray spectroscopy (EDS) were used to characterize the change in
morphology, structure, and chemistry of CB before and after charging
to high voltages.

Experimental

Li-ion cells were assembled in a “Coffee-bag” (pouch cell)
configuration® using carbon black electrodes as the positive electrode,
Li metal as the negative electrode, and two layers of Celgard 2500
(Monolayer Polypropylene) membrane (dried at 60°C overnight) as
the separator. Cathodes were prepared by mixing Super P carbon black
(purchased from Erachem Comilog N.V.) with Kynar binder (Kynar
Flex 2801, Arkema) dissolved in (N-Methyl-2-Pyrrolidone) and cast-
ing on Al foil. The ratio of carbon:binder was 70:30 by weight. The
electrodes were dried at 120°C overnight and were cut to discs of
10 mm in diameter. A total mass of 0.42 mg Super P was used for
each electrode. The electrolyte mixture consisted of 1 M of either
LiPFs or LiClOy salts dissolved in EC:DEC (vol. 1:1), where EC
is ethylene carbonate and DEC is diethyl carbonate purchased from
BASF. 200 1 of electrolyte were added to each cell. The electro-
chemical characterizations were performed using a BioLogic VMP3
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Figure 1. Equivalent circuit used for the analysis of the impedance spectra (right) including equivalent circuit of a pore described by a transmission line (left).

multichannel analyzer. A constant current of 5 |LA yielding the current
density of about 6.4 jLA.cm™2 and voltage limits of either 4.9-2.5 V
or 4.3-2.5 V were applied for cycling cells used for SOXPES analy-
sis. For comparison, identical cells were assembled and stored for 3
days without applying external current or voltage (hereafter referred
to as “stored” electrodes). Similar cells were assembled and cycled
between 5.2 V and 2.5 V for TEM and EDS analysis. Electrochemi-
cal impedance spectroscopy (EIS) measurements were performed in a
three-electrode EL-CELL ECC-Combi using lithium metal as counter
and reference electrodes. The cell was assembled inside the glove box
using glass fiber separator (and 200 pl electrolyte solution. EIS mea-
surements in a frequency range from 500 kHz to 10 mHz of CB
electrodes were obtained before (stored) and after stepwise charge to
4.9 V. All measurements were performed at OCV after the cell had
reached steady state defined by a change <5 mV/h. The impedance
results were modeled using the equivalent circuit presented in
Figure 1. The Rg-Ra Ca elements model the high-frequency region
where R corresponds to a resistance and C corresponds to a capacitor.
These values have been normalized to the geometrical surface area of
the electrode (0.785 cm?). The low-frequency region has been mod-
eled with a simplified transmission line (TL) for a porous electrode,
according to De Levie model.>*?* This model involves a cylindrical
pore with lenght L and radius r, filled with the electrolytic solution,
and the electronic resistance of the electrode is assumed to be much
lower than the ionic resistance of the solution (Rg <« Ry,,). In case of
a non-faradaic process, the overall impedance inside the pore is equal
to:

Rion,L

Z = | ———=— cothy/Ripn1 * joCy s2mr [1]

j(}JCdI'AZTU’

where Rjony1, is the ionic resistance of the electrolyte per unit pore
length (2cm™") and Cy 4 is the electrical double layer capacitance
per unit surface area (Fcm™2). From this model we calculated the total
double layer capacitance of the CB electrode Cq (F). The uniform
transmission line for a flooded ideally polarized porous electrode can
be seen in Figure 1. This model makes a good fit of the high- and
low-frequency regions of the experimental data, but shows a small
deviation in the mid-frequency part. Despite this, the model has been
chosen as it provides an acceptable fit with a meaningful physical
interpretation to the interface between CB surface and electrolyte in
the extended porous network. The double layer capacitance is related
to the total surface area A:

A

Ca = e [2]
where ¢, is the electric constant, and ¢ and [ is the dielectric constant
and the thickness of a surface layer, respectively. After cycling, Li-
ion cells were transferred to MAX-IV Laboratory where they were
dismantled in an Ar-filled glove box (H,O < 1 ppm). The carbon
electrodes were washed with several drops of dimethyl carbonate
(DMC). This washing is necessary to remove remaining electrolyte
species in order to obtain spectra from the surface of the samples.
The samples were mounted in a specially designed transfer chamber
and transported to the analyzing chamber without exposure to the
atmosphere. The measurements were performed using synchrotron
radiation (beamline I-411) at the MAX IV Laboratory. Photons were
monochromatized by a Zeiss SX-700 planar grating monochromator.
Core level spectra of carbon (C 1s) spectra were measured using two

different photon energies of 430 eV and 835 eV to obtain depth pro-
file analysis of surface layer on carbon cathodes. Core level spectra
of fluorine (F 1s) spectra were measured using photon energies of
835 eV. The spectra were energy calibrated using the hydrocarbon
peak at 285.0 eV. The spectra were intensity normalized to 1. Curve
fitting was performed using IGOR Pro, and a linear background was
subtracted before the spectra were deconvoluted. TEM imaging and
selected area electron diffraction (SAED) of CB was carried out by
using a JEOL 3000 F equipped with a 300 kV FEG. EDS was car-
ried out for compositional analysis by using an Oxford Instruments
detector with an ultra-thin window. The analysis was performed using
the Inca software. After opening the cells, the samples were washed
by DMC to remove the electrolyte. All specimens were prepared for
TEM by scratching electrode powders from the Al current collector
and the powder was dispersed dryly onto Au TEM grids with a lacey
carbon film. Particle sizes were analyzed from bright field TEM im-
ages using ImageJ software. To compare the intensities in the SAED
data, the patterns were circularly integrated and the all intensities were
normalized to the intensity of the first diffraction ring. XRD analyses
was performed using a Bruker D8 TwinTwin X-ray diffractometer
operating at 40 kV and 40 mA using Cu Ka radiation (A = 1.5406 A).

Results and Discussion

Figure 2a shows the first charge curves of Li-ion cells assembled
using CB cathodes with LiPFg or LiClO, as the electrolyte salts.
It can be seen that the LiClO4-based cell reached the anodic limit
of 4.9 V much faster than the LiPFg-based cell. In other words,
the LiClO, based cell provided a smaller charge capacity, about
50 mAh - g~!, while the LiPFs cell yielded a larger charge capacity of
about 800 mAh - g~!. These capacities are comparable (considering
differences in applied current densities) to previously reported re-
sults for Super P carbon black and noticeably smaller than capacities
of similar cells with graphitic carbons or high surface area carbons
like Ketjen black which provides irreversible charge capacity above
2000 mAh - g~!.1213

To investigate the reversibility of these capacities, the cells were
discharged to 2.5 V and then cycled 10 times between 4.9 and 2.5 V.
Figure 2b shows that the charge capacities were significantly higher
than the discharge capacities indicating irreversible electrochemical
processes during charge. In addition, the charge capacity decreased
significantly from the first cycle to the following cycles (note that the
capacities are presented on a logarithmic scale). The small discharge
capacity is the same in all cycles indicating that a minor reversible
reaction occurs on the CB cathodes. This reversible capacity is due to
the sum of the accumulated surface capacitance and the charge transfer
from any reversible electrochemical processes. The latter could be
intercalation/deintercalation of PFs~ or ClO4~ anions to/from the
positive electrode, as this can provide a small reversible capacity.®!>!°

The large irreversible capacity (defined as the difference between
the charge and the discharge capacity) can be explained by i) formation
of a AlF; passivation layer on the aluminum current collector via
decomposition of LiPFs ,***" and ii) reactions between the electrolyte
and the surface functional groups on the carbon surface. In order to
clarify the contribution of Al current collector corrosion to the total
irreversible capacities observed for CB cathodes, identical cells were
assembled using only an Al disk (as it is without any carbon black or
active material on it) as cathode. Figure 2c shows that the irreversible
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Figure 2. (a) First charge curves of Li-ion cells using CB cathode with LiPFg or LiClOy as electrolyte salt dissolved in EC:DEC (1:1) solvent. (b) Charge/discharge
capacities for the first 10 cycles of CB cathode cycled between 4.9-2.5 V using the same electrolytes. Solid points are for charge while open points are for discharge
capacities. (c) Logarithmic irreversible capacity vs. cycle number for a CB electrode and a bare Al electrode using LiPFg salt. (d) Same as (c), but divided by

surface area of the electrodes.

charge (Qy,) is order of magnitudes higher in the CB electrode than in
an Al electrode in cells with LiPFg electrolyte salt, showing that the
Al current collector corrosion is not the main origin of Q;,. However,
one may argue that the higher surface area of carbon particles causes
the higher degree of Qj, in the CB electrode. Figure 2d shows Qy;
per surface area of the electrodes. The surface area for the Al disk
is estimated to be 0.785 cm?, assuming a smooth surface. In case of
CB electrodes, the surface area is estimated by using a BET value of
62 m? - g~! for CB powder, assuming that all particles are available
for charge accumulation i.e. no surface blocking due to binder etc.
Thus, the total surface area of CB electrode is assumed to be equal
to 260 cm?. Figure 2d shows that Q;,/cm? of Al disk is significantly
deceased after few cycles, which is known to be due to formation of
a passivation layer of AlF;. However, Qir/cm? of CB electrode is still
about one order of magnitude higher for CB in the following cycles.
This finding confirms that Qj,, in long term cycling is originated from
CB particles. Winter et al. have shown that the nature and properties
of CBs such as presence of functional groups and graphitic structure
influence irreversible capacities at high voltage.'®"'® They have shown
that thermal treatment of CB results in graphitization of CB as well as
removal of functional groups, which consequently can decrease Qi
of CB.

To investigate a possible formation of electrolyte decomposition
species in or on CB particles at high voltages, CB electrodes were
analyzed using synchrotron-based SOXPES. Figure 3a shows Cls
spectra of a CB cathode cycled 10 times between 4.9-2.5 V us-
ing LiPFg as the electrolyte salts. Also, Cls spectra of a CB cath-
ode that was cycled between 4.3-2.5 V, as well as, Cls spectra of
pristine and stored CB electrodes are presented in the Figure 3a.
The Cls spectrum of the pristine sample contains 4 main contribu-
tions at the binding energies of 284.6 eV, 285 eV, 286.5 eV, and
290.9 eV assigned to Super P, hydrocarbons, CH, (from binder), and
CF, (from binder), respectively.”** There are also two small contri-
butions at binding energies of 288.7 eV and 293.5 eV representing
CF and CF3, respectively, in Kynar binder.-*" Interestingly, the C1s
spectrum of the stored sample shows different features compared to
the spectrum of the pristine sample, as the stored sample has a higher
intensity/contribution of the hydrocarbon peak (red peak at 285 eV).
Also, the intensity of the peak at 286.5 eV (green peak) is increased,
which indicates presence of C—O bond in the surface region of the

stored CB particles. In addition, a small peak has appeared at 287.5 eV
originating from O—C-O and/or C=0 bonds.?**" The changes in the
spectrum of the stored sample compared to the pristine sample shows
that the electrolyte solution partially decomposes in/at the surface of
CB particles when the electrode is immersed in the electrolyte. It
should be mentioned again that all the electrodes were washed with
DMC before SOXPES measurements to make sure no electrolyte re-
mained on the surface of electrodes. Similar, but not identical, results
regarding the surface degradation on stored carbon electrodes have
been observed in other studies using FTIR.!"'* Demeaux et al.!' pro-
posed that polyether and polycarbonate species form on the surface
of CB samples stored for longer time (4 weeks) at higher temperature
(40°C). While our SOXPES confirms formation of ether-based
species, we did not observe formation of carbonate-based compound
on the stored samples. Also, Demeaux et al.!! suggested a formation of
a surface layer based on scanning electron microscopy (SEM). How-
ever, Syzdek et al. did not detect any surface layer in SEM results, and
this was explained by the possibly removal of any surface layer by
DMC prior to imaging.'* The formation of decomposition species in
the stored sample may take place by a redox reaction as the cells have
open circuit voltage about 3 V vs. Li/Li*.!" Compared to well-studied
storage degradation of cathode materials,>'=* less attention has been
paid to spontaneous reaction occurring in the surface region of stored
CB. Thus, the presented results are useful for detecting the origin
of surface layer on stored cathodes, because decomposition products
originated from active materials and carbon black may overlap with
each other.!!

Surprisingly, the Cl1s spectrum of the CB cathode cycled 10 times
up to 4.3 V present similar features to the C1s spectrum of pristine
sample indicating that no major decomposition product is present in
the CB cathode when cycled up to 4.3 V. The C1s spectrum consists of
extra minor contribution from O—C-O and/or C=0 bonds compared to
the pristine sample. The results could suggest that the decomposition
species in the surface of the stored CB diminishes when the CB
cathode is cycled up to 4.3 V. This can, for example, occur by oxidation
and/or dissolution/desorption.’*¥

Cycling the CB cathode between 4.9-2.5 V using LiPFs elec-
trolyte, we could detect an increase in the relative intensity of peaks
at 287.5 eV and 290.9 eV. The former originates from O-C-O and/or
C=0 bonds while the latter from carbonate species (CO3).2*-* The
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Figure 3. (a) Deconvoluted Cls spectra of pristine, stored, and cycled CB cathodes using LiPFg in EC:DEC electrolyte. The spectra were measured by photon
energy of 430 eV. (b) Cls spectra of the same samples measured using two photon energies of 430 eV (black) and 835 eV (red).

increase in the relative intensity of these peaks implies that the CB
cathode decompose EC:DEC solvent partially when the cell was cy-
cledto4.9 V.

