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ABSTRACT
Parasitic reactions in negative electrodes are a major cause of lithium ion battery
fade. In this thesis, studies regarding parasitic reactions at the negative electrode, especially
on inactive materials, were explored using a newly developed type of symmetric cell,
termed double half-cells (DHCs). DHCs are designed to provide a precise and accurate tool
to measure the irreversible capacity that only requires the use of a standard charger.
Quantitative electrolyte reactivities on Cu, Ni, 304 stainless steel (SS), Ti, Fe, Mo, and TiN,
were obtained, through cycling graphite/inactive material blended electrodes in DHCs.
Combining the results from electrolyte reactivity, initial irreversible capacity, and
impedance growth, TiN and Ti were found to have the lowest cathodic electrolyte reactivity
in both vinylene carbonate (VC)-free and VC-containing electrolyte, with a reactivity less
than graphite. In contrast, the commonly used negative electrode inactive materials: Cu
(for the current collector) and Ni (tabs) have high irreversible capacities, high electrolyte
reaction rates (2-3.5 times graphite) and high impedance growth. These studies show that
the current materials widely in use today at the negative electrode could be reducing the
lifetime and rate capability of Li-ion batteries. The use of more inert materials, such as Ti
or TiN, may result in an increase of Li-ion battery cycle life.
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CHAPTER 1 INTRODUCTION
1.1 Energy Issues and Batteries
Modern civilization needs portable and clean energy storage to shift human lifestyle
and economic growth to a sustainable path. The rise of electronic markets, such as markets
for cellphones, laptops, tablets and wearable electronic devices, has changed the way
humans live.1 These electronic devices have become indispensable for everyday life, but
most of these devices require a power supply having a combination of all these features:
consistent energy output, high energy density, portable size, excellent safety performance
and superior rechargeability.
Another issue caused by modern civilization is a rise in energy consumption. Global
energy consumption in 2010 has reached 524 quadrillion Btu (equal to 1.5×1014 kWh) and
the expected annual consumption keeps increasing by 1.5% per year.2 The vast energy
needs demand a well-developed power grid system to support it. Sadly, in 2010, over 80%
of the global energy supply relied on the combustion of fossil fuel resources, i.e. oil, coal
and gas.3,4 The depletion of fossil fuel resources and related environmental pollution issues
darken the future of energy dependence on these carbon-emitting sources. This pushes the
development of new technologies in the pursuit of sustainable energy substitutes, e.g. wind,
solar, tidal and geothermal energy resources.
By facing these energy challenges, academia, industry and governments all agree
that rechargeable batteries, a reversible electrochemical storage technology, can offer a
sustainable energy strategy for not only portable electronic devices, but also vehicles and
the electric grid.4–6
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1.2 Background of Lithium Ion Batteries
An electrochemical cell at least contains two electrodes, an anode (oxidation
occurs) and a cathode (reduction occurs), and an electrolyte. The electrolyte conducts ions
to enable electrochemical reactions at the electrodes, while electrons generated by these
reactions flow via an external circuit. Rechargeable batteries strongly rely on reversible
electrochemical reactions at both electrodes. After one cycle (one discharge and charge),
the components in the cell are ideally unchanged.

Figure 1.1 Diagram of the first Li-ion Battery. Reproduced with permission.5 Copyright
(2013) American Chemistry Society.

In the 1980s, Akira Yoshino patented a secondary battery prototype cell comprising
LixCoO2 and graphite electrodes in an nonaqueous electrolyte.7 Then, this prototype was
commercialized by SONY Corporation to power cell phones and camcorders, leading to
the creation of the lithium ion battery (LIB) market. Figure 1.1 illustrates the structure of a
Li ion battery, which contains three major parts: a positive electrode (LiCoO2 as an
example), a negative electrode (graphite as an example), and a Li+ conducting electrolyte.
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During charge, current flow in the external circuit forces Li+ ions to be extracted from
LiCoO2 into the electrolyte. Then Li+ ions flow through the electrolyte and insert into
graphite. In this process, electric energy is transformed into chemical energy, which is
stored in the cell. During the following discharge, Li+ ions, delithiated from lithiated
graphite, intercalate back to the positive electrode. The electrons generated on the graphite
electrode flow to the positive electrode in the external circuit.8 During the past two decades,
the capacity of 18650 cylindrical-type LIBs has increased from 1.25 Ah to > 3.0 Ah. The
major contribution to this increase comes from the cell engineering: by fabricating the cells
with a maximum amount of active materials and a minimum amount of inactive
components. However, the amount of energy increase that can be achieved by cell
engineering has nearly reached its limit.1
1.3 Negative Electrodes
In terms of negative electrode materials, graphite holds the major market share
owing to its low price, long cycle stability, low average voltage (~0.2V), low the volume
change during cycling (~10%) and relatively high volumetric capacity (719 Ah/L).5 During
the lithiation process, Li ions intercalate into the vacancies between each two-dimensional
graphite layer, which are weakly bound together by Van der Waals forces. The layer
structure of graphite is retained in the lithiation/delithiation process.
Although other negative electrode materials can barely challenge graphite in overall
performance, the pursuit of novel negative electrode materials still has a chance to improve
specific performance characteristics of batteries for meeting key requirements in certain
applications.5 For instance, Li4Ti5O12 (LTO) has a spinel crystal structure with the Fd3̄m
space group.9 LTO has a theoretical volumetric capacity of 613 Ah/L but a flat
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discharge/charge voltage plateau at around 1.55V. The relatively high voltage plateau limits
the energy density of full cells, but avoids reduction of electrolyte, which occurs below 1.1
eV (vs. Li/Li+). Besides, the volume change during cycling is only 0.2 ~ 0.3 %. Therefore
LTO is referred to as a zero-strain insertion material.10 Anode materials with a high voltage
and low volume change typically have low parasitic reactivity with electrolyte. Using LTO
as an anode material and lithium iron phosphate (LFP) as paired cathode material in 18650
format batteries, has been shown to result in 95% capacity retention after 30000 cycles at
5C rate.11
Alloy negative materials are designed to be added to graphite electrodes to increase
negative electrode volumetric capacity and LIB volumetric energy. Some commercial alloy
materials, e.g. Sn30Co30C40, SiO and 3M L-20772, have been launched, which have the
potential to improve the stack energy by 10 ~ 20%, compared to graphite cells.12–14
Sn30Co30C40 has achieved the capacity of 470 mAh/g or volumetric capacity of 1260 Ah/L
with 150% volumetric expansion.12
Silicon is attractive as a negative electrode material owing to its high gravimetric
and volumetric capacity.15 However, the huge volumetric expansion (~ 280%) and the
formation of Li15Si4 phase causes the capacity to fade dramatically during the
lithiation/delithiation process.16 The formation of Si-metal alloys can suppress the volume
expansion greatly. L-20772 alloy, known commonly as V6, is a Si-based alloy
commercialized by 3M Company. It has a volumetric capacity of 1550 Ah/L with a volume
expansion of 105%.14 The coulombic efficiency (CE) of V6 can reach 99.8% and the
capacity retention after 60 cycles at a C/4 rate is nearly 95% (ignoring the drop in first
cycle).

4

1.4 Electrolytes
Improvements in electrolyte chemistry have been incremental in the past decades,
far behind the advancement of electrode materials.17 The majority of electrolytes in LIBs
consists of Li salts dissolved in aprotic solvents. An ideal electrolyte should meet the
following criteria: high relative permittivity (εr), to dissolve salts to sufficient
concentration; low viscosity (η), for facile ion transport; wide electrochemical window (05 V vs. Li/Li+), to enable high cell potentials; wide operation temperature, especially from
-30°C to 60°C; excellent wettability to the electrode and separator; low cost; and low
toxicity.17 In reality, parasitic reactions occur during the discharge/charge process, leading
to the reduction of electrolyte on the surface of negative electrode and the oxidation of
electrolyte at positive side. Electrolyte redox reactions lead to the loss of capacity, gas
generation and even capacity fade. At negative electrodes, reduction of electrolytes
produces a passive layer covering the surface of the electrodes. This passive layer
comprising of organic and inorganic components can restrict further parasitic reactions by
blocking electron transport while Li+ ion transport is permitted, enabling cell cycling.18
This essential layer has been named solid-electrolyte interphase (SEI).
1.4.1 Solvents
Among the wide spectrum of polar organic solvent candidates, commercial
electrolytes for LIBs contain binary or ternary mixtures of carbonate ester solvents.19 These
esters can be divided into two groups: cyclic carbonates and acyclic carbonates. Some
physical properties of cyclic and acyclic carbonates can be distinguished. Cyclic carbonates
have high relative permittivity (εr = 40-90) and moderate viscosities (η = 1.7-2.0 cP). In
contrast, acyclic carbonates have low dielectric constants (εr = 3-6) and low viscosities (η
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= 0.4-0.7 cP).20 The physical properties of the mainstream carbonate esters are summarized
in Table 1.1.
Propylene carbonate (PC) has advantageous solvent properties compared to
ethylene carbonate (EC): lower viscosity to increase the ionic mobility and wider operation
temperature. However, the major issue of PC is that graphite can have poor cycling
performance when PC is used.20 The reason for the poor performance is the co-intercalation
of PC molecules with Li ions into graphite, which causes exfoliation of the graphite
layers.21 Considering that graphite has an outstanding performance as a negative electrode,
which is hard to challenge, the application of PC in commercial batteries is obstructed.