To obtain a depth profiling of the surface layer, the CB cathodes
were analyzed using two different photon energies of 430 eV and
835 eV, as presented by the black and red spectra, respectively, in
Figure 3b. For the pristine CB electrode, the Cls spectra look sim-
ilar using these two photon energies, as expected. A minor differ-
ence is that the Cls spectrum measured with lower photon energy
shows slightly more contribution from binder (peaks at 286.5 eV, and
290.9 eV), indicating that concentration of binder is slightly higher
on top surface. The stored and cycled samples display that the Cls
spectra are more similar to the pristine sample for the higher photon
energy of 835 eV. The spectra obtained with the higher photon energy
are originated from increased depth of about 5-7 nm.*® Therefore, the
highest concentration of electrolyte decomposition species are found
in a thin, about 1-3 nm, surface region of the CB.

Figure 4a shows Cls spectra of CB electrodes stored and cycled to
4.9 V using LiClO, in EC:DEC electrolyte. Both spectra demonstrate
presence of decomposed electrolyte species on the surface of the sam-
ple. However, compared to the LiPF¢-based samples, the spectra of
LiClO4-based sample show a less degree of difference from the spec-
trum the pristine sample. Also, the spectra of LiClO4-based samples
measured by two photon energies of 430 eV and 835 eV (black and
red spectra respectively in Figure 4b) are more similar than those for
LiPFs-based samples (Figure 3b). This means that a smaller amount
of degradation products are formed in the surface of CB cathodes
in LiClO4-based cells compared to the LiPF¢-based cells. This is in
agreement with the capacity results presented in Figure 2, which indi-
cated that charge capacity of LiClO4-based cells is smaller than that
of LiPFs-based cells.

The F1s spectra of all the samples look more or less similar since
the peak in the spectra are substantially originated from binder of
electrodes (Figure 5). The peak at 688 eV mainly represent bond
between F and C in the Kynar binder. However, a closer look at
the spectra reveals that a small shoulder is present at 685 eV in the
spectra of stored and cycled samples when LiPFs was used as the
electrolyte salt. This small contribution represents LiF formed due to
partial decomposition of LiPFg,*" suggesting that decomposed LiPFq
salt is found in the surface region of the CB.

As described in detail above decomposed electrolyte species are
found in the surface region of the CB particle according to the SOX-
PES results. The structure of these decomposed electrolyte species
is, however, not clear from the SOXPES results. It could for example
be speculated that the species are present as layers partly covering
the CB surfaces, or alternatively that the species are integrated into
the CB top surface layer. To address this question, high-resolution
TEM (HRTEM) was applied and HRTEM images of the pristine and
charged CB electrodes are shown in Figure 6. From these images
no surface layers on the CB particles can be observed in any of the
samples. However, the internal structure of the pristine CB particles
indicates the presence of graphitic structures approximately in the
direction along the surface of the primary CB particles, while this
structure is less pronounced for the charged sample (HRTEM image
of the stored sample is presented in Figure S1 displaying slightly
changes between pristine and stored CB particles). These results could
indicate a loss in crystallinity after storing and charging. Also, for the
charged sample the surface of particle became less sharp and in many
areas the damaged graphitic was observed. EDS analysis showed
that phosphorus and fluorine signals increase from stored to charged
samples, suggesting that more PF originated compounds are present
in the charged sample (see Figure 7). These results together with the
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Figure 4. (a) Deconvoluted Cls spectra of
stored and cycled CB cathodes using LiClO4
in EC:DEC electrolyte. The spectra were mea-
sured by photon energy of 430 eV. (b) C1s spec-
tra of the same samples measured using two
photon energies of: 430 eV (black) and 835 eV
(red).
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SOXPES shows that the decomposed electrolyte species are present,
not as layers partly covering the CB particles, but integrated into the
surface of the CB. To evaluate the possible loss of crystallinity indi-
cated from the HRTEM images, SAED data for all three electrodes
are presented in Figure 8 along with normalized circular integration
of the SAED patterns. Three main peaks can be distinguished in the
pristine electrode corresponding to the (002), (100) and (110) re-
flections indicating that a partially graphitic structure exists in SP,
which is in agreement with XRD results presented in Figure S2. The
broad peaks are indicative of low-graphitized CB with short-range
crystalline domains.!” Figure 8 shows that storing and charging CB
leads to broadening of the diffraction peaks which indicates a loss
in crystallinity, consistent with the HRTEM images. The distance be-
tween the sheets in the graphitic domains, which is obtained by the
position of the dy, reflection, is determined to 3.3 £ 0.1 A for the
pristine electrode. This value is slightly increased to 3.5 + 0.1 A
for the charged electrodes. This increase is much smaller than the
increase expected for complete intercalation of PF¢~ anions into the
graphitic domain (i.e. 4.5 A)."° Finally, TEM images were recorded
at lower magnification to evaluate the overall structure of the three
samples. This analysis showed that the mean particle sizes slightly
changed (see Figure 9). In the pristine electrode, the mean particle size
is 33.2 & 1.2 nm, in the stored electrode it is 35.3 = 1.0 nm and after
cycling (at the charged stat) the value has increased to 40.2 &= 1.6 nm.
The loss of crystallinity and particle swelling of the stored and charged
CB samples could possibly be explained partly by absorption of elec-
trolyte solution followed by structural rearrangement of the internal
CB structure. Also, the integration of decomposed electrolyte species
to CB particles could influence CB particles.

The impedance result of a stored CB electrode is presented in
Figures 10a and 10b. The Nyquist plot consists of a large semicircle
in the high frequency range (between 10 kHz and 10 Hz) and an almost
vertical tail in the low frequency range. The high frequency side of
the semicircle intersects with the x-axis at 5 Qcm? (Rg). This value
originates mainly from the ionic resistance of the electrolyte between
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Figure 9. TEM images of (a) pristine, (b) stored, and (c) charged CB electrodes.
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the cathode and the Li reference electrode. The semicircle (RaCa)
can be assigned to the interface between the aluminum current collec-
tor and the porous carbon network.”” The low-frequency part (TLs)
of the Nyquist plot shows a long capacitive tail, which refers to the
double layer capacitance of the ion-blocking CB surface in the porous
electrodes.” Since the measurements are obtained at OCV no charge
transfer reaction is expected. The Bode plot in Figure 10b shows
the frequency domain of the impedance response. The impedance re-
sponse from a CB electrode before, during, and after stepwise charge
to 4.9 V is shown in Figure 10c. All measurements were performed
at OCV after the cell had reached steady state. An increase in the
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semicircle and a small change in the angle of the tail are observed.
Fitting of each plot was performed and the values for R, Caj, Rion.
and Cg; are extracted and shown as a function of the charge potential in
Figure 11. The Al/CB interface resistance (R;) remains constant up
to 4.3 V after which it increases slowly until 4.85 V and suddenly in-
creases significantly at 4.9 V. The capacitance of the Al/CB interface
(Ca) is almost constant until 4.8 V after which it suddenly decreases.
The increase in Ry (Figure 11a) could be explained by the growing of
resistive surface layers between aluminum and carbon particles. From
4.0 V and above an AlF; surface layer will form on aluminum which
fits with the increase in the slope above 4.3 V.2%?7 A decrease in Cy
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Figure 11. (a) Al/CB interface resistance Raj, (b) Electrolyte resistance per unit pore length Rion 1., (¢) Al/CB interface capacitance C and d) CB double layer

capacitance Cyq as function of charging voltage.
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(Figure 11c) after 4.8 V supports that an interphase layer is formed.
A formation of an AlF; layer will lead to an increase of the thickness
of double layer and to a reduction of dielectric constant ¢ (EC and
DEC have ¢ equal to 89.6 and 3.12 respectively, while AlF; has a ¢
equal to 2.2%). According to equation 2 these factors will both lead
to a reduction of Cyj. The ionic resistance of the electrolyte in the
pores (Rjon1) is almost constant until 4.85 V after which it suddenly
increases at 4.9 V. This increase is possibly linked to a change in
the pore structure induced by the particle growth. Finally, the carbon
surface double layer capacitance (Cg) increases steadily from 0.95 to
1.25 mF at 4.85 V after which it keeps a constant value (Figure 11d).
Normalization of the initial carbon double layer capacitance to the
total surface area of the electrode (260 cm?), gives an Cyy 5 equal to
3.6 WF cm™2. This value is close to the values found in literature i.e.
5 to 10 wFem™=2.% The actual surface area is slightly smaller due to
blocking with PVDF binder and isolated particles not connected to the
conductive network, and this can explain the smaller value. According
to equation 2, the capacitance is directly correlated to a change in the
surface area. As indicated from TEM analysis the CB particles swell
from 35 to 40 nm, increasing their surface area with 30%. This is in
agreement with the observed increase of Cqj by assuming that the con-
ductive network is intact. Alternatively, increased wetting of the elec-
trode network could also explain such an increase in Cgyj, Therefore,
since no decrease in double layer capacitance was observed, the EIS
result cannot prove the formation of a surface layer on top of the CB
particles.

Conclusions

Synchrotron-based SOXPES results revealed that spontaneous de-
composition of electrolyte solution (LiPFg dissolved in EC:DEC) oc-
curs in the surface region of carbon black particles stored in the
electrolyte in the absence of external potential and current. Con-
sequently, mainly hydrocarbons and ether species (C—-O) originated
from EC:DEC, and also, LiF originated from LiPFg decomposition
are formed in the surface of the stored electrode. The decomposition
species diminish when the electrode is cycled between 2.5-4.3 'V,
which suggests that they were oxidized/desorbed when electrochem-
ical processes started. Increased anodic potential to 4.9 V leads to
irreversible charges, and thus, to an increase in the impedance of the
carbon cathode and to formation of a quite different composition of
degraded electrolyte species compared to that formed in the stored
electrode. The electrolyte/cathode interphase formed at high voltages
consists of relatively higher contribution from O—C-O and/or C=0
bonds as well as carbonates compounds (CO3) originating from the
solvent, in addition to hydrocarbons, ethers and LiF. Depth profile
analysis of the interphase indicated that the concentration of the de-
composed species is highest at the outermost CB surface (1-3 nm).
TEM and EIS showed no distinctive surface layer indicating that the
electrolyte degradation products are likely integrated into the surface
region of the CB. The findings suggest that cathode/electrolyte inter-
phases commonly observed on high voltage cathodes may originate
from reactions between carbon black and electrolyte and not neces-
sarily between active material and electrolyte.
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Abstract

In this work a combined Transmission Line Model (TLMcomp) has been proposed and implemented
in an Equivalent Circuit Model (ECM) to describe the impedance spectra of a commercial 26650
LiFePO4/C cylindrical cell. The derivation of the final ECM has been made possible by the
application, and combination, of both generalized and simplified TLMs to model the impedance
response of positive (LiFePO4) and negative (Graphite) electrodes, harvested from the commercial
cylindrical cell. Microstructural parameters obtained from Focused lon Beam (FIB)/Scanning
Electron Microscopy (SEM) and 3-D reconstruction analysis of the electrodes were inserted and
fixed in the TLMs. The single electrode impedance analysis gives important information about
parameters, such as solid state diffusion in the solid intercalation particles, and electronic and ionic
resistance of the porous composite electrodes. This analysis was crucial in order to make the final
simplifications for the combined ECM here presented.

1. Introduction

The cylindrical cell continues to be one of the most widely used packaging styles for primary and
secondary batteries. The advantages are ease of manufacture and good mechanical stability. The
tubular cylinder can withstand high internal pressures without deforming [1]. Even though
cylindrical cells does not fully utilize the space by creating air cavities on side-by-side placement, it
has a higher energy density than prismatic/pouch Li-ion cells [1]. The higher energy density of the
cylindrical cell compensates for its less ideal stacking abilities and the empty space can always be
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used for cooling to improve thermal management. The smaller cousin to the 26650 cylindrical cell
is the 18650 cylindrical cell which is used in e.g. Tesla cars.

Electrochemical Impedance Spectroscopy (EIS) is one of the most powerful tools for the study
of electrochemical systems [2]-[4] and especially suited for extraction of kinetic and transport
properties of the electrode materials and for studies of aging of the porous composite electrodes
used in Lithium-ion batteries [5]-[9]. Many different equivalent circuit model (ECM) have been
developed and proposed in literature to describe the impedance response of a single LiFePO, [8],
[10], [11] or Graphite electrodes [12]-[16]. Most have them have been derived distinguishing the
polarization process which occur at the single electrode using symmetrical cell configurations [10],
[11], [17] or by use of a three-electrode configuration [15], [18], in order to resolve the impedance
contribution from a single electrode in the cell.