Table 1.1 Physical properties of ester solvents.17,20
Tm/Tb (°C)

η (cP) 25°C

εr 25°C

EC

36.4/248

1.90 (40°C)

89.78(40°C)

PC

-48.8/242

2.53

64.92

DMC

4.6/91

0.59

3.1

DEC

-74.3/126

0.75

2.8

EMC

-53/110

0.65

3.0

Solvent

Structure
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EC is a fundamental component of electrolyte formulations, due to its relatively
high dielectric constant (εr = 89.78), which is almost the highest amongst the common
solvents. Graphite can cycle well with EC containing solvents owing to the formation of a
stable SEI layer. Nevertheless, the melting point (Tm) of EC is 36°C, which can be above
battery operation temperatures. The presence of EC in electrolytes also increases its
viscosity, reducing ion conductivity. In order to decrease its melting point and increase its
ion conductivity, electrolytes containing EC need to be combined with other organic
solvents.20
The first candidates used as a co-solvents with EC were ethers, such as
diethoxyethane and dimethoxyethane.22,23 But these ethers are easily oxidized at 4.2 V (vs.
Li/Li+), which is below the working potential for lithium cobalt oxide (LCO), lithium
manganese oxide (LMO) and lithium nickel manganese cobalt oxide (NMC).24 Other
potential solvents are acyclic carbonates, e.g. dimethyl carbonate (DMC), diethyl carbonate
(DEC) and ethylmethyl carbonate (EMC). Most acyclic carbonates can form homogeneous
solutions with EC at any ratio. The presence of acyclic carbonates in EC-based electrolytes
decreases the liquidus temperature and increase the ion conductivity.20 Moreover, cosolvents can form SEI on the surface of both the negative and positive electrodes, which
prevents further redox reactions and cell fade.19 Hence, most LIB electrolyte solvents
consist of solutions of cyclic and acyclic carbonates.
However, recent research shows that some novel EC-free electrolytes can operate
over a wide potential window with high ion conductivity.25,26 For example, by using a small
amount of passivating additives (additives will be discussed later), ethyl acetate or methyl
propanoate-based electrolytes have been successfully developed for LIBs. NMC/graphite
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and LCO/graphite pouch cells filled with these novel electrolytes show similar capacity
retention and better rate performance compared to cells filled with EC-based electrolytes.26
However, other factors such as their operational temperature range, and safety
characteristics have not been fully evaluated.
1.4.2 Li Salts
The available options for Li salts are limited compared to the various compounds
used for electrolyte solvents or electrode materials. LiPF6 is the dominant salt in
commercial LIB manufacture among other Li salt candidates, such as LiBF4, LiAsF6,
LiClO4, lithium bis(oxalato)borate, lithium bis(fluorosulfonyl)imide, and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). The benefit of LiPF6 is its well-balanced set
of characteristics, such as moderate conductivity, dissociation constant, and ionic
mobility.17 However, LiPF6 is not ideal, especially due to its poor thermal and chemical
stability. At temperatures exceeding 60°C, thermal dissociation of LiPF6 occurs via the
following equation:
→

1.1

The generation of PF5 accelerates cell fade, even though there is some disagreement about
the mechanisms involved.27,28 The thermal instability of LiPF6 strongly limits the longterm cycling performance of commercial LIBs at temperatures over 60°C.
A competitive candidate Li salt is LiTFSI, which has higher chemical and thermal
stability, higher solubility and more ionicity than LiPF6.29 The exothermic reactions that
occur between lithiated graphite in LiTFSI-based electrolytes occur at relatively high
temperature (~ 170°C) while LiPF6 is almost fully decomposed at the same temperature.30
A severe issue for using LiTFSI as Li salts is the corrosion of Al foil at high voltage (> 3.5
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V vs. Li/Li+) because Al foil in LiTFSI-based electrolytes fails to form a thin and dense
passive layer.29 Strategies for suppressing the corrosion include adding a small amount of
LiPF6 into LiTFSI-based electrolytes or using high concentration LiTFSI electrolyte.31,32
The high cost of LiTFSI is also limited its use in industry.

Table 1.2 Chemical structures of additives.

Fluoroethylene carbonate

Vinylene carbonate (VC)

Succinic anhydride

(FEC)

Prop-1-ene-1,3-sultone (PES)

Vinyl enthylene carbonate

Methylene

(VEC)

methanedisulfonate (MMDS)

1.4.3 Additives
Since the SEI layer plays a vital role for reducing the rate of cell fade, one effective
strategy to improve the cycleability and cycle life of Li-ion batteries is adding electrolyte
additives, which can assist in the modification of the morphology and composition of the
SEI layer.33 Usually, the amount of an additive in the solvent is less than 5% and it is
preferentially reduced or oxidized over the other compositions in the electrolyte.17 The
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empirical reduction potential of electrolyte components is strongly related to their lowest
unoccupied molecular orbital (LUMO).34 An effective anode SEI additive should possess
a low LUMO energy. The major electrolyte additives are summarized in Table 1.2.
VC is one of the most studied electrolyte additives for LIBs.35–37 Earlier studies
have claimed that the main benefits of VC are the improvement of capacity retention of the
negative electrode while the impact on positive side is insignificant.35,36 Recently, high
precision coulometric studies have demonstrated that additions of VC have little effect on
the performance of graphite at 30 °C.37 In contrast, the capacity loss of NMC in half-cells
was suppressed by adding VC. These contrary conclusions also indicate the difficulty and
complexity of investigations of the effect of electrolyte additives on the performance of
LIBs.

Figure 1.2 (a) Capacity vs. cycle number for NMC111/graphite pouch cells. The cycling
was done between 2.8 and 4.2V at 55 °C and at 80 mA. (b) Capacity vs. cycle number for
NMC442/graphite pouch cells. The cycling was done between 3.0 and 4.4 V at 45 °C and
at 100 mA. Reproduced with permission.38 Copyright (2015) The Electrochemical Society.
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The effect of many electrolyte additives on the LIB capacity retention has been
investigated.38–40 Sinha et al. have studied that effect of the addition of tris(trimethlysilyl)
phosphite (TTSPi) in electrolyte.41 Their results have shown that the CE of
NMC111/Graphite pouch cells increases with additions of 2 wt% or 3 wt% of TTSPi,
compared to the cells without adding additives. Investigations by EIS revealed that the
existence of TTSPi reduces the impedance of pouch cells after over 500 hours cycling.39
Also, in pouch cells the addition of 1,3,2-Dioxathiolane-2,2-dioxide (DTD) leads to an
increase in CE and a decrease in impedance. The cycling performance of NMC/graphite
pouch cells with different additives is shown in Figure 1.2.

1.5 Degradation of Electrolyte on Negative Electrodes
Lithiated negative electrodes are not thermodynamically stable when immersed in
electrolytes. Both Li salts and solvents can be reduced at low potentials (< 1 V vs. Li/Li+).20
The degradation of electrolyte on negative electrodes attracts the most interest with regard
to addressing LIB capacity fade.42,43 Aging models for the prediction of LIB lifetime can
closely simulate trends in capacity fade by only considering the growth of SEI on the
negative electrode.44,45
1.5.1 Pathway of Solvent Reductions
The electrochemical reduction of carbonates mainly follows a single-electron
mechanism,46 shown in Figure 1.3. The ring of cyclic carbonates is opened under
nucleophilic attack. Then, two cyclic radical anions are recombined, forming semi-
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carbonates, which deposit on the electrodes forming part of the SEI layer. Gaseous products
are also generated during the reduction.
Although the formation of semi-carbonates has been confirmed by advanced
characterization techniques,47,48 the reduction pathways leading to their formation are still
under discussion. By using electron paramagnetic resonance spectroscopy, Shkrob et al.
claimed that cyclic carbonates do not follow a single chemical route.49 Instead, it involves
the exothermic dissociation of two C-O bonds. Gaseous compounds, e.g. C2H4, and
carbonate radical anions (CO3-*) are produced. Then, CO3-* attacks a new cyclic radical
anion, forming semi-carbonates.