The state of the art of EIS, used as tool to study aging mechanisms in porous electrodes, started
to include in the last decades the use of Transmission Line Model (TLM) to study the response of
porous electrodes, usually infiltrated by liquid electrolyte [12], [17], [19], [20]. The importance of
these TLMs resides in the calculation of ionic resistance in the infiltrated pores Rion. and the
electronic resistance in the porous materials Rg. However the electronic resistance through the
composite electrode is always considered negligible compared to the ionic one and most of these
works use a simplified TLM. LiFePQ, is however a poor ionic and electronic conductor [21], and is
always carbon coated and mixed with carbon additives to improve its electronic conductivity [22].
Despite this, its electronic resistance is still not considered negligible and a generalized TLM has
been successfully used by Scipioni et al. [18] to observe how R changes with degradation in a lab-
scale battery electrode.

Furthermore the TLM incorporates an equivalent circuit element ¢ which describes the surface
reaction at the interface electrode/electrolyte [17]. For a complete description of all the reaction
taking place at the porous electrode, an ECM which takes into account the solid state diffusion
inside the particles would be needed, including a Warburg element.

In this work we set out to determine both kinetic and transport parameters of the intercalation
electrode materials in electrodes harvested from a commercial 26650 LiFePO,/C cylindrical cell,
along with the ionic and electronic conductivity in the porous composite electrodes in the cell by
using a classical transmission line model. A set of proposed equivalent circuits ¢ were examined to
model the interfacial reactions and solid state diffusion inside both a LiFePO, and Graphite particle.
Two kinds of transmission line models have been used for the single electrode impedances,
according to the properties of the two composite electrodes, and then combined in a final equivalent
circuit model (ECM) which has been used to analyze the impedance response of the full cell. The
simplified combined model incorporates elements describing the dominating losses in the cell and is
shown to retain a high degree of physical relevance.
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2. Methods and materials
2.1. Cell testing and disassembling

A fresh LiFePO,/C 26650 cylindrical cell with a nominal capacity of 2.5 Ah, denoted “26650CC”,
was cycled five times at a constant C-rate of 0.1 (250 mA) and characterized by Electrochemical
Impedance Spectroscopy (EIS) in a two-electrode setup using a Biologic VMP3 with Pstat/Gstat
boards (test conditions shown in Table 1).

In order to test electrochemically the cathode and anode in a three-electrode configuration and
resolve impedance contributions from each of the two electrodes, the 26650CC battery was dis-
assembled in a glovebox in the discharged state and the cathode and anode were unrolled. The
cylindrical cell consists of a 1.5 m LiFePOg/carbonaceous additive (LFP/CB) positive electrode cast
on either sides of an Aluminum foil, a 1.5 m Graphite (Gr) negative electrode cast on either sides of
a Copper foil and 2 polymeric separators soaked with liquid electrolyte, schematically presented in
Fig.1. The carbonaceous additive in the positive electrode is unknown, so we refer to it as Carbon
Black (CB), in order to distinguish it from the Gr negative electrode. The total area of each of the
battery electrodes and separators was 1950 cm?. The two electrode foils were rinsed with diethyl
carbonate and vacuum dried at 120°C in order to remove the liquid electrolyte. Subsequently four
circular electrodes with a diameter of 18 mm (area = 2.55 cm?) were punched out (two from
LFP/CB foil and two from Gr foil) to be used for three-electrode testing and characterized by
Focused lon Beam (FIB)/ Scanning Electron Microscopy (SEM). Two out of the four circular
electrodes (one LFP/CB and one Gr) were scratched with a spatula to remove the electrode layer on
one side and then tested in two EL-CELL® ECC-Combi 3-electrode setups, using lithium metal foil
counter electrodes, lithium metal as reference electrode and a glass fiber separator soaked with a
standard 1M LiPFs in 1:1 v/v EC/DMC electrolyte (from Sigma-Aldrich). Both cells were cycled at
a constant C-rate, calculated as 0.1 C, for few cycles to stabilize the electrode (see table 1 for test
conditions). The two other electrode samples from the opened battery were prepared for microscopy
analysis.

LixCes anode
casted on copper foil

’\ Separators
LiFeP0O4/CB cathode Q —
casted on Aluminum foil \_

Figure 1. Schematic representation of the 26650CC LiFePO,/C battery packaging design.

Page 3 of 33



Table 1. Test conditions for the examined samples

Sample Current (mA) Approx. C- Total cycle Comment
rate number
26650CC 250 0.1 5 Cylindrical Cell, 2-electrode setup
LFP/CB1 0.33 0.1 5 Cathode, 3-electrode setup
LFP/CB2 - - - Cathode, used for FIB/SEM analysis
Grl 0.33 0.1 5 Anode, 3-electrode setup
Gr2 - - - Anode, used for FIB/SEM analysis

2.2. FIB/SEM tomography

The electrodes LFP/CB2 and Gr2 (Table 1) were prepared for the FIB tomography by rinsing
with diethyl carbonate and vacuum infiltrated with a silicon resin (Wacker Chemie) for 30 minutes
to improve phase contrast between CB particles and pores as described by Ender et al [23].
Subsequently the samples were infiltrated with epoxy resin to enable high-quality grinding and
polishing of the sample.

FIB tomography and SEM imaging of the two electrode samples was carried out on a Zeiss
1540XB CrossBeam microscope, using a lateral E-T (Everhart-Thornley) detector and an In-lens
detector. A 3D dataset was collected from each of the two electrodes. Table 2 shows the volume
sizes of the two 3D datasets. A Gallium FIB slicing probe of 2nA was used to mill the LFP/CB
electrode with a slice thickness of 27 nm. The slice thickness was calculated by measuring the
progress of the milling front in each image during the stack alignment post processing step. For the
GR electrode the current for the Gallium FIB slicing probe was reduced to 1nA and the thickness of
each slice was estimated to be 14 nm. The Gr electrode is softer than the LFP/CB electrode. For this
reason the current had to be reduced to enable high-quality imaging for the Gr electrode dataset.

The LFP particles in the positive electrode are much smaller than the Gr particles in the negative
one. Thus, in order to perform an accurate image segmentation of LFP particles (to be used for 3D
reconstruction and PSD analysis), it was necessary to collect high-resolution images with increased
magnification. Specifically, the serial sectioning imaging was performed at 1 kV with a pixel size of
15x15 nm?* for LFP/CB2 and 49x49 nm? for Gr2. The voxel size in the 3D-data sets was then
27x15x15 nm? for LFP/CB2 and 14x49x49 nm? for Gr2.

Table 2. Volumes of collected datasets.

Dataset Volume (voxels) Volume (um®)
XxYxZ XxYxZ
LFP/CB2 80 x 850 x 400 22x125x59
Gr2 328 x 750 x 150 4.4x36.6x7.3
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2.3. Image processing

Segmentation of the 3D FIB/SEM image data was performed with the program ImageJ (NIH).
Because of uneven illumination, setting a single threshold for entire micrographs was not feasible.
Therefore the Sauvola algorithm [24], [25] was used to perform local thresholds of the data. The
Sauvola algorithm works by dividing the input image into square windows (n x n pixel) and setting
thresholds for each of them based on the mean and standard deviation of the pixel intensities.
Visualizations of the 3D reconstructions of the analyzed data were performed with the program
Avizo (FEI).

The particle size distributions (PSD) of LFP/CB2 and Gr2 electrodes were analyzed based on the
method introduced by Miinch et al. [26]: The segmented 3D volumes are filled with spheres of a
given radius. By reducing the radius incrementally, more volumes will be filled. The cumulative
PSD is then obtained by correlating the incrementally filled volume with corresponding radii.

The geometrical tortuosity of the pore network, 4, is calculated by first calculating the length of
the shortest path through the pore network between two opposite sides of the 3D data cuboid. This
distance is then normalized by the distance between the two sides. Note that the geometrical
tortuosity is a purely geometrical measure of how tortuous a pathway is. It does not take into
account the constrictivity of the pore network (bottlenecks in the transport network).

2.4. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) measurements were performed in two-electrode
configuration for the 26650CC cylindrical cell and in three-electrode setup for the LFP/CB1 and
Grl electrodes, using a Biologic VMP3 with Pstat/Gstat boards. Two-electrode EIS measurements
of the cylindrical cell were obtained in a frequency range from 10 kHz to 1 mHz (10 points per
decade) at different SOC (state-of-charge) from 0% to 100% SOC in the voltage range 2.8-3.6 V.
Three-electrode measurements for both LFP/CB1 and Grl electrodes have been performed in a EL-
CELL® ECC-Combi, using lithium metal as counter and reference electrodes. The cells were
assembled inside the glove box using glass fiber separator (Whatman GF/A) and 200 uL electrolyte
solution. The spectra were measured in the frequency range 100 kHz — 1 mHz (10 points per
decade), when the electrodes were at 0% and 100% SOC. All measurements were performed at
OCV after the cell had reached steady state defined by a change <5 mV/h.

2.4.1. Cathode generalized Transmission Line Model (TLMc,)

The impedance results obtained from the LFP/CB1 electrode were modeled using the equivalent
circuit model (ECM) shown in Fig. 2.
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Figure 2. (a) Equivalent circuit used to model the impedance spectra, (b) Generalized Transmission
Line model resembling the element TLMg in (a), (c) Randles circuit used to model
electrode/electrolyte interface with Li* diffusion (Warburg General Finite Space element, Wgrs 1p)
within a particle with radius r. The Randles circuit resembles the element G4 in (b). The yellow
resistors in (c) model the resistivity along the electron pathway on the surface of the LFP particles.

Lw is an inductor. The modelled inductance is primarily related to the leads of the test setup. Re
is a resistor modelling the ionic resistance of the electrolyte. Qa is a constant phase element and Ry
is a resistor. (RaiQar), Where the brackets indicates a parallel connection between Ra and Qa, which
models the high-frequency part of the electrode impedance spectra associated with the
aluminum/electrode interfacial polarization [11]. The low-frequency part of the electrode
impedance spectra is modeled with a generalized transmission line model (TLM) for a porous
electrode [17], [27], [28] (Fig. 2b). The model assumes cylindrical pores with length L filled with
the electrolytic solution and oriented perpendicular to the current collector. Rion is the resistance
associated with Lithium ions traveling in the pores. The pores are surrounded by carbon coated LFP
particles mixed with carbon black particles. R is the resistance associated with electrons traveling
in the surface coating. The equivalent circuit element G, usually referred to as the surface
impedance in the context of TLMy, which models the impedance of the electrode/electrolyte
interface, however in this case we include the diffusion of lithium ions inside the LFP particles. Gca
consists of a charge transfer resistance R in parallel with a constant phase element Q modeling the
apparent double layer capacitance of the intercalation particles. Additionally R is in series with a
General Finite Space Warburg element Wgesi1p Which models the impedance associated with
lithium ion diffusion through the solid particle. The analysis carried out here neglects that the
electrode materials are phase change materials, and consider them solid solutions. The electronic
resistance is often assumed to be much lower than the ionic resistance of the solution (Rei<<Rion,L)
resulting in a simplified transmission line model where R¢ is omitted [29], [30]. The generalized
TLMcq [17], [27], [28] was used in this study and reveal non-negligible R values. This is further
detailed in the discussion section (Section 4).
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The impedance of the generalized TLM,; model is:

_ Rer*RionL 22 Rgl+Ri20n,L
ZTLM - Rel+Ri0n,L (L + Sinh(l‘/l)) + ATLM Rel+Rion,L COth(L/ATLM) [1]
With:
Arim = \/gcat/(Rel + Rion,L) [2]

As mentioned above the electrode/electrolyte interface (Fig. 2c¢) is modeled with the Randles
circuit Geae Which includes the charge transfer resistance R, a constant phase element (CPE) Q and
the general finite space Warburg element Wges1p. The latter element models a diffusion process
along a one-dimensional diffusion path terminated by an impermeable boundary [6], [8], [31],
having the impedance:

coth[(jwty)™W]

(o)™

(3]

ZWGFS,ID =R,

with the time constant:

=

Tw = D [4]

Rw is polarization resistance, n,, is an exponent (0<n,<0.5), r is the particle radius and D is the
diffusion coefficient of Lithium ion within LiFePOj,.
The units of Re; and Cq; in the TLMcy are respectively Qcm?® and Fem™ and, in order to be converted

in the more usual Qcm?® and Fcm™, need to be divided and multiplied respectively by the cylindrical
pore length L (expressed in cm), which we set equal to the electrode thickness. The effective double
layer capacitance Cy is calculated according to [32] using the expression:

Car = QY™ (RS* + R HT /" [5]

where Q is the CPE, n the exponent of the CPE, R. is the ohmic resistance and R; the resistance
associated with the CPE.

A 1D finite space Warburg element can be used for olivine-structure electrode materials
LiIMPO, (with M = Fe, Co, Mn), since they display a diffusion process along one-dimensional
diffusion paths in the crystal lattice [33], [34].
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2.4.2. Anode simplified Transmission Line Model (TLM;p)

The impedance spectra measured on the Grl electrode were modeled using an ECM almost similar
to the circuit used to model the LFP/CBL1 electrode impedance. The Rg(R1Q1) elements model the
high frequency part of the impedance spectra. Re models the ionic resistance of the electrolyte,
while the R;Q; element represents a combination of the copper current collector/electrode
polarization and the particle/particle contact polarization. Similar to the model for the cathode, the
mid- and low-frequency part of the anode spectra are modeled with a transmission line model for a
porous electrode, however here the simplified version is used [17], [27], [28] (Fig. 3b), as the
condition Re << Rjo, holds for the graphite electrode [35]-[37]. The equivalent circuit to model the
surface impedance of the TLMa, ¢, is different from the one used for the positive electrode.