Figure 1.3 Scheme of the reduction of EC, PC, DEC, DMC and EMC by a single-electron
mechanism. Reprinted with permission.46 Copyright (2006) American Chemistry Society.

1.5.2 Chemical Reactivity of LiPF6
LiPF6 is sensitive to high temperatures, as mentioned above, and also to moisture,
decomposing into HF and PF3O upon moisture exposure.20 PF3O acts as a catalyst, which
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accelerates the reduction of carbonates into alkoxyfluorides and CO2.28 The mechanism is
shown in Figure 1.4.
The acceleration of carbonate decomposition should thicken the SEI layer on
negative electrodes.20 However, electrochemical impedance spectroscopy (EIS) has shown
that the change in the SEI layer thickness oscillates rather than increasing monotonically
when electrodes were stored in electrolyte at 80°C.27 The author claimed that PF5 is the
major cause in the destruction of the SEI layer or the reformation of the SEI layer. These
results also imply that the reduction of electrolyte is very complicated.

Figure 1.4 Scheme of the function of PF3O as a catalyst for carbonate decomposition.
Reproduced with permission.28 Copyright (2005) The Electrochemical Society.
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1.5.3 Aging Prediction
The SEI layer can accumulate on the surface of the electrodes during cycling. If the
negative electrode is charged/discharged at a high C rate, e.g. > 1C for graphite, the volume
change of the negative electrode causes the formation of cracks in the SEI layer, which
speeds up the degradation of the electrolyte.50 If the C rate is < C/10, the degradation caused
by these macropores is considered as negligible.
In terms of the electrodes with the low volumetric expansion, the extent of parasitic
reactions is strongly related to time, instead of cycle number.51 Many simulation methods
have been proposed, assuming that the growth of the SEI layer can be studied based on a
single particle model.45,52 In the model, the SEI layer is described as a uniform layer on the
surface of the electrode. Thus, the SEI layer can be parameterized by one single variable,
its thickness, x. The change of thickness can be roughly described by a parabolic growth
law, which has been used to simulate the growth of the oxidization layer on metal
powders:51
2

⁄

1.2

and
1
2

1.3

Here x, t and k are the thickness, reaction time and a proportionality constant, respectively.
The understanding of LIB fade as a time-dependent issue indicates that claims such
as “over 30000 safe charge/discharge cycles at an acceptable rate (5C) is equivalent to a 10
year operation life”5 need to be checked more carefully. Moreover, the uniformity of the
SEI on the negative electrode materials implies that surface area is a factor that determines
14

the degradation rate. Smith et al. have shown that surface area plays a key role in continual
SEI growth.51 The specific surface area (SSA) of graphite electrodes can be modified by
the amount of carbon black added, which has 61 times larger SSA than graphite. The
irreversible capacity of cells increases with larger negative electrode surface area (Figure
1.5(A)), while the decomposition rates per unit area still maintains the same slope in the
decomposition rate per unit area vs. t-½ (Figure 1.5(C)). These results also imply that one
potential drawback for nanoparticles for use in negative electrodes is dramatic capacity
fade, owing to high specific surface area.

Figure 1.5 A comparison of precision coulometry results for Li/Graphite cells with 86:7:7,
90:5:5 and 95:3:2 (Graphite/ Carbon Black (CB)/ poly(vinylidene fluoride) (PVDF) weight
to weight ratio) electrodes cycled at C/26 and at 30°C. (A) The total accumulated
irreversible capacity vs. t1/2 (top x-axis); (B) The accumulated irreversible capacity per
cycle vs. t-1/2 (bottom x-axis); (C) The accumulated irreversible capacity per cycle per unit
surface vs. t-1/2. Reproduced with permission.51 Copyright (2011) The Electrochemical
Society.
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In addition, most studies about negative electrode fade have been focused on active
materials, especially on graphite.36,53 In LIBs, a certain amount of inactive materials (i.e.
materials that do not form compounds with lithium), such as current collectors and the cell
can, are also present. Previous studies by cyclic voltammetry (CV) have shown that the
reduction of electrolytes can occur on some inactive metal foils.54,55 However, to the
author's knowledge, the effect of these inactive materials on cell fade has barely been
studied. Moreover, it is well known that the kinetics of electrochemical surface reactions
is strongly affected by the nature and composition of surfaces.56 The study of electrolyte
decomposition on inactive materials can enhance the knowledge of the effect materials
surfaces have on cell fade. This knowledge is crucial, but has been ignored.
1.5.4 Anomalous High Potential Irreversible Capacity at Negative Electrodes
Some studies have reported that extra irreversible capacity can occur because of
reactivity at some negative electrodes at high voltages.57,58 Pure Sn is a material which
suffers from this irreversible capacity. In Li/Sn half-cells, high potential irreversible
capacity can be observed when the voltage of the cell is above 1.5 V.57 However, the Sn
electrode should show little capacity above 0.9 V. One interpretation for this irreversible
capacity is that it arises from the catalytic decomposition of the electrolyte in the presence
of the Sn electrodes at high potential. In addition, the high potential irreversible capacity,
corresponding to the catalytic reactions of electrolytes, also has been observed on Pb
surfaces in Na-ion cells and in Mg-ion cells.59,60
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1.5.5 Measurements of Irreversible Capacity
Conventionally, long-term cycling tests (over months) are required to collect
irreversible capacity derived from electrolyte decomposition reactions in full cells when
traditional battery test equipment is used. An advanced technique for measuring these
capacities is high-precision coulometery (HPC), which can measure the effects of such
irreversible capacities within weeks. The specifications of some commercial chargedischarge equipment are summarized in Table 1.3 for comparison with HPC test
equipment.61 Major benefits of HPC are the high voltage accuracy and high equality
between positive and negative currents. However, high cost of HPC equipment limits its
use.

Table 1.3 Specifications of commercial charge-discharge equipment.61
Manufacturer

Current
resolution

Voltage
resolution

Current
Accuracy
0.020.05% of
full scale

Voltage
Accuracy

Time between
measurements

Maccor 4000
series

16 bit

16 bit

0.02% of
full scale

0.01s

Neware BTS5V 1mA

16 bit

16 bit

0.05% of
full scale

0.05% of
full scale

5s

Biologic VMP

0.0003%

16 bit

0.05%

0.1%

0.02s

Dalhousie
HPC

1 in 19,999
(0.005%)

10 µV

0.05%
(over 1
year)

0.0025%
of full
scale

<1 s (by
software
interpolation

A feasible strategy for the accurate study of cell fade using a standard charger is the
use of symmetric cells.62 For a symmetric cell, two identical electrodes are required, one
previously lithiated and the other delithiated. Unlike half-cells, in which the capacity loss
can be reimbursed by the excess lithium in the Li foil counter electrode, the capacity of a
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symmetric cell is limited, shown in Figure 1.6. Thus, the capacity fade is directly related
to electrolyte decomposition if the electrode materials themselves have no capacity loss
(e.g. from structural degradation).62
There are some benefits of symmetric cells over half-cells for measuring parasitic
currents precisely by a standard charger:
1. The fade rate is double, since two identical electrodes are cycled in a cell.
2. A sharp voltage curve endpoint, which means that the charger does not
require high voltage precision to identify the endpoint for each cycle. One
major weakness of a standard charger, such as the Maccor series 4000, is
relatively low precision measurement of voltage, which leads to an
inaccurate endpoint for each cycle.
3. No cumulative error. The cumulative amount of irreversible capacity can be
independently measured using each cycle's capacity in symmetric cells.
However, in half-cells, the cumulative irreversible capacity must be
calculated from the slippage of the voltage curve endpoints. The reliability
of measured electrolyte reactivity has been improved through the exclusion
of cumulative errors.
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Figure 1.6 The specific capacity (panel a) and coulombic efficiency (panel b) versus cycle
number for a graphite/Li half-cell and a graphite/graphite symmetric cell cycled at
approximately C/22 at 40 ± 0.1 °C. Reproduced with permission.62 Copyright (2011) The
Electrochemical Society.