“Clrode:

Riont  Riont C)

Figure 3. (a) Equivalent circuit used to model the impedance spectra, (b) Simplified Transmission
Line Model resembling the element TLMg, in (a), (c) RQ element and Randles circuit used to model
electrode/electrolyte interface with Li* diffusion (Warburg Finite Space element, Wges 2p) Within a
particle with radius r.

The ECM for the Grl electrode includes a simplified TLMa, since, on the contrary of LFP/CB1
electrode, R is found to be negligible. Equation 1 is then reduced to:

Zrims = Arims Rion cOth(L/Arpus) [6]

With:

Arims = vV gan/Rion,L [7]

In the Grl electrode for the element Gy, is constituted by a RQ element in series with a Randles
circuit (Fig. 3c). The RsgQqi element models the impedance associated with the SEI layer which
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covers each graphite particle. The Randles circuit includes the charge transfer resistance Rg, a
constant phase element Qg2 (from which the effective double layer capacitance Cgq, is again
calculated according to Eq. 5 [32]) and the general finite space Warburg element with a two-
dimensional diffusion path, Wges 2p [6], [8], [31] with the impedance:

L[wtw)™] [8]

Zwarsap = Ruw G na 1 Goryym]

where lp and |, are modified zero and first-order Bessel functions of the first kind.

Here a 2D Warburg finite space element with cylindrical geometry is used. This geometry
describes a diffusion along the radial axis, as usually occurs in the layered-structure electrodes (e.g.
graphite) [38].

2.4.3. Considerations about Gy,

Meyers et al. [6] studied the impedance response of a porous electrode, covered by a film (SEI layer
in our case n.b.), and proposed different equivalent circuit models (Fig. 4b). They have been
thoroughly analyzes and compared with our proposed model (Fig. 4a) to be implemented in the G,
of the TLM,, of the graphite electrode.

= Case 1: it is described as the most general case, since include internal (particle/film) and
external (film/electrolyte) interfacial impedances, together with a resistive film. Results
from our ECM and Meyers’ one are comparable for internal impedance and film resistance.
However a R¢,Cq2 circuit was found to be physically meaningful, because of the negligible
value of charge transfer resistance R, at the film/electrolyte interface and for value of n
(exponent of the CPE which describes the internal double layer capacitance Cgy2) lower than
0.3.

= Case 2: it neglects the external interfacial impedance and the internal double layer. It
seemed to be to most suitable ECM to model the graphite electrode impedance and
modelling results are identical to our model.

= Case 3: it is the simplest case, but was not considered because it neglects the SEI layer
entirely.

According to this, our model seems to be comparable with Case 2 proposed by Meyers et al. [6]
although the double layer capacitance of the SEI layer Qg (Csiim in Meyers” model n.b.), is not
positioned in parallel with Rsg, and the Randles, but only with Rsg.

The choice of using our ECM is motivated by the need of moving the RsgQqi circuit out of the
TLMg, in the simplified circuit that we are going to propose in section 4.3.1 for the full 26650CC
cell.
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Figure 4. (a) Equivalent circuit 5, used to model the surface (and internal) impedance response of
a single graphite particle, (b) different equivalent circuits used by Meyers et al. [6] to model the
impedance of a porous electrode covered by a film (SEI layer in our case n.b.).

2.4.4. Tortuosity estimation from TLMs

The ionic resistance in the infiltrated pore with length L, Rion. [Qcm] calculated from the TLMs is
correlated to the effective electrode pore tortuosity z through the equation:

Tet = Oion RionL €el [9]

where aion is the ionic conductivity [Scm™] of 1 M LiPFg in 1:1 EC/DMC and & is the electrode
porosity [12]. Values used for gio, is 1.18:102 Scm™, as an average value reported by Lombardo et
al. [36], and Porion et al. [37]. The tortuosity of the glass fiber separator zs has been also calculated
using a similar equation, using instead the ohmic resistance Re [Qcm?] found in the ECM, divided
by the separator length | [cm], and the separator porosity & furnished by the commercial supplier.

Ts = Oijon % s [10]

The thickness of the separator is reported to be 0.155 cm, but the value used for | is just a half of

it since the ohmic resistance Rg comes from a three-electrode measurement, where the reference

electrode is placed exactly in the middle between working and counter electrode. The porosity of
the separator used in the three electrode cell, ¢, is 0.92.
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3. Results
3.1. FIB/SEM Tomography

Figure 5 and 6 show respectively cross-section lateral E-T images after FIB milling of the LFP/CB2
and the Gr2 electrode. In the top region of the images it is possible to observe a very bright region,
which is the sample surface after polishing. Looking inside the milled samples current
collector/electrode and electrode/electrolyte interfaces can be distinguished for both samples.
Guidelines are shown in Fig. 5a to indicate how the interfaces extend into the sample. From Fig. 5a
and Fig. 6 the cathode and anode thickness is estimated to 65 um and 35 um, respectively. Fig. 5b
show a HR image recorded at the electrode/electrolyte interface. In the front face three different
phases are distinguished: light gray LiFePO, particles, dark gray pores (infiltrated with silicon
resin) and black CB particles. On the right side of the SEM image (Fig. 5a), where the electrolyte is
supposed to be, there is a dark gray bulk of silicon resin with some LFP and CB particles, which
probably detached during sample preparation.

In the Gr2 electrode (Fig. 6), only two phases can be distinguished: dark graphite particles and gray
pores infiltrated with silicon resin. On the left side the copper/electrode interface is present, while
on the right side the electrode/electrolyte interface is found. The darker gray bulk on the right is the
epoxy resin, used for sample preparation, which has a different contrast than silicon resin. The
region highlighted has been segmented for 3D reconstruction and PSD analysis.

Al  Electrode Electrode = Electrolyte

Figure 5. a) FIB/SEM cross-section image of the LFP/CB2 electrode, collected with lateral E-T
detector. On the top, guidelines are shown to distinguish Al/Electrode and Electrode/Electrolyte
interfaces, b) High resolution FIB/SEM cross-section image of Electrode/Electrolyte interface, used
for 3D reconstruction and PSD.

Page 11 of 33



Electrode / Electrolyte

Figure 6. FIB/SEM cross-section image of the Gr2 electrode, obtained with a lateral E-T detector.
On the left there is the copper current collector, on the right the Electrode/Electrolyte interface.

Figure 7 shows the 3D reconstruction of the LFP/CB2 electrode/electrolyte interface and of the Gr2
electrode. In the cathode 3D reconstruction (Fig. 7a) the grey phase is the LiFePQy,, the black phase
is the CB additive network, while the electrolyte infiltrated pores are transparent blue. All phases
(Fig. 8 a,b,c) seem quite homogeneously distributed. In the anode 3D reconstruction (Fig. 7b) the
orange region represents the copper current collector, the black particles are graphite agglomerates
and the transparent blue region is the pores network infiltrated with the electrolyte. The two phases
in the Gr2 electrode are shown in Fig. 8(d,e).

Figure 7. 3D reconstruction of a) LFP/CB2 electrode/electrolyte interface and b) Gr2 electrode.
The scale bar units are [um].
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) e)

Figure 8. 3D reconstruction of a) LFP, b) CB and c) pores networks in LFP/CB2 electrode. 3D
reconstruction of d) Graphite and e) pores networks in Gr2 electrode.

Fig. 9(a,b) show respectively the PSD distribution for the three phases in LFP/CB2 electrode and
for the two phases in Gr2 electrode. The average particle size for the active materials, Li;-«FePO,
and LixCs, is respectively 76 nm and 1096 nm. These values are subsequently implemented in the
TLMs. Volume fraction values for all the phases are instead shown in Table 3.

30 30 ~
—Li,,FePO, a) — Li,Cs b)
=25 | = 25
S T — CB Additive T Pores
S20 | 520 -
s Pores S
15 £ 15 -
-~ “—
[+) @
&_g 10 B E 10 &
S g [N R
0 Dy L i - 0
0 50 100 150 200 250 0 500 1000 1500
Particle diameter [hm] Particle diameter [nm]

Figure 9. Particle size distribution for a) LFP/CB2 and b) Gr2 electrodes.
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Table 3. VVolume fraction and average particle size for the different phases

Phase LFP/CB2 Gr2
Volume Fraction [%] | Avg. particle size [nm] | Volume Fraction [%] | Avg. particle size [nm]
Active Material 58 76 70 1096
CB Additive 17 49 - -
Pores 25 39 30 159

In Fig. 10 are reported the propagation maps and the results for geometrical tortuosity found for
the positive and the negative electrode. The cathode mean geometrical tortuosity is found to be
1.148, while the anode one is equal to 1.135.

Calhodaneras Anodennres
T T T
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112

1.14 1.16
Geometrical tortuosity

118 12

Figure 10. Propagation maps of a) LFP/CB2 and b) Gr2 electrodes. Geometrical tortuosity of c)
LFP/CB2 and d) Gr2 electrodes.

3.2. Galvanostatic Cycling with Potentiostatic Limitation (GCPL)

The 26650CC was cycled between 2.8 — 3.6 V as suggested from the commercial supplier, at a
nominal C-rate of 0.1 C. The charge/discharge curve for 26650CC is shown in Fig.11a (black line).
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Figure 11. Charge/Discharge curves of a) 26650CC, b) LFP/CB1 and c) Grl

In order to separate the electrode contributions single electrodes LFP/CB1 and Grl were prepared.
Fig. 11b and 11c show respectively the charge/discharge curves for the LFP/CB1 and Grl
electrodes. The LFP/CBL1 electrode is cycled between 3.0 — 3.7 V with a constant current of 330
A, corresponding to a C-rate of 0.1, considering that its surface area is 2.55 cm® and that the
unrolled battery electrode was 1950 cm?. The charge/discharge curve shows a typical flat plateau of
a Liy.xFePO, electrode (LFP/CB1, n.b.) at around 3.45 V (with 0<x<1). Note that the discharge
capacity of LFP/CBL1 is 10% higher in the first cycle, when run vs lithium metal. This match with
the amount of lithium lost for the building of SEI layer on Grl surface, inside 26650CC. The Grl
electrode was cycled between 0.01 V and 0.45 V, also at 330 pA. Fig. 1lc shows the
charge/discharge curve of a Li,Cs electrode (Grl, n.b.) with different intercalation steps of Li* ion
(with 0<x<I1). Note that the charge/discharge curve of 26650CC resembles the voltage difference
between the LFP/CB1 and Grl charge/discharge curves, as shown by the green curve in Fig. 11a.

3.3. EIS modelling of Li;xFePO, electrode (three-electrode configuration)

The three-electrode impedance spectra were measured in the frequency range 100 kHz — 1 mHz,
however values over 1 kHz were found to be noisy for the LFP/CB1 electrode and were not
included for the modeling. Fig. 12 shows the normalized® EIS spectra measured for the LFP/CB1

! Normalized to the geometrical surface area 2.55 cm?
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electrode in the charged (a, b) and discharged state (c, d). Fig. 12 (a, b) represent respectively a
Nyquist and a Bode plot of the EIS spectrum measured at OCV after charging to 3.7 V and
relaxation. Fig. 12 (c, d) show a Nyquist and Bode plot of the EIS spectrum measured at OCV after
discharging the LFP electrode to 3.0 V followed by relaxation. Fig. 13 shows a zoomed view of the
high frequency regions of the spectra. The measured data is modeled (black lines) and the model
result is divided in an (RaQai) part (red line) and a TLMcy part (blue line). The most meaningful
modelling results are presented in Table 4 and discussed in Section 4. All the parameters are instead

reported in table S1 in the supplementary information.

Table 4. Results from EIS fitting of Li,.,FePO, electrode.

Generalized Transmission Line
RAlQAI element
Randles element Pore Electrode
Rai Cai Ret Ca D Rion,L Rel
(Qcm®)  (mFcem?) (Qcm?®) (Fem™) (cm%™) (Qcm) (Qcm)
FePO, 2.2 0.20 13.8 0.52 810" 402 53
LiFePO, 2.2 0.17 60 0.67 410 1538 113
30 30
e E EIS FePO,
é 20} S 20t —— sim total fit
o S — simR,Qy
£ 10} g10} === sim TlMcatnoge
N E
N
! a) I b)
0 ‘ ‘ - 0 ‘ ‘
0 10 20 30 40 50 101072107 10° 10 10 10° 10°
Zo [Q cm?] f [Hz]
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e NE EIS LiFePO,
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= a — SIMRyQy
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_g 10} g 10} - -- sim TLMCathode
N N
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Z, [Q cm?] f [Hz]

Figure 12. a) Nyquist and b) Bode plot of the Li;xFePO, electrode when the battery is at 100%
SOC (x=1), ¢) Nyquist and d) Bode plot of the Li;.xFePO, electrode when the battery is at 0% SOC
(x=0). The black model curve is the sum of the red and blue model curves.
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Figure 13. Zoom of the spectra presented in Fig. 10.