1.5.6 Improvement of Lifetime
The eventual goal of electrolyte decomposition studies is to design LIBs with
longer cycle life and longer calendar life. Operating LIBs at a relatively low temperature,
such as 10 °C, can slow down the rate of the parasitic reactions.63 However, it is impractical
to maintain LIBs at the low temperature all the time, especially during cell operation.
Another potential strategy to improve the lifetime of LIBs is the use of electrolyte additives.
The major role electrolyte additives play is related to their preferential decomposition in
electrolytes which contain major solvent components. The decomposition of the additives
can result in the formation of a cohesive and compact SEI layer to prevent further
electrolyte decomposition.
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1.6 Interphases Between Electrolytes and Electrodes
The interphases between electrolytes and electrodes are very complicated.
Basically, interphases consist of Li2O, LiF, LiCO3, semi-carbonates and polyolefins, as
shown in Figure 1.7. Proposed SEI compositions vary as reported by different
references.64,65 The composition of electrodes, lithium salts and solvents has significant
effects on the SEI composition. One crucial but easily ignored factor is the technique for
handling samples, which contain the SEI compositions. If the samples are not tightly sealed
in an inert atmosphere, oxygen and water in the air can react with the SEI layer. Then,
subsequent characterization will be unable to reveal the actual properties of the SEI layer.17

Figure 1.7 “Mosaic” model of a polyhetero microphase SEI on the Li or carbon electrode.
Reproduced with permission.65 Copyright (1997) The Electrochemical Society.

1.6.1 Properties of SEI Components
There are a few papers about the properties of SEI components.66,67 One unclear
issue is about the pathway of Li ions through SEI components. Lu et al. made a valid
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attempt, in which a labelled 7LiClO4 salt was used for the formation of the initial SEI film
and then a 6LiBF4 salt was used for the transportation of Li ions through the SEI film.66
Time-of-flight secondary ion mass spectrometry was used to measure the concentration of
6

Li in the SEI film. The change of the 6Li and 7Li ratio in the SEI layer proved that the

pathway of Li through the SEI layer is similar to cation-exchange in the electrodes.
Jennifer et al. measured the solubility of SEI components in different aprotic
solvents.67 Their results showed that LiF is relatively strongly soluble in alkylcarbonates.
The composition of the solvents has substantial effects on the solubility of the lithium
compounds. In EC at 40 °C, the solubility of lithium compounds can be presented as the
following order: LiOC2H5 < LiOCH3 < Li2CO3 < LiOH < LiF. The solubility of SEI
components may weaken the SEI layer, increasing the rate of electrolyte decomposition.
1.6.2 Underpotential Deposition
As described in Figure 1.8(a), the adsorption of metal ions on foreign metal
substrates can form strong adatom/substrate bonds, leading to a (sub) monolayer deposition
of the metal atoms. The potential of this deposition on the foreign metal substrates can be
significantly more positive than that on the native material substrate. This electrochemical
process is known as underpotential deposition (UPD). The reverse stripping process is
called underpotential stripping (UPS). UPD causes surface modification because the
formation of a deposited monolayer covers the surface of the substrate. This surface
modification has potential effects on subsequent electrochemical processes. Full deposition
of the monolayer can also be used to evaluate the electroactive surface area of the
substrate.68,69
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Figure 1.8(b) shows a cyclic voltammogram that has typical features of UPD/UPS
processes on a clean substrate in aqueous electrolytes. Several pairs of UPD/UPS peaks
(labelled as I, II, and III) occur in the voltammogram. The cathodic peaks (negative current)
and anodic peaks (positive current) correspond to the UPD and UPS processes,
respectively. UPD can progress via sequential coverage of preferential sites on the
substrate.70 For example in Ag deposition on an Au electrode in 0.05 M H2SO4 + 1 mM
Ag2SO4 electrolyte, shown in Figure 1.8, after the UPD peak I, the silver adlayer has a
(√3

√3) R30° structure (one third coverage) on the gold (111) substrate.70 The entire

UPD process has been completed after the UPD peak III, with a (1

1) structure (full

coverage) of the silver adlayer on the gold.

Figure 1.8 (a) Illustration of processes constituting adsorption of metal atoms upon the
substrate. IHP and OHP indicates respectively, the inner and outer Helmholtz plane. The
metal ions, Mn+ are surrounded by the solvent molecules, ‘w’. Reproduced with
permission.71 Copyright (2005) Springer Nature. (b) Cyclic voltammogram for a Au (111)
electrode in 0.05M H2SO4+ 1mM Ag2SO4. Scan rate: 2 mV s-1. Reproduced with
permission.70 Copyright (1995) Elsevier.
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Many studies have reported UPD/UPS processes involving Li ions on foreign metal
substrates.72–75 However, the UPD/UPS process of Li ions differs from the typical
UPD/UPS process due to the presence of the SEI layer. Li UPD occurs at a very negative
potential (~ -2.5 V vs. H2/H+) shown in Figure 1.9(a). Before the UPD process, all
impurities (a trace amount of the O2 and H2O in aprotic electrolytes and a thin oxidization
layer on the substrates) and some electrolytes have been reduced, forming a SEI layer on
the metal substrates.74 The formation of the SEI layer changes the pristine surface of the
substrates for the following UPD/UPS process.

Figure 1.9 (a) Typical Li UPD and UPS peaks obtained with platinum and Li salt solutions
of dimethoxyethane, tetrahydrofuran or PC. (0.2 M LiSO3CF3 + DME solution).
Reproduced with permission.74 Copyright (1991) Elsevier. (b) SEM image of the SEI layer
formed on Cu foil at 0.7 V (1 M LiPF6/EC:DEC (1:1 v/v) as electrolyte). Reproduced with
permission.76 Copyright (2013) American Chemical Society.

The morphology of some metal substrates before UPD have been characterized.
For example, an SEM image of the SEI formed on a Cu foil substrate at 0.7 V is shown in
Figure 1.9(b).48 After being held at the potential of 0.7 V (vs. Li/Li+), the copper foil has a
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smooth morphology with scattered nanometer-sized crystallites. Characterization by X-ray
photoelectron spectroscopy indicates that the foil has been covered by a uniform SEI layer
with a thickness of 5 nm. Therefore, a SEI layer has been formed on the substrate before
the UPD/UPS process.
Further electrochemical behavior of the UPD/UPS process in Li-ion cells has been
studied via CV.73,74 Compared to the typical UPD/UPS voltammograms (Figure 1.8(b)),
the pairs of Li UPD/UPS peaks have a relatively wider waveshape and greater peak-topeak separation (Figure 1.9(a)). The large peak-to-peak separation may be attributed to the
SEI layer.74 The SEI layer can restrict Li-ion transport, especially during the Li deposition
process. Considering that the stripping process is more independent of the concentration of
the metal ions than the deposition process, the peak potential of UPS has been suggested
as to be more suitable for characterization of the process than UPD peak potentials.75
1.6.3 Characterization of Interphases
The SEI is a very thin layer that coats the electrode surface. Moreover, most of the
SEI components are strongly sensitive to air and humidity. The delicate nature of
interphases presents enormous potential risks for its degradation and modification from a
pristine state after washing, separation and transportation procedures.33 Typical methods
for the characterization of the SEI layer: EIS, Fourier transform infrared spectroscopy
(FTIR) and X-ray photoelectron spectroscopy (XPS).
EIS is a powerful technique used to measure the impedance of an electrochemical
cell, which is closely associated with the state of health of a cell.33 Typically, a sinusoidal
voltage with a frequency range from 0.01 Hz to 100 KHz is applied for characterizing halfcells, symmetric cells and full cells. Different frequency regions reveal different
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mechanisms related to cell kinetics. In general, low frequency (<0.1 Hz), midfrequency
(0.1 Hz to 1000 Hz) and high frequency (>1000 Hz) ranges are where bulk diffusion,
charge transfer resistance and electronic conductivity occur, respectively.15,77
A transmission line model has been applied in the analysis of impedance growth.78
In the model, detailed information regarding electrode interconnectivity can be obtained.
The complex cell impedance consists of the contact resistance between carbon black and
active particles, the electrical path resistance through carbon network, the transfer
resistance/capacitance and the ionic path resistance. Simulations have shown that the
impedance growth in NMC/graphite pouch cells depends on transfer resistance/
capacitance, which is related to the SEI growth on active particles.78
FTIR has versatile capabilities to analyse functional groups of substances. The
functional groups display certain vibration energies, depending on the nature of their
chemical bonds. FTIR differentiates functional groups based on distinguishing their
vibrational wavelength. The vibrations of functional groups in different components are
summarized in reference.64 However, it is difficult to collect strong vibrational signals due
to the tiny amount of SEI present on an electrode surface.33 Besides, the various SEI
components share very similar functional groups, e.g. C-H bonds, carbonyls and alkoxides.
Therefore, the interpretation of spectra with subtle and overlapping signals becomes
subjective and tricky.
XPS is an important tool for SEI layer analysis. In XPS spectroscopy, the core
electrons of atoms are ejected as photoelectrons by the incidence of high-energy X-ray
photons. By analyzing the kinetic energy of ejected photoelectrons, the chemical
environments of various atoms are revealed and then the composition of the SEI layer can
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be identified. XPS has demonstrated its potential for the identification of SEI
composition.79,80 Nevertheless, data analysis, e.g. peak separation, is crucial due to the
diverse binding energy values of electrons in atoms.
There have been numerous studies that identified the composition of the SEI layer.
However, in some studies, the key details, such as the sample processing procedure before
characterization, are not described clearly.81–83 Decomposition of the SEI layer may happen
before characterization. Moreover, some studies have described that their samples were
stored under a relatively reactive atmosphere, such as nitrogen or even H2O and CO2-free
compressed air.84–86 Therefore, the results reported in these studies may be inaccurate
descriptions of the SEI compositions, owing to SEI degradation.
1.7 Motivations
The study of electrolyte reactivity is essential to understand the service life of LIBs.
Up to now, most researchers have focused on the electrolyte decomposition on the surface
of active materials, which can form compounds with lithium. However, these active
materials are not the only cell components in contact with electrolyte. A certain amount of
inactive materials, which are typically considered to be inert to lithium, are required as LIB
components, including current collectors, the cell can, and/or as a part of an inactive matrix
phase in active alloy negative electrode materials. Previous studies have shown that redox
reactions of electrolytes can occur on the surface of inactive materials.48 A thorough
understanding of electrolyte reactivity on different substrates is still lacking. One reason
contributing to this lack of understanding is that electrolyte reactivity on inactive phases is
difficult to study.