3.4. EIS modelling of LixCs electrode (three-electrode configuration)

30 ‘ , , , ‘ 30— —
< la) ) < 25 b) T EsLC,
§ 20/ € 20 I
e @] - 141
= =15 — - sim TLMuge | |
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£
|
0 L L L C
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Figure 14. a) Nyquist and b) Bode plot of the LixCg electrode when the battery is at 100% SOC
(x=1), ¢) Nyquist plot, d) zoomed view of high frequency region and e) Bode plot (zoomed view)
of the LixCs electrode when the battery is at 0% SOC (x=0).
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Fig. 14 show the normalized EIS spectra measured for Grl in the lithiated (a, b) and delithiated
form (c, d, e). Fig. 14 (a, b) show Nyquist and Bode plot of the Grl spectrum measured at OCV
after discharging the electrode to 0.01 V followed by relaxation. Fig. 14 (c, d, e) show Nyquist and
Bode plots of the Grl spectrum measured after charging the electrode to 0.5 V and after relaxation.

The measured data is modeled (black lines) and the model result is divided in an (R;Q;) part (green
line) and a TLM, part (blue line). The most meaningful modelling results are presented in Table 5
and discussed in Section 4. All parameters are again reported in table S2 in the supplementary
information.

Table 5. Results from EIS fitting of Li,Cs electrode.

Simplified Transmission Line
R;Q; element
RseiQqiz element Randles element Pore
R1 Cl RSEI Cdll Rct CdI D Rion,L
Qcm®  (Fem?® | @em®  (mFem®) | (Qem®  (Fecm®)  (cm’™) (Qcm)
LiCs 8.3 0.40 14.3 0.28 14.3 0.10 2-10™ 745
C 16.0 0.43 31.4 0.35 40 0.57 3100 500

3.5. EIS modelling of 26650CC (two-electrode configuration)

Impedance spectra obtained on the 26650CC were recorded at different SOC either in charging or
discharging mode. Fig. 15 shows the normalized EIS spectra measured for 26650CC at different
SOC (dots), with the simulated fit (solid lines) for each spectrum. A full description of the
equivalent circuit used to model the spectra and results from the fitting are provided in paragraph
4.3.1 and 4.3.2 respectively.
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Figure 15. a) Nyquist and b) Bode plot of 26650CC at different SOC, measured in charging mode,
with fitting ¢) Nyquist and d) Bode plot of 26650CC at different SOC, measured in discharging
mode, with fitting. All spectra were measured at OCV after the cell had reached steady state defined
by a change <5 mV/h.

4. Discussion
4.1. Cathode Impedance Modelling: Three-electrode configuration

The Nyquist plot of FePO, and LiFePO,, Fig. 12(a, c), consist of a small semicircle in the high
frequency region between 1 kHz — 100 Hz and a low frequency branch characterized by an almost
vertical tail in the charged state, and a less vertical tail in the discharged state.

The high frequency side of the semicircle intersects with the x-axis at 8.0 Qcm? and 12.0 Qcm? for
FePO, and LiFePO, respectively. However, because of the inductance and of the electronic
resistance Re (in series with Rg, as shown in the ECM in Fig. 2), the real value of electrolyte
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resistance (Re) is 7.3 Qcm? and 11.3 Qcm?, see Table 4. The value of Re is not expected to change
with SOC and the change is possibly related to measurement uncertainties; impedance
measurements above 1 kHz were very noisy and therefore removed before the impedance was
modeled. This was assumed due to some effect of the scratching out of active materials from the Al
current collector.

Rai models the charge transfer (contact) resistance between the Aluminum foil and Li;.xFePO./CB
network, and in the additive CB network, since LiFePQOy is a poor electron conductor. From Table 4
it is seen that the Ra values change very little for the two different SOCs, in agreement with
literature [11].

The values used in the TLMc, for the electrode thickness L and the particle radius r are 65 um and
38 nm, respectively. These values were obtained from the presented FIB/SEM analysis and PSD
calculation. When Ry is significant relative to Rjon, the generalized TLMy features a small Ohmic
contribution which shift the starting point of the red semi-circle to the left in the Nyquist plot, Fig.
13(a, c). If this Ohmic contribution was placed on the left side of the red semi-circle it would be
easier to see how the semi-circle contribute to the total spectrum, however the semi-circle is
deliberately plotted with the TLMy shifted to the right side to highlight the small Ohmic
contribution from the TLMc4 as this contribution also affects the value of Re.

Diffusion of Li" ions through the liquid electrolyte in the electrode pores result in a 45° slope in the
beginning of the TLMcy curve. The length of the part of the TLMc, curve resembling a line with a
45° slope is determined by Rion. and the thickness of the electrode. Once a Li* ion has traveled
through a pore and reached a coated LFP particle it reacts with an electron from the CB network
and diffuses into the bulk of the LFP particle. This is modelled by ¢c.r and results in a semicircle
followed by a 45° curve terminating in a capacitive-like response, Fig. 13(a, ¢). The semicircle is
the result of charge transfer resistance, R of Li* at the particle/electrolyte interface and double
layer capacitance Cgq, in parallel, calculated from the CPE used to model it. The 45° line followed
by a capacitive-like curve corresponds to the finite space Warburg element Wgrsip Which
represents diffusion of Li" ions in the electrode network, until all the active material is consumed.

The fitted values from the TLM,; show that Re is not negligible compared to Rion. Both
resistances in the pore and the electrode are observed to decrease when the electrode is charged and
mainly consists of FePO,. Li;xFePO, particles are known to be subjected to expansion/contraction
with cycling, and when the electrode is completely delithiated FePO, particles have a smaller
volume and the pores increase in size, furnishing a smaller Rijon. Rei depends on the CB network
tortuosity which changes due to particle movements during lithiation/delithiation process. R is
observed to be significantly lower at 100% SOC.
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4.2. Anode Impedance Modelling: Three-electrode configuration

The Nyquist plot of the impedance spectra for Grl Fig. 14(a, c, d), consist of a small semicircle in
the high frequency region, between 100 kHz — 10 kHz, a second bigger semicircle in the mid-
frequency range (100 Hz — 10 Hz) and — similar to the LFP/CB1 electrode — a low frequency branch
(at frequencies lower than 1 Hz) characterized by an almost vertical tail, in the charged state, and a
diffusive tail in the discharged state. Parameter values obtained from the modelling are given in
table 5.

The high frequency side of the impedance curve does not intersect with the x-axis, so the electrolyte
resistance (Rg) is obtained from the modeling and was 12.5 Qcm? and 12.9 Qcm? for LiCs and C
respectively. The first semicircle (R1Q1) observed at high frequencies (higher than 10 kHz) can be
assigned to the interface between the Copper current collector and/or the porous graphite anode or
the graphite particle/particle contact resistance [12], with R; contact resistance and Q; constant
phase element which represents the double layer capacitance at these interfaces. The value obtained
for R; is observed to be significantly lower at 100% SOC than at 0% SOC. This is possibly related
to the change in the particle/particle contact because of swelling of graphite grains after Li
intercalation.

The second semicircle at 100 Hz — 10 Hz is modelled by (RsgiQqi1) i.e. related to the SEI layer
formed around each graphite particle and is a part of the Simplified Transmission Line Model
(TLMg,) for a porous electrode [6], [8], [17], [27], [28], [31]. The values used for L and r are
respectively 35 um and 548 nm, obtained from the FIB/SEM analysis and PSD calculation. The
fitting values for Rsg; and R are highest for C in the delithiated form. Similarly D is highest for C
in the delithiated form which means Li" ions travel faster through the graphene planes when they
are delithiated. The lithium diffusivity in the negative electrode is observed to be is around 2 order
of magnitude higher than D for the positive electrode.

Rel is extremely low and could be neglected, enabling the use of a Simplified Transmission Line
Model [12], [17] for the graphite electrode. This is because the entire anode is made of C which is
highly conductive. Contrary the cathode is a mixed LiFePO4,/CB electrode with a significant
electronic resistance.

The values obtained for Rion, for the Grl and LFP/CBL1 electrode are comparable. This is in
agreement with the expectations since the electrode pore volumes are comparable, see Fig. 9 and
Table 3. Besides the pore diameter, indicated by the analysis presented in Fig. 8, the electrode pores
tortuosity ze;, and pore volume / solid phase volume ratio is important factors determining Rion L. el
has been calculated, using Eq. 9, for both positive and negative electrode. It has been found to be
equal respectively to 4.54 and 1.77. Both results are higher than the values of geometrical
tortuosity, but they probably better represent the real tortuosity values of the two electrodes.
Furthermore a smaller = for Grl is reasonable because of its higher porosity and bigger average
pore size compare to LFP/CB1.

Page 21 of 33



For both the anode and cathode Rjon is observed to be higher in the lithiated state than in the
delithiated state. This is believed to be related to the expansion/contraction of the
lithiated/delithiated LFP or C particles. LFP particles are known to reduce their volume by
approximately 6.8% [39], [40] with delithiation and the volume reduction of two close LFP
particles could highly influence the pores dimension (found to be smaller than LFP), resulting in a
huge drop of Rion,L as observes in the delithiated form. On the contrary the swelling decreases the
pore volume thereby narrowing the electrolyte diffusion channels inside the electrodes which
increases Rion,L. The relative change in the obtained values for Rion . in the lithiated and non-lithiated
form is smaller for the anode than for the cathode. This is possibly because of a much bigger pores
diameter and smaller tortuosity in the negative electrode, whose combined effect results in a smaller
relative Rion,. change.

Note that the Ohmic contribution from the TLM,, is negligible since there is no gap on the x-axis in
Fig. 14 a) and d) between the blue TLM,, impedance and the green (R1Q1) semi-circle. This is
because Re << Rjon L (i.€. Re is insignificant) for the Grl electrode.

4.3. 26650CC Impedance Modelling: Two-electrode configuration
4.3.1. Equivalent Circuit Description

The number of variables in the model for the LFP/CB1 and Grl spectra is respectively 13 and 16.
Ideally, the two single electrode impedance models should be put in series to model the 26650CC
impedance spectra. Unfortunately this would result in a model with too many variables (more than
20) to allow a stable fitting of the model data to the measured 26650CC spectra.

Instead of adding the two single electrode models, a new equivalent circuit is proposed to model the
26650CC spectra. The model is presented in Fig. 16 and is a combination of the two single
electrode equivalent circuits (Fig. 2 and 3) with a few simplifications, which keep the number of
variables equal to 16.
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Rai R ser

Figure 16. a) Equivalent circuit used to model the 2665CC impedance spectra, b) combined
TLMcomp Used to model porous electrode, c) single particle ECM.

The Re(RaiQar) elements model the high-frequency region where Rg and Ry are resistors and Qp a
CPE. Re models the ionic resistance of the electrolyte, while (RaQa)) represents the
aluminum/cathode polarization [11], observed in the LFP/CBL1 electrode in the frequency range 1
kHz — 100 Hz. The R;Q; element, previously used to model the particle/particle contact in the Grl
electrode, is not included in the total circuit since this process occurs at relative high frequency (>10
kHz). Above ~10 kHz the 26650CC is dominated by inductance and possibly beginning skin-effects
or other processes yielding increased real resistance.

The (RseiQai1) element models the mid-frequency region (100 Hz — 10 Hz) and represents the SEI
layer which covers each graphite particle in the anode. The TLMcmy, in Fig. 16b combines the
cathode and anode TLMs. The two single electrode TLMs have a Randles element in common to
model the insertion or intercalation process at the interface (Lii.xFePO,4 or LixCg), but the RQ
element representing the SEI layer on graphite is missing on the cathode model. For the 26650CC
impedance model the (RsgiQqi1) is placed outside the TLMcomp in order to have an equivalent circuit
G, to model the surface impedance inside the TLMgmp, Which is equal for both cathode and anode
particles (Gcat = Gan). NO changes are observed in modelling the mid-frequency part of the spectra
with a RsgiQqin places either outside or inside the TLM, since comparable values have been found
for both single-electrode impedance and 2-electrode configuration. However, results of Rgg; and Cqiy
calculated from the model are reported in Table 5(a,b), and as supplementary information, being
normalized for both geometrical surface area and internal surface area.

From the single electrode modelling, it is possible to identify electrode specific contributions
dominating the 26650CC EIS spectrum.
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The TLMcomp Variables are Re;, Cq (calculated from CPE according to Eq. 5) and D, Rion and Re.
The single electrode fitting (Table 3 and 4) shows Rc; and Cg are not negligible for any of the two
electrodes. However, the Li* ion diffusion coefficient D was observed to be around 2-3 orders of
magnitude larger for Grl than for LFP/CB1, in agreement with previous findings [41]. This means
diffusion in LFP/CB1 dominates the final part of the TLMcomp (the 45° line) and that the Warburg
contribution from graphite can be neglected.