26

Chapter 1 gives an overview of LIBs, especially about electrolyte decomposition
on negative electrodes. Chapter 2 describes experimental tools and the principles behind
them. Chapter 3 presents a study of electrolyte reactivity on inactive materials through
potentiostatic measurements and conventional symmetric cells. Chapter 4 describes the
development of a new format of symmetric cell, termed double half-cells (DHC), for
measuring the electrolyte reactivity with higher accuracy. Chapter 5 explores the
measurement of electrolyte reactivity on Cu with DHCs, by using graphite/copper blended
electrodes. Chapter 6 presents the electrolyte reactivity and impedance growth on some
inactive materials, e.g. Ni, Fe, and Mo. Chapter 7 gives a summary of this thesis and
presents future work.
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CHAPTER 2 EXPERIMENTAL SECTION
2.1 Electrochemical Cells
Conflat cells and 2325 coin-type cells were assembled for electrochemical
characterization studies. The structure of the 3-electrode Conflat cell is illustrated in Figure
2.1. Standard 2.125" (53.18 mm) stainless steel Conflat vacuum fittings and Conflat
double-sided fittings (Nor-Cal Products, Inc., USA) were used as electrochemical cell
components after modification by DPM Solutions Inc., Canada: a 5/32" (3.97 mm) hole
was drilled to a depth of 0.5" (12.7 mm) in the rim of the fittings, which is used as the
terminal for connecting cables, and additional bolt holes were drilled to secure the cell
together. Polytetrafluoroethylene (PTFE) and High-density polyethylene sheet and tube
stock (McMaster-Carr, USA) were used as gaskets and cell spacers, respectively. More
detailed information about Conflat cells are described in the reference.87 Note, that the use
of PTFE should be avoided for the gasket and cylinder, which may be exposed to 0 V (vs.
Li/Li+) in the Conflat cell, because PTFE reacts with electrolyte at these voltages to form
lithiated carbon.87
Coin-type cells are the most widely used electrochemical cells for academic
research, since the assembly of such cells is relatively quick. In half-cells used in this study
(Figure 2.2(a)), the cell stack consisted of a working electrode, two Celgard 2300
separators and one polyethylene blown microfiber separator (BMF, 3M Company), and a
lithium metal electrode (99.9%, 0.38 mm thick, Sigma Aldrich). Separators were soaked
with electrolyte before cell assembly. Two copper spacers with a total thickness of 0.06"
(1.524 mm) were used for applying enough pressure to the cell stack.
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Figure 2.1(a) An exploded view of a 3-electrode Conflat cell. (b) A photograph of a fully
assembled 3-electrode Conflat cell. Reproduced with permission.87 Copyright (2014) The
Electrochemical Society.

Conventional symmetric cells are constructed with two identical electrodes without
the use of lithium metal, shown in Figure 2.2(b). In conventional symmetric cells, one
electrode needs to be in a lithiated state and the other in a delithiated state before cell
assembly. As mentioned in Chapter 1, the amount of Li is limited in a symmetric cell,
resulting in its capacity fade being directly related to CE.62
DHCs were constructed by connecting the Li terminals of two half-cells, as shown
in Figure 2.2(c), with one working electrode being fully lithiated and the other fully
delithiated. In this configuration, DHCs operate exactly as conventional symmetric cells,
with a limited amount of Li available. Therefore, the cell fade measured in DHCs is directly
related to the CE of the working electrodes, just as in a conventional symmetric cell.
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Figure 2.2 Exploded view of (a) a coin-type half-cell, (b) a coin-type conventional
symmetric cell, and (c) a double half-cell with connections to a battery test system shown.

2.2 Cyclic Voltammetry
Potentiostats are electronic instruments used for electrochemical experiments that
apply precisely controlled potential and measure current response. The working principle
of a potentiostat is illustrated in Figure 2.3. The central electronic component in a
potentiostat is the control amplifier. Ed and Em, the applied driving potential generated from
function generator and the measured potential between working electrode and reference
electrode, respectively are two inputs of the amplifier. The output of this amplifier is a
potential, Eout = -A∆V, where ∆V is the potential difference between the two inputs and A
is the amplifier gain, which is very large. The two inputs have very high impedance but the
output impedance is very low, allowing current to flow. The amplifier is responsible for
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keeping Em as close as possible to the input source potential, Ed, by driving the current
needed to minimize the voltage difference between Ed and Em between the counter
electrode and the working electrode. The potential sweep rate, potential range, and other
inputs are controlled by the function generator.88

Figure 2.3 Basic potentiostat circuit. Ed and Em are applied driving voltage and measured
voltage, respectively. The resistance R converts the current into voltage Ei to allow its
measurement. Adapted from reference. Adapted with permission.89 Copyright (2011)
Elservier.
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Figure 2.4 Current-potential curve for a reversible redox system in unstirred solution.
Adapt from reference. Adapted with a permission.90 Copyright (2007) Springer Nature.

CV measurement is a key electrochemical technique and a key application of
potentiostats. In a CV, the potential is scanned at a certain sweep rate between two
potentials. Figure 2.4 shows a typical voltammogram of a solution initially only containing
reactant in an unstirred system. The potential sweep starts at a low potential and moves in
a positive potential direction. A peak related to the anodic reaction appears, termed an
anodic wave. Following this peak, the potential sweep direction is reversed. In this time, a
peak related to the cathodic reaction is observed, termed a cathodic wave. Three-electrode
cells are widely used in CV owing to the higher accuracy of the measured potential than
two-electrode cells. In the 3-electrode cell, the reference electrode is separated from the
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counter electrode, and no current flows through the reference electrode to perturb its
potential.

Figure 2.5 Symbols, the expressions of the impedance, and Nyquist representation (real vs.
imaginary impedance) of (a) resistor, (b) capacitor, and (c) inductor.

2.3 Electrochemical Impedance Spectroscopy
EIS is a powerful technique for characterizing the internal impedance of an
electrochemical cell. Diagnostic information concerning state of electrode health and
properties of the SEI can be obtained through the EIS spectra. Cell impedance can be
related to cell power capability and safety.91 The impedance of the cell can be represented
by an electrical equivalent circuit, which mainly consists of resistors, capacitors, and
inductors, which are shown in Figure 2.5. These circuit elements have different responses
to perturbative input signals, such as potential sinusoidal perturbations at different
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frequencies. For a pure resistor, the impedance is constant with frequency increase. For a
capacitor, the imaginary part of its impedance approaches zero with frequency increase.
For an inductor, the imaginary part of its impedance increases with frequency increase.
Both capacitors and inductors have no real impedance component.

Figure 2.6 The expressions of the impedance and Nyquist representation of a resistor and
a capacitor connected in (a) series and (b) parallel.
In most cases, more than one circuit element is used to understand EIS spectra. In
electrical circuits, these elements are connected either in series or in parallel. Figure 2.6
shows the expressions and Nyquist representation of a resistor and a capacitor connected
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either in series or in parallel. In series, the Nyquist plot of these two elements is similar to
a single capacitor, except that all plots are shifted away from zero along the real axis. The
shift value is equal to the impedance of the resistor. In parallel, the Nyquist plot shows a
clear semi-circle. Importantly, the diameter of this semi-circle is the value of the impedance
of the resistor.
In the study of LIBs, a sinusoidal voltage with a frequency range from 0.01 Hz to
100 KHz is generally applied as the perturbative input signal. Some electronic and
electrochemical properties of a cell can be revealed in different frequency regions.
Typically, low frequency (<0.1 Hz), midfrequency (0.1 Hz to 1000 Hz), and high frequency
(>1000 Hz) ranges represent bulk diffusion, charge transfer resistance, and electronic
conductivity of the cell, respectively.15 The charge transfer resistance is widely used to
evaluate the quality of the SEI layer on negative electrodes.33
The nature of electrodes in LIBs makes them difficult to model. Although
tremendous work on the interpretation of electrode impedance has been done, there is lack
of consensus on modeling EIS spectra. Some simple models are only based on either a
single active particle or flat and smooth electrodes.92,93 However, electrodes in LIBs are
manufactured with a composite of active materials with ~2 wt% CB as conductive additive,
and 2-8 wt% binder, coated on a metallic foil current collector.15 A proper model with a
reasonable description of electrodes is indispensable before interpreting the EIS spectra.
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Figure 2.7 (a) A schematic shows one active particle and its contact with current collector
in a composite insertion electrode. (b) An equivalent circuit corresponding to situation
under (a). Reproduced with permission.94 Copyright (2010) The Electrochemical Society.

Atebamba et al. proposed an impedance model, the simplified contact-Randles-film
circuit (SCRF), to describe the impedance growth on electrodes, including not only active
materials but also the current collector, as shown in Figure 2.7.94 In the SCRF model, c0
and r0 represent the capacitance created at the metallic substrate/electrolyte interface and
the particle/metallic-substrate resistance, respectively. The capacitances and resistances cf,
rf and c1, r2 represent the electrolyte/the-SEI-layer interface and particle/the-SEI-layer
interface, respectively. The SCRF model assumes that active particles are homogeneous
and excellent electric connection exists among the particles. This assumption is reasonable,
especially for electrodes with commercial active particles and a sufficient amount of CB
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included. One major strength of the SCRF model is the rational description of
midfrequency and high-frequency regions in the EIS spectra, which are related to the total
electrode interfacial resistance and particle-current collector contact resistance,
respectively.95 The utility of total electrode interfacial resistance, which contains charge
transfer resistance and the SEI resistance (the resistance of Li permeation in the SEI layer),
gives a clear description on the electrolyte/electrode interface.

Figure 2.8 Nyquist plot of an arbitrary electrode, after ohmic-resistance-correction. The
value of R* and f* represent the total electrode resistance and frequency, respectively.
Reproduced with permission.96 Copyright (2016) Elsevier.

Although SCRF model is a good description of the EIS spectra of electrodes, the
parameters obtained from the fitting process are difficult to arrive at, since this model
involves eight circuit elements. Fitting the model with too many parameters can result in
multiple equivalent solutions to the same spectrum.91 In this thesis, measurements are
focused on only determining the value of the total interfacial impedance of negative
electrodes. Unlike positive electrodes, in which the current collector is typically covered
by a dense oxide layer, negative electrodes have a small particle-current collector contact
resistance.97 The total diameter of semi-circles above the low frequency region represents
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the total electrode impedance, as shown in Figure 2.8. This impedance can be treated as
the total electrode interfacial impedance if a relatively small amount of error is tolerated.97
Therefore, the total electrode interfacial impedance, in this thesis, was obtained through
measuring the total diameter of semi-circles above the low frequency region.
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CHAPTER 3 THE STUDY OF PARASITIC REACTIONS ON INACTIVE
MATERIALS THROUGH CYCLIC VOLTAMMETRY AND CONVENTIONAL
SYMMETRIC CELLS
3.1 Introduction
In a LIB, some inactive materials, such as copper and stainless steel, are used as
essential components, such as current collectors and cell casings. Previous studies have
shown that redox reactions of electrolytes can occur on the surface of inactive materials.54
However, the contribution inactive materials make to cell fade is still unknown. Since
inactive materials have no capability to store Li ions all the current they draw originates
from electrolyte degradation. Among all electrochemical techniques, CV is the most widely
used to study electrochemical reaction processes.98,99 CV characterization can be used to
study the kinetics of redox reactions and the diffusion of ions in electrolytes at different
potentials. Importantly, the analysis of cyclic voltammograms can identify potentials for
each redox reaction and the reversibility of the redox reactions. Moreover, the irreversible
capacity encountered in certain potential ranges can be determined to identify parasitic
reactions quantitatively. Thus, CV characterization is a powerful technique to study
parasitic reactions at negative electrodes.
Galvanostatic methods are also often employed to study parasitic cell reactions.
Most galvanostatic studies of parasitic reactions in LIBs have been based on half-cell or
full-cell measurements.51,100 However, the use of symmetric cells is advantageous for the
study of electrolyte reactivity, especially when using a standard charger, because of they
enable CE to be determined with higher precision. This has been discussed in detail in
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Chapter 1. In this chapter, the utility of conventional CV methods and symmetric cells to
investigate electrolyte reactivity at negative electrodes is explored.
3.2 Experimental
For the CV characterization, 3-electrode Conflat cells were assembled and used,
as described by Kalani et al..87 Inactive foils, such as electrolytic copper (Furukawa
Electric Co., Japan), electrolytic nickel (Special Metals Wiggin Ltd., England) and stainless
steel (type-304, bright finish, McMaster Carr), washed with acetone to remove the surface
oil, were punched as circles with an area of 2.85 cm2. Li foil (99.9%, 0.38 mm thick, Sigma
Aldrich) was used as a reference and counter electrode. Separators consisted of one layer
of