For this reason diffusion of Li* ion in LFP is modelled by a general finite space Warburg element
with diffusion process along a one-dimensional diffusion path, Wees 1p, as used for the LFP cathode
and the value used for r is the Li;.xFePO,/CB radius (22 nm, as calculated from PSD). Re was also
found to be negligible in the LixCs electrode, so the calculated electronic resistance Re from the
total TLMcomp is associated with the Li;xFePO4/CB cathode, and more specifically the CB network.
Finally, the ionic diffusion resistance per unit length in the pore Rjon, is seen to be highest when
each electrode is in its fully lithiated state. This means the Rion, contribution primarily comes from
the cathode when the battery is discharged, and vice versa. From the single electrode modelling the
cathode:anode contribution ratio was calculated to be 75:25 at 0% SOC, and 35:65 at 100% SOC.

The low frequency part of the 26650CC impedance spectra predominantly change at the lowest and
highest SOC. For this reason the change this ratio is assumed to mainly occur at the lowest and
highest SOC and consequently a ratio of 50:50 was simply used for all intermediate SOCs. The
ratio was used to calculate an SOC dependent pore length L which is used as input for the TLMcomp;
The values used for L are 57.5, 50 and 45.5 um respectively for 0%, (12.5-87.5)%, and 100% SOC.

4.3.2. EIS spectra fitting

The normalized EIS spectrum measured for 26650CC at 50% SOC, after inductance removal, is
shown in Fig. 17(a, b). Fig. 17(c, d) show respectively Nyquist and Bode plot of the EIS spectrum,
with relative fitting, measured after charging 26650CC at 50% SOC, at OCV after relaxation, while
Fig. 17(e, f) show a zoomed view of the high frequency region. The values obtained by EIS
modelling at different SOC (see Fig. 15) are instead reported in tables 5(a, b) and plotted in image
18. All parameters are again reported in Table S3 in the supplementary information.
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Figure 17. a) Nyquist and b) Bode plot of 26650CC impedance spectra measured after charging to
50% SOC with and without subtraction of inductance. Full view of ¢) Nyquist and d) Bode plot of
the same spectra subtracted inductance including fitted model data (black line) and separate parts of
the model data (blue, yellow, red). Zoomed view of €) Nyquist and f) Bode plot of the same as in c)

and d).
The red semicircle seen in Fig 17(c, e) show the impedance for the (RaQai) element assigned to the
interface between the Aluminum current collector and the porous cathode [11]. As reported in Table
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5(a, b) and presented in Fig. 18, Ry is independent of SOC and the values obtained for R and Cp
are comparable to the values obtained for the same variables from the Li;.xFePO,/CB EIS modelling
(Table 3).

The yellow semicircle in Fig 17(c, e) shows the (RseiQqi1) element impedance. From the fitted
values, Rsg; shows to decrease upon charging, in agreement with the Grl modeling results.

The blue low frequency branch in Fig 17(c, e) is the combined TLMcm, impedance. For the
Randles circuit, R¢; and Cg are a combination of cathode and anode resistances and capacitance. As
seen from the fitted values, Table 5(a, b) and Fig. 18, R decrease with increasing SOC which is in
agreement with the values obtained from the single electrode impedance modelling. Specifically
value for R¢; obtained from modeling the 26650CC spectrum is approximately the sum of the values
obtained for R¢; obtained from modeling of the LFP/CB1 and Gr1 spectra.

The value for D obtained from modeling the 26650CC spectrum is around 10 cm?s™, (Fig. 18d).
This value is similar to the value obtained from the cathode EIS modelling (Table 3), and does not
change drastically with SOC. This shows the value for D obtained from modeling the 26650
spectrum primarily relates to the Li diffusion in the LFP.

RionL Seems to be fairly constant at different SOCs except at 0% and 100% SOC (Fig.18e). This is
possibly related to the full lithiation of Li;.x<FePO4 and LixCg at 0% and 100% SOC, respectively.
When the battery is discharged, the cathode contribute the most to Rjo, (., and vice versa.

Rer is observed to decrease with SOC (Fig. 18f) and match the values obtained for the cathode
(Table 3).

Finally, as for the cathode, when R is significant relative to Rion, the generalized TLMcomp features
a small Ohmic contribution which shift the starting point of the red semi-circle to the left in the
Nyquist plot, Fig. 13(a, ).

TABLE 5a Results from EIS fitting of 26650CC (charging mode).

Transmission Line
RaiQal element Rse1Qan element Randles element Dores Electrode
Rai Cai Rsei Can Rat Cai2 D RionL Rel
Qcm®  (mFcm? | (Q@em®)  (mFem?) (Qcm?) (Fcm?) (cm’s™?) (Qcm) (Qcm)

0% 181 0.17 7.18 0.54 87.0 0.24 1510% 1929 106
12.5% 1.76 0.17 4.58 0.50 64.0 0.72 9.0-10™ 927 79
25% 1.76 0.16 451 0.44 40.0 0.65 8.8:10™ 1040 92
37.5% 1.80 0.16 4.38 0.44 320 0.62 8.9-10™ 1025 71
50% 1.86 0.15 4.26 0.48 38.0 0.63 8.9-10™ 994 59
62.5% 1.80 0.16 4.27 0.44 42.0 0.58 1.1-10% 997 64
75% 1.84 0.16 3.87 0.48 24.0 0.50 15108 1144 58
87.5% 1.86 0.16 3.86 0.47 30.0 0.53 1310 1071 46
100% 1.75 0.16 2.85 0.58 154 0.09 14108 1826 46
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TABLE 5b Results from EIS fitting of 26650CC (discharging mode).

RaIQa element

RseiQai element

Transmission Line

Randles element Pores Electrode
RAI CAI RSEI Cdll Rct CEIZ D Rmn,L ReI
Qcm®  (mFem?® | (Qem®)  (mFem?) (Qcm?) (Fcm®) (cm’s™?) (Qcm) (Qcm)

100% 1.75 0.16 2.85 0.58 15.4 0.09 14108 1826 46
87.5% 1.82 0.16 4.14 0.43 20.0 0.55 1.4:10% 1035 51
75% 1.82 0.16 4.10 0.44 44.0 0.63 9.4-10™ 1050 73
62.5% 1.84 0.15 450 0.44 26.0 0.59 9.9-10™ 1060 88
50% 1.82 0.16 4.68 0.43 24.0 0.55 1.6:10" 1129 81
37.5% 1.80 0.16 4.69 0.44 42.0 0.62 9.0-10™ 1106 80
25% 1.80 0.17 4.68 0.47 58.0 0.66 1.0-10% 1232 84
12.5% 1.78 0.17 462 0.53 58.0 0.50 1.4-10% 1330 91
0% 1.83 0.17 7.82 0.58 88.7 0.20 13108 2119 102
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Figure 18. Fitted values as function of SOC.

5. Conclusions

Various circuits have been proposed in literature to model LiFePO, cathode and LixCs anode
impedance and most of the circuits consist of a transmission line model (TLM) for a porous
electrode. The models are often used to distinguish and address the different electrode polarization
in impedance spectra.

In this work a commercial 26650 cylindrical LiFePO,/C battery was disassembled and the two
electrodes were characterized individually by charge discharge curves and electrochemical
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impedance spectroscopy (EIS) in a three-electrode setup, and by FIB/SEM tomography. Two
different equivalent circuits were used to model the cathode and anode impedance. The circuits
included a TLM for a porous electrode, which involves the parameters pore length L and particle
radius r. The values for these parameters were found from the FIB/SEM tomography. A thorough
analysis was conducted of the parameter values obtained from fitting the individual electrode
impedances. The analysis enabled us to propose a simplified equivalent circuit which also includes
a TLM¢omp to model the full commercial battery impedance. The parameter values obtained from
fitting the circuit impedance to the full battery impedance were discussed and validated against the
parameter values obtained from fitting the individual electrode impedance spectra.

From fitting the simplified circuit to the commercial battery impedance values were obtained for the
ionic resistance Rion Of Li* ions diffusing into the electrode pores, electron resistance Rg in the
porous electrodes and Lithium diffusivity in the active materials in the electrodes. By comparing the
obtained values with the values obtained from single electrode modeling, it was demonstrated that
several of these values could be ascribed to either the cathode or the anode.

Rer was observed to be negligible for the anode such that R only depends on the cathode CB
network. RionL Was seen to consist of both cathode and anode contributions and to be dependent on
the SOC. Specifically Rijon. Was observed to be highest in each of the two electrodes when they
were fully lithiated. The lithium diffusion coefficient D was much smaller in LiFePO, than in C
which means D obtained from measurements of the full battery mainly reflects the lithium diffusion
in LiFePO,.

Combined with other characterization techniques the simplified equivalent circuit proposed here
could be an important tool to study degradation mechanisms in LiFePO,/C batteries when three-
electrode impedance analysis in not possible.

To the best of our knowledge this is the first time a TLMcomp is used to study the low-frequency
branch of commercial cell impedance spectra, taking into account pore resistances from both
cathode and anode.
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Abstract

In this work the electrode degradation mechanisms in commercial 2.5 Ah LiFePO,/C 26650
cylindrical cells were examined. Aged and fresh electrode samples were prepared by cycling two
cells respectively five and 22k times. Subsequently the cells were disassembled in a glovebox and
electrode samples were prepared for electrochemical testing in a 3-electrode setup and for
characterization with low-kV FIB/SEM tomography. A thick layer of degradation products was
observed at the electrode/electrolyte interface of the aged LiFePO, electrode. Relative to the fresh
LiFePO, electrode, the aged electrode exhibited a larger polarization resistance which indicates the
observed layer increases the ionic resistance. In addition large agglomerates, probably a mixture of
carbonaceous material and decomposition products from the electrolyte, were observed at the
electrode/electrolyte interface of the aged graphite electrode. Low-voltage FIB/SEM tomography
was used to detect charging effects of graphite particles in the carbon electrode. The charging
effects were primarily observed in the aged electrode and most of these locally charged particles
were found to be close to the electrode/electrolyte interface.
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1. Introduction

Lithium ion batteries (LIBs) span a broad range of applications from portable devices to electric
vehicles (EVs) [1], [2]. However, limited lifetime is still a challenge for several LIB materials and
the relation between degradation mechanisms and loss of performance is still not fully understood.

Despite its poor ionic and electronic conductivity LiFePO4 (LFP) is one of the more interesting
cathode material for lithium-ion batteries due to its relatively high cycle-ability and safety [3], [4].
To increase electron percolation in the electrode the LFP is normally mixed with a carbonaceous
additive such as carbon black. Graphite (Gr) is one of the early anode materials for commercial
LIBs and it is still one of the most used anode materials [5]. Gr have a layered structure and is able
to intercalate lithium ions between graphene layers. A solid electrolyte interphase (SEI) layer is
always formed on the electrode/electrolyte interface to protect the electrode form solvent
intercalation and layer exfoliation.

Several studies examines the degradation mechanisms in laboratory LFP [6]-[8] and Gr
electrodes [9]-[11], and various models have been presented to predict performance and lifetime of
commercial LiFePO4/graphite cells [12]-[15], however strong links between several of the observed
degradation mechanisms and the battery use is still not fully established. It is therefore important to
enhance this link by relating the morphological changes in the battery electrodes with the battery
use.

Here a commercial LiFePO,/graphite 26650CC cylindrical cell (26650CC) is tested and
characterized by low — kV FIB/SEM tomography. The technique was developed to observe the
electron percolation in SOFC anode Ni-networks [16] and has later been used to study the electron
percolation in a laboratory LiFePO4/CB electrode [8], [17]. Here we use it to examine the electron
percolation in the commercial graphite electrodes, in order to identify disconnected particles in the
aged anode. Furthermore conventional FIB/SEM tomography is used to study morphological
degradation in both the LFP and Gr electrodes.

2. Methods and materials
2.1. Cell testing and disassembling

Two commercial LiFePO,4/C 26650 cylindrical cells with a nominal capacity of 2.5 Ah were tested
and characterized. The first battery was used as reference and labeled “F26650CC”. It was cycled
five times at room temperature at a constant C-rate of 0.1 (250 mA). The second battery labeled
“A26650CC”, was cycled 22k times between 25% and 75% state-of-charge (SOC). It was also
cycled at room temperature but at a constant C-rate of 4 (10 A). Both cells were characterized by
EIS in a two-electrode setup using a Biologic VMP3 with Pstat/Gstat boards (test conditions shown
in Table 1).
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The two batteries were afterward de-assembled in a glovebox in the discharged state and the
positive and negative electrodes were unrolled. The cylindrical cells consist of a 1.5 m
LiFePOy/carbonaceous additive positive electrode cast on either sides of an Aluminum foil, a 1.5 m
graphite (Gr) negative electrode cast on either sides of a Copper foil and 2 polymeric separators
soaked with liquid electrolyte. The battery configuration is schematically presented in Fig. 1a. The
carbonaceous additive in the positive electrode is unknown. In order to distinguish the additive
from the graphite in the negative electrode we will refer to the additive with “CB” and to the
negative electrode with “Gr".