BMF

separator,

sandwiched

between

two

layers

of

a

microporous

polyethylene/polypropylene separator (Celgard 2300). A solution of 1 M LiPF6 in 1:2
EC:DEC (1:2 v/v, < 50 ppm H2O, BASF) was used as electrolyte in Conflat cells.
For the electrochemical voltammetry studies, a Bio-Logic VMP3 potentiostat was
used. To minimize the double layer effect, the sweep rate used for cyclic voltammetry (CV)
was 0.2 mV/s. The assembled Conflat cells were equilibrated in a thermostatically
controlled chamber (30 ± 0.1°C) for two hours before CV characterization.
Graphite electrodes were composed of 90 wt% graphite (MAG-E, Hitachi, 20 μm
average size), 2 wt% CB (Super C65, Imery's Graphite and Carbon), and 8 wt% PVDF
(HSV 900, KYNAR). The compositions of metal/graphite electrodes were mixed
according to surface area (SA) ratios, except PVDF. For example, for the 75/25
copper/graphite electrodes, the copper and graphite powders were mixed with the SA ratio
of 75:25. The amount of CB depended on the total SA of metal and graphite powders. The
ratio of CB to the other components of the electrodes was kept at a constant 37:63 surface
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area ratio. All electrodes contained 8 wt% PVDF binder. The electrodes were cast from 1methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, 99.5%) slurries onto copper foil. The slurry
of the metal/graphite electrodes was spread using a 0.004" (0.1016 mm) coating bar while
the slurry of the graphite electrodes was spread by using 0.002" (0.0508 mm), 0.004", and
0.008" (0.2032 mm) coating bars. Graphite electrodes were coated in air and then air dried
at 120°C for one hour. The metal/graphite electrodes were coated in an Ar atmosphere and
then vacuum dried at 120°C overnight. The metal/graphite electrodes were stored in an
argon-filled glove box to prevent oxidation of the metal powders. Four types of metal
powders were studied as metal/graphite electrodes, i.e. Fe powder (Alfa, 1 ~3 um, 98%),
Cu powder (Alfa, 0.50 ~ 1.5 um, 99%), Ni powder (Alfa, 2.2 ~3.0 um, 99.9%), and Mo
powder (Aldrich, 1 ~ 5 um, >= 99.9%).
For galvanostatic measurements, 2325 coin-type cells were evaluated with a
Maccor Series 4000 Automated Test System. The electrodes disks were punched from
electrode strips using a 1.35 cm2 area circular punch. 1 M LiPF6 in 1:2 (v:v) EC:DEC was
used as the electrolyte. To make symmetric cells lithiated electrodes were paired with
delithiated or unlithiated electrodes. To avoid lithium excess in the symmetric cells, the
mass of the lithiated electrode was always less than that of the delithiated or unlithiated
electrode, but the difference was always below 0.1 mg. The graphite electrodes were
lithiated in half-cells, and then matched with fresh graphite electrodes in the construction
of symmetric cells. The graphite half cells were discharged/charged for 5 cycles at a C/2
rate between 5 mV and 0.9 V, discharged at C/20 rate to 5 mV, trickle discharged until the
current was less than C/500, and then held at 5 mV for 24 hours. Both sides of the
metal/graphite electrodes were lithiated/delithiated in half-cells. The lithiated/delithiated
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procedures were analogous to that of graphite electrodes except that cycling ended on the
delithiation step, after which the cell was held at 0.9 V.
The surface areas of graphite and metal powders were measured using a
Micromeritics Flowsorb II 2300 surface area analyzer with a single-point BrunauerEmmett-Teller (BET) method. All the powders were placed in a glass holder and degassed
at 160°C for over half an hour. The metal powders were placed into the holder in an argonfilled glove box to prevent oxidation.
3.3 Results and Discussion
3.3.1 Parasitic reactions on copper foil
Figure 3.1 shows the CV of copper foil at the potential range of 0-2.5 V (vs. Li/Li+).
Copper has no capability to host Li ions, therefore all the electrochemical reactions occur
on its surface. In the CV, the current density is related to the kinetics of the interfacial
electrochemical reactions. The reduction current density at the initial cycle is larger than
that for the following cycles. The extra current comes from the formation of the SEI layer
on the fresh Cu foil and the reduction of surface oxides, H2O, O2, and other impurities in
the cell.74,101 In the following cycles, the CV curves have lower reduction current density
than the first cycle. After the first cycle, two cathodic peaks (at 0 V and 0.54 V) and one
anodic peak (at 1.25 V) exist in the voltammograms. The cathodic peak in the potential
region of 0-0.4 V is likely from electrolyte reduction.20
The electrochemical processes at 0.54 (cathodic) and 1.25 V (anodic) are
commonly considered to be from underpotential deposition/stripping (UPD/UPS).74,102 The
0.54 V cathodic peak is also considered to be the decomposition of electrolyte.48,103 By
holding copper foil in 1 M LiPF6 in 1:1 (v:v) EC:DMC at 0.5 V (vs. Li/Li+), researchers
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found that an SEI layer, mainly composed of inorganic substances, was detected on the
surface of the copper foil. They believe the origin of these inorganic substances was from
the decomposition of electrolyte, especially EC reduction.48 Thus, the 0.54 V peak may
come from EC reduction or other compounds in the electrolyte. However, the results of CV
with different potential ranges, as shown in Figure 3.2, contradicts this explanation. The
0.54 V peak becomes obscure in the 0-1.6 V range and invisible in the 0-0.9 V range. If the
0.54 V peak refers to the degradation of electrolyte, it should appear in all of three different
potential range curves, since this degradation is considered to be an irreversible
reaction.17,100 Therefore, the 0.54 V peak appears to be due to reversible processes.

Figure 3.1 Cyclic voltammograms at 0.2 mV s-1 for a copper/lithium/lithium three electrode
cell at 30°C. The scanning started at open-circuit voltage (OCV) and then cycled three
loops between 0-2.5 V (vs. Li/Li+).
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Figure 3.2 (a) Cyclic voltammograms at 0.2 mV s-1 for copper/lithium/lithium three
electrode cells at 30°C. The programs were set as five steps: 1) started from OCV, then
cycled three loops between 0-2.5 V (vs. Li/Li+); 2) cycled three loops between 0-0.9 V (vs.
Li/Li+); 3) cycled two loops between 0-2.5 V; 4) cycled two loops between 0-1.6 V; 5)
cycled one loop between 0-2.5 V. (b) Cyclic voltammograms at 0.2 mV s-1 for
copper/lithium/lithium three electrode cells at 30°C. The programs were set as two steps:
1) started from OCV, then cycled one loop between 0-2.5 V (vs. Li/Li+); 2) cycled three
loops between 0.5-1.6 V (vs. Li/Li+).
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3.3.2 The Irreversible Capacity and Capacity Loss Rate on Copper Foil
Several potential ranges for cycling negative electrodes, such as 0.005-0.9 V and
0.005-3 V, has been found in literatures.104,105 To figure out the effect of potential ranges
on parasitic reactions, the CV characterization on copper foil with different sweep potential
ranges was performed.
Figure 3.2 shows the area of the scan for each potential range is significantly
different. In Figure 3.2(a), the 0-2.5 V scan has the largest current density in the 0-0.9 V,
0-1.6 V, and 0-2.5 V scan ranges. This indicates that more electrochemical reactions are
involved when the CV characterization is performed using a larger potential range. It seems
that when copper foil is swept between a narrower potential window, more electrolyte
degradation is suppressed (the following calculations will show this conclusion is not true).
A CV scan between 0.5-1.6 V was applied, to reduce the current from the electrolyte
decomposition, which mainly occurs below 0.4 V (vs. Li/Li+). In Figure 3.2(b), the area of
0.5-1.6 V scan is slightly higher than that of 0-0.9 V scan in Figure 3.2(a).
An in-depth analysis of CV curves on irreversible behavior of Li1+xMn2O4/carbon
cell was proposed in Reference 24, to identify the irreversible capacity that takes place
during cycling. The calculation method for the irreversible capacity is adapted from
Reference 24, but a double layer capacity term is added here:
3.1
and
3.2
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where + and – superscripts represent charge (potential scanned to lower values) and
discharge (potential scanned to higher values), respectively, and Q is the capacity where
the subscript i, r, and d represent irreversible, reversible, and double layer capacity,
respectively. In electrochemical cells, the values of

and

and the values of

,

should be equal but with different signs. Most of the irreversible reactions derive from the
reduction of electrolyte at the negative electrode. Thus, the irreversible capacity of one CV
loop can be expressed as follows:
3.3
Then, the capacity loss rate ki can be calculated as:
/

3.4

where t is the time for one CV loop.
On the basis of equations (3.3) and (3.4), calculated values of irreversible capacities
on Cu foil (using the second cycle in each scan range) are shown for different voltage
ranges in Figure 3.3 The calculations show more distinguishable results than the
comparison of the current density of each CV cycle. For example, the 0-0.9 V scan has the
smallest current density area in all the CV characterizations. But the calculated irreversible
capacity of the 0-0.9 V scan is quite large and its average reaction rate is the highest. Among
all potential ranges, the 0.5-1.6 V scan has an extremely low irreversible capacity, even
though the area of this CV scan similar to that of other scans. These results indicate that
limiting the potential range in which an inactive material is cycled, such as from 0.5-1.6 V,
could have a significant impact on observed irreversible capacity. However, the negative
electrode must be cycled near 0 V for Li-ion cells. With this restriction, raising the upper
cutoff voltage of the negative electrode from 0.9 V to 1.6 V could result in a lowered
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irreversible capacity (improved CE) during cycling, according to the results shown in
Figure 3.3. These results arise because of additional reversible capacity that is obtained
when Cu is cycled to a higher voltage.

Figure 3.3 The irreversible capacity and capacity loss rate of Cu foil at different potential
windows from the measurement of CV.
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Figure 3.4 Cyclic voltammograms at 0.2 mV s-1 for (a) stainless steel/lithium/lithium three
electrode cells and (b) nickel/lithium/lithium three electrode cells at 30°C. The CV
procedures are the same as the copper/lithium/lithium three electrode cells.