The total area of each of the battery electrodes and separators was 1950 cm?. The two electrode foils
from each cylindrical cell were rinsed with diethyl carbonate and vacuum dried at 120°C in order to
remove the liquid electrolyte and subsequently twelve circular electrodes with a diameter of 18 mm
(area = 2.55 cm?) were punched out. From F26650CC four disk electrodes were extracted: two from
the cathode foil (LFP1_F and LFP2_F) and two from the anode foil (Grl_F and Gr2_F). The anode
foil was dark grey with no visible difference between the part of the electrode near the core of the
battery and the part of the electrode near the skin of the battery.

In contrast to this color difference was found between the skin and the core part of the anode foil
from A26650CC. As seen in the photos in Fig. 1(b), the negative graphite foil is characterized by a
blue shadowed region in the part of the foil close to the skin of the battery and a red region close to
the core. In the presented photos the colors are oversaturated to enhance the visibility of the blue
and the red region. The color covers almost completely the anode foil (Fig. 1b,c), with the exception
of the sides of the electrode, where the original dark grey color of graphite is observed. Eight
circular electrodes have been then punched out from the skin and the core of the electrode foils as
shown in Fig. 1(d,e) and listed in Table 1. They were collected from the mid part of the foil, where
the colored layer is observed. The electrodes extracted from the skin are then labeled with AB
(aged, blue) as suffix, while the ones from the core are labeled with AR (aged, red).

Six out of the twelve electrodes (Table 1) were scratched with a spatula to remove the electrode
layer on one side and then tested in EL-CELL® ECC-Combi 3-electrode setups, using lithium
metal foil counter electrodes, lithium metal as reference electrode and a glass fiber separator soaked
with a standard 1M LiPFg in 1:1 EC/DMC electrolyte. The electrode samples were fully charged
and discharged at a constant C-rate, calculated to be ~0.1 C in order to calculate the remaining
capacity (see Table 1 for test conditions). The other identical six electrodes, collected from adjacent
region, were instead prepared for microscopy analysis.
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Figure 1. a) Schematic representation of the 26650CC LiFePO,/C battery packaging design. b)
Two pieces of the aged LixCs negative electrode (upper part from the core, lower part from the
skin). The image has saturated colors to highlight the color contrast. ) Schematic representation of

electrodes punched out from LFP/CB and d) Gr foils.

Table 1. Test conditions for the examined samples

Sample Current (mA) Approx. SOC range Total cycle Comment
C-rate number
F26650CC 250 0.1 0-100 % 5 Cylindrical Cell, 2-electrode setup
A26650CC 10k 4 25-75% 22k Cylindrical Cell, 2-electrode setup
LFP1_F 0.33 0.1 0-100 % 1 Cathode, 3-electrode setup
LFP1_AB 0.33 0.1 0-100 % 1 Cathode, 3-electrode setup
LFP1_AR 0.33 0.1 0-100 % 1 Cathode, 3-electrode setup
Grl_F 0.33 0.1 0-100 % 1 Anode, 3-electrode setup
Gr1_AB 0.33 0.1 0-100 % 1 Anode, 3-electrode setup
Grl_AR 0.33 0.1 0-100 % 1 Anode, 3-electrode setup
LFP2_F - - - - Cathode, used for FIB/SEM analysis
LFP2_AB - - - - Cathode, used for FIB/SEM analysis
LFP2_AR - - - - Cathode, used for FIB/SEM analysis
Gr2_F - - - - Anode, used for FIB/SEM analysis
Gr2_AB - - - - Anode, used for FIB/SEM analysis
Gr2_AR - - - - Anode, used for FIB/SEM analysis
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2.2. FIB/SEM tomography

The six electrodes (Table 1) prepared for the FIB/SEM tomography were rinsed with diethyl
carbonate and vacuum infiltrated with a silicon resin (Wacker Chemie) for 30 minutes to improve
phase contrast between CB particles and pores as described by Ender et al [18]. Subsequently the
samples were infiltrated with epoxy resin to enable high-quality grinding and polishing of the
sample.

FIB tomography and SEM imaging of the six electrode samples was carried out on a Zeiss
1540XB CrossBeam microscope, using a lateral E-T (Everhart-Thornley) detector and an In-lens
detector. A 3D dataset was collected from each of the electrodes with the exclusion of sample
Gr2_AB because of failure of the microscope during FIB/SEM image collection. Only 2D SEM
images were collected from this sample. Table 2 shows the volume sizes of the five 3D datasets. A
Gallium FIB slicing probe of 2nA was used to mill the LFP2 electrodes and the thickness of each
slice was estimated to 27, 32 and 14 nm for LFP2_F, LFP2_AB and LFP2_AR respectively. For the
Gr2 electrodes the current for the Gallium FIB slicing probe was reduced to 1nA and the thickness
of each slice was estimated to be 14 and 23 nm for Gr2_F and Gr2_AR respectively. Since the Gr2
electrodes are softer than the LFP2 ones, the current had to be reduced to enable high-quality
imaging for the Gr2 electrodes dataset.

The LFP particles in the positive electrode are much smaller than the Gr particles in the negative
one. Thus, in order to perform an accurate image segmentation of LFP particles (to be used for 3D
reconstruction and PSD analysis), it was necessary to collect high-resolution images with increased
magnification. Specifically, the serial sectioning imaging was performed at 1 kV with a pixel size of
15x15 nm? for the three LFP2 electrodes, 49x49 nm? and 59x59 nm? for the two Gr2 electrodes.
The voxel size in the 3D-data sets was then 27x15x15 nm?, 32x15x15 nm® and 14x15x15 nm? for
LFP2 electrodes (F, AB and AR), 14x49x49 nm?® and 23x59x59 nm?® for Gr2 electrodes (F and AR).

Table 2. Volumes of collected datasets.

Volume (voxels Volume (pm®

Dataset XXY(XZ ) vaiuz)
LFP2_F 80 x 850 x 400 2.2x125x5.9
LFP2_AB 81 x 870 x 450 26%x12.7x6.6
LFP2_AR 185 x 800 x 360 26x11.7x5.3
Gr2_F 328 x 750 x 150 44x36.6x7.3
Gr2_AR 381 x 920 x 130 8.9x539x7.6

2.3. Low-voltage analysis

The FIB/SEM serial sectioning imaging has been performed and combined with a low-voltage SEM
scanning in order to identify the electron percolation in the CB and Gr network. Low-voltage
analysis was first described and used by Thydén et al. [16] to identify electron percolation in SOFC
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anode Ni-network. When the electron beam hits a sample, a variety of elastic and inelastic
scattering of the electrons occurs. If the acceleration voltage of the electrons hitting the sample is
low (~1 kV) the electron penetration depth is small and the sample interaction volume is small.
Secondary electrons (SEs) emitted from the sample have by definition energies <50 eV and at low
voltage several materials have an SE yield different than 1 [19], [20], resulting either in positive or
negative charge occurring at the sample surface. If the material is insulating or not connected to the
ground it will not be able to dissipate this charge (to ground). Instead an equilibrium is rapidly
established where the charge (electrons) hitting the sample equals the emitted charge (electrons). As
a result the SE yield depends on whether a part of the electrons can be dissipated to ground and this
can be detected by the microscope In-lens detector.

The combination of low-voltage SEM and FIB/SEM have been recently been used for 3D electron
percolation analysis of a CB additive in a laboratory LiFePO,/CB positive electrode [8], [17].

2.4. Image processing

Segmentation of the 3D FIB/SEM image data was performed with the program ImageJ (NIH).
Because of uneven illumination, setting a single threshold for entire micrographs was not feasible.
Therefore the Sauvola algorithm [21], [22] was used to perform local thresholds of the data. The
Sauvola algorithm works by dividing the input image into square windows (n x n pixel) and setting
thresholds for each of them based on the mean and standard deviation of the pixel intensities.
Visualizations of the 3D reconstructions of the analyzed data were performed with the program
Avizo (FEI).

The particle and void size distributions (PSD) in all electrode samples were analyzed based on
the method introduced by Munch et al. [23]: The segmented 3D volumes are filled with spheres of a
given radius. By reducing the radius incrementally, more volumes will be filled. The cumulative
PSD is then obtained by correlating the incrementally filled volume with corresponding radii.

3. Results

3.1. Galvanostatic Cycling with Potentiostatic Limitation (GCPL)

F26650CC was cycled five times between 2.8 — 3.6 V (the charge and discharge cut-off voltages are
specified by the commercial supplier) at room temperature and a nominal C-rate of 0.1 C (250 mA).
A26650CC was cycled 22k times at a nominal C-rate of 4 C (10 A) at room temperature, in a SOC
range 25-75%. After this A26650CC has been cycled a couple of times at 250 mA, in order to
quantify the capacity fade. Fig. 2a shows the charge/discharge curves for F26650CC and
A26650CC. The measured charge capacity is scaled to the electrode area (1950 cm?).

Page 6 of 19



| |—— F26650CC
—— A26650CC
1 |--- Charge
1 —— Discharge
Y S S N R P
0.0 0.2 04 06 08 1.0 1.2 14
3.8 . . .
3.6 , x=1, | Lll_xFe;?F
< 3.4 ] — LFPAB
= 3.2 1 |—— LFPAR
3.0 : - - - Charge
2.8} 3.:30 04 T0.8 3.395 R ] —— Discharge
28— ——— )
0.0 0.2 04 06 08 1.0 1.2 1.4
07 T T T .
0.6l Li, Cq
0.5¢ 1 |— GPHF
2‘8; 1 |— GPHAR
= 0:2> - - - Discharge
0.1L —— Charge

0.0 : : : ‘ ' : : C)
0.0 0.2 04 06 08 1.0 1.2 1.4
Capacity [mAh cm™?]

Figure 2. Charge/Discharge curves of a) F26650CC and A26650CC, b) LFP (fresh, aged blue and
red) and c) Gr (fresh, aged blue and red)

The total specific discharge capacity in F26650CC is observed equal to 1.27 mAh cm™, while
A26650CC shows a specific discharge capacity of around 0.98 mAh cm™, indicating a capacity loss
equal to 22.5%. To separate the single electrode contributions the two commercial cells have been
subsequently de-assembled in the discharged state, fresh and aged LFP/CB1 and fresh and aged Grl
were extracted and run in three-electrode setup with a lithium metal counter and reference
electrode. Fig. 2b and 2c show respectively the charge/discharge curves for the three LFP/CB1 and
the three Grl electrodes.
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The LFP electrodes (Fig. 1b) are cycled between 3.0 — 3.6 V with a constant current of 330 pA,
corresponding to a C-rate of 0.1 (calculated for the fresh electrode), considering that its surface area
is 2.55 cm? and that the unrolled battery electrode was 1950 cm?. The charge/discharge curves show
a flat voltage plateau at around 3.45 V typical for Li.xFePO4 with 0<x<I vs. Li(m) [24], [25]. The
charge capacity for LFP1_F is 1.32 mAh cm™ which is comparable to the F266500CC charge
capacity (Fig. 1a).

LFP1_AB and LFP1_AR electrodes show a charge capacity of 0.83 and 0.73 mAh cm?
respectively, equal to the 63% and 55% of the charge capacity of LFP1_F. The capacity losses
observed in the two different regions are 37% and 45%. From the discharge curves however the
aged electrodes are able to completely recover their initial capacity in both regions, showing that
there are no electrochemically inactive regions. A little step in lithium intercalation is observed in
the discharge curves of LFP1_AB and LFP1_AR, as shown in the left inset in Fig. 1b. The right
inset shows that the over polarization for the two aged samples is about 5 mV higher than that for
LFP1_F.

The Gr electrodes were cycled between 0.01 V and 0.45 V, also at 330 pA. No big differences
are observed between the charge/discharge curves of the Grl_F and Grl_AR, the aged sample even
show a 4% higher capacity (1.34 and 1.40 mAh cm respectively).

3.2. Low — kV FIB/SEM Tomography

Figure 3 shows cross-sectional images recorded with a lateral E-T detector and 1 kV acceleration
voltage after FIB milling of the LFP2_F, LFP2_AB, LFP2_AR, Gr2_F, Gr2_AB and Gr2_AR
electrodes. The top part of all the images shows a very bright region which is the sample surface
after polishing. In Fig. 3(a,b,c) the electrode/electrolyte interface of the three LFP2 electrodes is
observed at the right part of the images and three different phases could be distinguished in all the
three electrodes: light gray LiFePO, particles, dark gray pores (infiltrated with silicon resin) and
black CB particles. In the right side, where the electrolyte is supposed to be, there is a dark gray
bulk of silicon resin and in LFP2_F (Fig. 3a) also few LFP and CB particles probably detached
during sample preparation. LFP2_AB and LFP2_AR (Fig. 3b,c) show instead a dark layer of what
is supposed to be carbon and decomposition products from the electrolyte at the
electrode/electrolyte interface. This layer is thicker and more homogeneous in LFP2_AR.
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Figure 3. SEM images at 1 kV recorded with Lateral E — T detector of a) LFP2_F, b) LFP2_AB, ¢)
LFP2_AR, d) Gr2_F, e) Gr2_AB and f) Gr2_AR electrodes.

The three Gr2 electrodes are shown in Fig. 3(d,e,f). Only two phases could be distinguished:
dark graphite particles and gray pores infiltrated with silicon resin. On the left side the
copper/electrode interface is present, while on the right side the electrode/electrolyte interface is
found. The darker gray bulk on the right is the epoxy resin, used for sample preparation, which has
a different contrast than silicon resin. All the electrodes are characterized by a porous structure of
graphite grains. However Gr2_AB and Gr2_AR (Fig. 3e,f) show smaller graphite particles, as later
confirmed by PSD. Additionally Gr2_AB have big black agglomerates at the electrode/electrolyte
interface.

Figures 4 shows instead cross-sectional In-lens images recorded a 1 kV after FIB milling of all
LFP2 and Gr2 electrodes respectively. The low accelerating voltage enables a detection of charging
effects on carbonaceous materials [8], [17]. The CB particles in the LFP2 electrodes do not seem to
charge, however some of the agglomerates in LFP2_AB are noticed to charge (shown in the red
rings, Fig 4b).

A few graphite grains are observed to charge in Gr2_F (shown in the red rings, Fig. 4d), and a
higher amount of particles are observed to charge in Gr2_AB and Gr2_AR (Fig. 4e,f), in particular
in the part of the electrodes closest to the electrode/electrolyte interface.
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Figure 4. SEM images at 1 kV recorded with In-lens detector of a) LFP2_F, b) LFP2_AB, c)
LFP2_AR, d) Gr2_F, e) Gr2_AB and f) Gr2_AR electrodes.

3.3. Three-dimensional reconstruction and data statistical analysis

The three-dimensional reconstructions of the five 3D datasets are shown in Figures 5 and 6 (LFP2
and Gr2 electrodes respectively). Fig. 5 shows the 3D reconstructions of LFP2_F, LFP2_AB and
LFP2_AR electrode/electrolyte interfaces. Light gray particles are LFP grains, black particles are
CB and pores are transparent blue. At the electrode/electrolyte interface a dark layer is observed.
The layer is approximately 0.5 pm and 1 um thick for LFP2_AB and LFP2_AR respectively.

Particles size distributions (PSD) retrieved from the reconstructions are reported in Fig. 7 and Table
3. The PSD show that relative to the fresh sample, the average LFP particles size decrease
respectively ~7 and ~11 % in LFP2_AB and LFP2_AR. A decreased CB particle size and volume
fraction is observed. Additionally, the porosity of LFP2_AB and LFP2_AR is which as high as the
porosity in the LFP2_F electrode. PSD analysis of the dark agglomerates (Fig. 7f) shows how they
increase in size from LFP2_AB to LFP2_AR.

Fig. 6 shows the 3D reconstructions of low-kV In-lens images of Gr2_F and Gr2_AR electrodes.
The orange region is the copper current collector. In the electrode three phases can be distinguished.
Dark gray particles are graphite grains which are observed to dissipate electron charging to the
ground, light gray particles are instead those graphite grains which show some local charging
effects during the low-voltage imaging. Finally the pores are again represented as transparent blue.
Large agglomerates with a diameter between 5-10 pum in diameter are seen at the Gr2_AR
electrode/electrolyte interface. Relative to that of the fresh electrode, the amount of bright graphite
particles is observed to be higher in the aged electrode; the bright particles take up 0.8% of the
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volume analyzed in Gr2_F, while they occupy 30% of the volume in Gr2_AR. The bright particles
are primarily observed in the region close to the electrode/electrolyte interface. The PSD analysis of
the dark agglomerates (Fig.7g) only counts a few big particles and is consequently not very
accurate.

Figure 5. 3D reconstruction of a) LFP2_F, b) LFP2_AB and c) LFP2_AR electrodes. The scale bar
units are [um].

Figure 6. 3D reconstruction of a) Gr2_F and b) Gr2_AR electrodes. The scale bar units are [um].
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Table 3. Statistical analysis of LFP2 and Gr2 electrodes.

LFP2 Gr2
Phase Volume Fraction [%] Avg. particle size Volume Fraction Avg. particle size
[nm] [%] [nm]

F AB | AR F AB AR F AB AR F AB | AR
Active Material 58 44 41 76 71 68 70 70 1096 554

CB Additive 17 7 12 49 28 38 - = - =
Pores 25 49 47 39 45 48 30 30 159 302
Agglomerates - - - - 141 169 - - - - 875

From the segmented 3D dataset of sample Gr2_AR was also analyzed the graphite connectivity. In
this analysis a Gr voxel is considered connected when it has pathway to the left side of the
reconstructed data cube (the direction of the copper current collector) through the Gr network.
Unknown connectivity is defined as only being connected to one of the other sides of the
reconstructed data cube. Fig. 8 shows the electronically connected graphite particles in Gr2_AR
without the agglomerates at the electrode/electrolyte interface. Connected particles are highlighted
in green, isolated particles are red, while unknown ones are yellow. The amount of connected
graphite is found to be higher than 99% for Gr2_AR. This value significantly deviates from the
30% non-electron dissipating particles identified with the low-kV analysis of the same electrode,
most likely due to the limited precision of the connectivity analysis which is affected by slicing
resolution and segmentation uncertainties.

Figure 8. a) Connectivity analysis of Gr2_AR electrode. Green particles are connected with the left
side of the segmented volume (closest to the copper current collector). Red particles are
unconnected and yellow particles are unknown (could be connected outside the segmented volume).
b) Same 3D reconstruction showing the connected particles as transparent green to highlight
isolated and unknown particles.

4. Discussion

4.1. Galvanostatic Cycling with Potentiostatic Limitation (GCPL)

As discussed in section 3.1, A26650CC shows a capacity loss of 22.5% after being cycled 22k at
4C bhetween 25% and 75% SOC (Fig.2a). Results of the single electrodes cycling in the electrode
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configuration (Fig. 2b,c) are in agreement with the ones observed for the full cylindrical cell (Fig.
2a). The charge/discharge capacities of LFP1_F and Grl_F match the F26650CC capacity well
(Fig. 2). The discharge capacity of LFP1 F is 10% higher than that of F26650CC, which is
expected to account for the amount of lithium spent for the initial SEI layer formation at the
graphite electrode [26]-[28].

Similar to previous observations [29], [30] LFP1_AB and LFP1_AR show a lower capacity
during the first charge (65 and 58% of the fresh electrode capacity, respectively). This means that
only a fraction of the LFP was fully lithiated to LiFePO,4 during the final discharge and that a
substantial part of the LFP remains as FePO,. After the first discharge both LFP1_AB and
LFP1_AR are able to recover completely the initial capacity, also in agreement with previous
observations [29], [30]. This shows that there are no electrochemically inactive parts of the
material, and that all the regions of the electrode are accessible to lithium ions. This suggests that
almost no capacity fade occurs to the LFP electrode due to cycling. However, a higher over
polarization was observed in the aged electrodes (Fig. 2b, insets). This is possibly related to an
increased ionic resistance furnished by the partially blocking layer at the electrode/electrolyte
interface on the aged samples (Fig. 7b,c).

Grl_AR show a capacity slightly larger than that of Grl_F. Anode capacity fade with cycling
was previously observed [29], [30] and the reason for the unexpectedly large capacity of Grl_AR is
not fully understood.

4.2. Morphological changes

The FIB/SEM analysis of the three LFP2 electrodes showed some changes in the morphology of the
electrode with cycling. First of all the LFP particle are observed to slightly smaller in the two aged
samples. This could probably be an effect of LFP cracking with cycling [6]-[8], [17]. The cracking
may also increase the porosity of the aged electrodes, as observed by comparing the pore volumes
for the three electrodes (Table 3). The CB black particles are also observed to have a smaller size in
the aged samples and their volume fraction is around a half of what is found in LFP2_F. The most
important degradation process seems to be the formation of a layer at the electrode/electrolyte
interface. The layer is possibly a mixture of carbon and electrolyte decomposition products [8],
[17], [29], [30]. The layer is expected to partially block the electrolyte passage thereby increasing
the ionic resistance. This increases the over polarization of the aged electrodes during
charge/discharge cycling (Fig. 2b, insets).

CB agglomeration is influenced by the CB/LFP ratio in the electrode material [31]. The layer at the
electrolyte/electrode interface is probably composed by a mixture of CB and decomposition
products from the electrolyte, i.e. Li-organic species, fluorophosphates and LiF [32] and could thus
in part explain the loss of lithium inventory (LLI). The layer is found to be thickest in the sample
collected from the core of the cylindrical battery, which could be an effect of the accelerated
degradation of the electrolyte caused by the higher temperature [33], [34] developed in the core of
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the cylindrical cell [35].

FIB/SEM tomography of the Gr2 electrodes also revealed formation of big agglomerates sitting
at the electrode/electrolyte interface. The volume fraction between CB and pores (Table 3) is the
same for the fresh and the aged sample, however from PSD analysis it is seen that the graphite
particles are significantly smaller in Gr2_AR than in Gr2_F. This is probably an effect of cracking
of Gr particles with cycling [36], [37].

4.3. Charge contrast and connectivity studies

The low — voltage analysis was previously used to detect charging effect in the CB network of a
laboratory LFP electrode to study the changes in the electron dissipation capability in the CB
network [8], [17]. The commercial LFP electrode studied here reveal no charging effects due to
cycling, however some of the agglomerates in the sample collected from the skin (LFP2_AB) were
observed to locally charge, probably due to disconnection of the grain from the CB network.

The low — kV FIB/SEM was useful to detect locally charged particles in Gr2_F and Gr2_AR
electrodes. As shown in Fig. 4 and 3D reconstructed in Fig. 6, from identification and quantification
of locally charged Gr particles in the negative electrode sample, a distinction between “percolating”
and “non-percolating” graphite particles was possible. Non-percolating graphite particles count for
0.8% and 30% in Gr2_F and Gr2_AR respectively. The bright graphite particles are predominantly
found in the region of the electrode closest to the electrode/electrolyte interface. This charging
effect are not fully understood yet, however they are believed to describe graphite particles that are
disconnected from the electron percolating network. Many Gr grains show in fact a flickering
intensity between two consecutive images during the milling job. This is probably an effect of
connection/disconnection of the same particle from the percolating network concurrently with the
ion milling. Furthermore, cracking of graphite particles with cycling, as previously suggested by
PSD calculation, would create new carbon/electrolyte interfaces which would be covered by SEI
layer after electrolyte decomposition, which is known to be an electron insulator [38]-[40]. This
would of course create new secondary smaller graphite grains with an increased electronic
resistance.

In contrast to the low — kVV FIB/SEM analysis, the connectivity analysis of Gr2_AR electrode
(section 3.3) did not show a decreased connectivity. This is probably because of segmentation
inaccuracy of low resolution images. For this reason low — kV FIB/SEM analysis seem to be a good
complementary technique to the usual connectivity analysis.
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5. Conclusions

In this work the electrode degradation mechanisms in commercial 2.5 Ah LiFePO4,/C 26650
cylindrical cells were examined. Aged and fresh electrode samples were prepared by cycling two
cells respectively five and 22k times. Subsequently the cells were disassembled in a glovebox.
Anode and cathode samples were extracted and tested in a 3-electrode setup and characterized with
low-kV FIB/SEM tomography.

In agreement with previous studies, galvanostatic cycling with potentiostatic limitation (GCPL)
shows that the extracted aged LFP electrodes (cathodes) are not completely lithiated, i.e. that loss of
lithium inventory (LLI) contributes to the capacity loss observed in the aged 2.5 Ah cell. After the
first charge/discharge cycle both electrodes were able to completely recover the initial capacity
showing that there are no electrochemically inactive regions. This is previously observed for the
LFP electrodes, but usually aged graphite (Gr) electrodes (anodes) exhibit a significant capacity
fade due to loss of active material (LAM). The reason why LAM is not observed for the
investigated anode samples is not fully understood.

The electrodes have been analyzed by low — kV FIB/SEM tomography to study changes in
morphology. The morphology analysis showed that both the LFP and Gr particle size decrease with
cycling. This could be an effect of mechanical stress during lithiation/delithiation process with
consequent cracking of particles. CB additive particles in the LFP electrodes are observed to
decrease in size and volume fraction and a big layer of what is believed to be electrode/electrolyte
decomposition products is observed on the electrode/electrolyte interface of the aged cathode
samples. The layers at the anode and cathode electrode/electrolyte interfaces are possibly composed
of LiF and Li-organic species, and is believed to be the main degradation mechanism causing loss
of lithium inventory (LLI) in the cylindrical cell.

Low — kV FIB/SEM tomography was also used to study the electron percolation in the graphite
network in 3D, and several graphite particles in the aged anode were found incapable of dissipating
the electric charge induced by the microscope electron beam. This was predominantly observed in
the region close to the electrode/electrolyte interface and could be an effect of cracking of Gr
particles upon cycling. It is important to note that this contradicts with the GCPL measurement
which revealed no LAM. The contradiction can possibly be explained by the difference in
volumetric current density; the volumetric current density when the microscope electron beam hits a
single Gr particle is several orders of magnitude higher than the volumetric current density during
charge/discharging.

Concluding the degradation of a cylindrical cell was studied by electrochemical and physical-
chemical characterization. Loss in performances could not be addressed to loss of electrochemically
active material (LAM) from either positive or negative electrode, but is most likely due to LLI
which occurs in relation to the deposition of a thick layer at the electrode/electrolyte interfaces.
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