3.3.3 The Irreversible Capacity and Capacity Loss Rate on Different Metal Foils
In addition to copper, nickel and stainless steel (SS) are also used as inactive cell
components (Ni is often used for negative electrode current collector tabs and SS for cell
casings). SS has a high resistance to reduction and oxidization in LIBs.106 As shown in
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Figure 3.4(a), the CV scans of SS foil in the 0-2.5 V potential range are analogous to that
of Cu foils. However, some differences exist: 1) the 0.54 V cathodic peak shifts up to 0.75
V; and 2) two additional weak peaks appear: a cathodic peak at 1.5 V and an anodic peak
at 2.15 V. Ni foils were also studied as a working electrode, as shown in Figure 3.4(b). The
CV characterization revealed that Ni has cathodic peaks at 0.5 V, 1.0 V and a relatively
strong anodic peak at 1.4 V. The 0.5 V cathodic peak appears in the 0-1.6 V and 0-2.5 V
scans. These results show that electrochemical reactions also occur on these substrates at
reducing potentials.
The irreversible capacity of electrochemical reactions on SS and Ni based on the
CV scans were calculated using the same method as for Cu, and are summarized in Figure
3.5. The data indicates that the irreversible capacities of different metals are distinct. For
the 0-0.9 V (Figure 3.5(a)) and 0-2.5 V (Figure 3.5(c)) scan, the irreversible capacity on
the Ni surface is the least while the copper has the lowest irreversible capacity in the 0-1.6
V scan (Figure 3.5(b)). The capacity loss rate follows the trend of irreversible capacity
here, since for each potential window scan, the time duration is the same. Differences in
electrolyte decomposition rates on different metals have also been previously reported.55
The differences in irreversible capacity among the different materials studied imply that
the electrode composition, such as the inclusion of different inactive materials, may affect
electrolyte decomposition. It is worth noting that the geometrical foil SA was used in the
above calculations, which is 2.85 cm2 for each cell. However, the surface of the current
collectors is relatively rough and the real active surface for the reaction is still unknown,
resulting in a high estimate of electrolyte reactivity on unit surface area of each metal.
Thus, further comparisons of the electrolyte decomposition on different metals will have
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to include this factor. In addition, some reversible capacity in CVs may be derived from
the function of metals as effective catalysts for reversible formation/decomposition of some
SEI components.107

Figure 3.5 The irreversible capacity and capacity loss rate of Cu, Ni, and SS foil at (a) 00.9V, (b) 0-1.6V, (c) 0-2.5 V potential windows from the measurement of CV.
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3.3.4 Measurement of Electrolyte Reactivity through Conventional Symmetric Cells
The above CV characterizations show that electrochemical reactions can occur on
the surface of the inactive metals and the highest irreversible capacity rate is occurred at
the potential range of 0-0.9 V. This raises a question whether cell performance can be
affected by inactive materials. Besides, the areal electrolyte reactivity on metal substrate is
difficult to obtain from CV results. For these reasons, conventional symmetric cells were
used for measuring the cell fade. First, graphite symmetric cells with different mass loading
of graphite powders were assembled and cycled at C/10 rate. Two coin-cells were tested

Li Loss / %
Irreversible Capacity per Hour
per Area / (mAh h-1 m-2)

Coulombic Efficiency / %

Capacity / (mAh g-1)

for each condition.

Figure 3.6 Electrochemical performance of graphite symmetric cells with different amount
of mass loadings. (a) The special capacity vs. cycle numbers; (b) the coulombic efficiency
vs. cycle numbers; (c) the plots of percentage lithium loss vs. t1/2; (d) the plots of
irreversible capacity per hour per area vs. t-1/2.
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The electrochemical performance of the graphite symmetric cells is displayed in
Figure 3.6. Graphite electrodes have an obvious capacity fade in symmetric cells, as shown
in Figure 3.6(a). This fade is related to the continual consumption of Li ions in parasitic
reactions, as mentioned in Chapter 1. Among different graphite symmetric cells, the cells
with a 3.0 mg cm-2 graphite mass loading have the highest CE and the lowest fade rate
during the cycling, as shown in Figure 3.6(a-b).
In the single-particle model,51 the SEI layer is regarded as being homogenous with
a thickness, x. The phases comprising the SEI layer consist of Li-containing organic and
inorganic compounds.17 As mentioned in Chapter 1, the SEI thickness (or amount of
lithium consumed) is predicted to be proportional to t½. Figure 3.6(c) shows a plot of
lithium loss vs. t½ for graphite symmetric cells with different mass loadings. The plot shows
that thinner graphite electrodes lose a higher percentage of their capacity during the same
cycling time compared to thicker electrodes. Since parasitic reactions occur on the surface
of materials, the reaction rate should be proportional to the electrode SA. Here, the total
electrode SA was calculated as the sum of the SA of graphite and carbon black in both
electrodes in each symmetric cell. Based on Equation (1.3), the capacity loss per unit SA
was plotted vs. t-1/2, and is shown in Figure 3.6(d). This plot represents the rate of SEI
growth (or Li consumption) vs. t-½. All plots have a relatively linear trend, despite the data
close to 0.04 h-1/2 do not follow this trend perfectly. This error may come from the imperfect
alignment between paired electrodes in conventional symmetric cells. The rates of SEI
growth show that electrodes with higher mass loading have the lowest reaction rate with
electrolyte. In previous studies of fade mechanisms were only focused on the active
materials, both in experiments and simulations.50,51,108 The cell fade was concluded as the
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SEI formation merely on the surface of the active materials, e.g. graphite and carbon black.
If physical properties of the components of the electrodes, such as the particle size, were
similar, the fade rates of these electrodes should be close, no matter their thickness.

Table 3.1 Measured specific surface area of powders used in this study.

Specific surface
area (m2/g)

Graphite

Carbon
Black

2.35 ±
0.01

62

Cu
powder
1.55 ±
0.04

Fe
powder
0.71 ±
0.11

Mo
powder
2.07 ±
0.12

Ni
powder
0.6 ±
0.16

One reasonable explanation for the extra capacity loss rate for thin electrodes is that
for these electrodes the relative contribution to electrolyte decomposition from inactive
materials will be higher. In order to confirm this explanation, electrodes with different
ratios of graphite and metal powder mixtures were tested in symmetric cells. This results
in cells with higher relative amounts of inactive materials as the metal powder content is
increased. The types of graphite and metal powders used and their SSAs are shown in
Table 3.1
Figure 3.7 shows that the performance of iron/graphite (Fe/C) electrodes with
different Fe/C SSA ratios in symmetric cells. In Figure 3.7(a-b), there is a clear trend that
increasing Fe/C SSA ratio increases the capacity loss of the electrodes and decreases the
CE of the electrodes. The Fe/C 90:10 electrodes suffered a dramatic capacity drop, with
only 40% capacity left after 10 cycles. In contrast, the Fe/C 60:40 electrodes can retain
70% capacity after 30 cycles. All the Fe/C electrodes have a faster fade than the pure
graphite electrodes. An analysis of electrolyte reactivity on Fe/C electrodes with different
ratios is plotted in Figure 3.7(c-d). On the basis of Equation (1.3), the reaction rate
coefficient can be calculated as the slope of linear fits to the electrolyte reactivity versus
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time-1/2. The resulting reaction rate coefficients of graphite and Fe/C electrodes with
different ratios roughly have a linear relationship with the iron surface area, as shown in
Figure 3.7(d). Through these calculations, the electrolyte reactivity on pure iron can be
obtained. However, the measured electrolyte reactivity from conventional symmetric cells
are relatively inaccurate and imprecise (compared to the results from DHCs, which will be
discussed in Chapter 5 and 6).
It is important to measure the electrolyte reactivity on different inactive materials
to compare their stability in at Li-ion cell negative electrode potentials. Here, pure metal
powders, such as Cu, Fe, Ni, and Mo, were mixed with graphite powder with a same SA
ratio of 75:25 as electrodes. Then, these electrodes were tested in symmetric cells. Figure
3.8(a-b) shows the cycling performance of symmetric cells with the metal/graphite and
pure graphite electrodes. Both sides of the metal graphite electrodes were cycled in halfcells before assembling in symmetric cells, since metal graphite electrodes have a large
initial irreversible capacity, while only one side of the pure graphite electrodes was cycled.
Thus, the initial irreversible capacity of the pure graphite electrodes is higher than the other
electrodes in the symmetric cells. However, the pure graphite electrodes exhibited the
lowest capacity fade and the highest CE among all electrodes. Among the metal/graphite
electrodes, Cu/C 75:25 electrodes had the least capacity fade while the Ni/C 75:25
electrodes suffered the highest capacity fade. After 10 cycles, the capacity of the
nickel/graphite electrodes only retained around 30% of its original capacity.
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Figure 3.7 Electrochemical performance of graphite and iron/graphite symmetric cells with
different mixture ratios. (a) The special capacity vs. cycle numbers; (b) the plot of
percentage lithium loss vs. t1/2; (c) irreversible capacity per hour per area vs. time-1/2. The
inset in (c) shows the fitting process for electrolyte reactivity. The first data point for cell
is excluded for linear fitting. (d) Plots of reaction rate coefficient versus iron surface area
from the results of graphite and iron/graphite electrodes. All capacities are plotted only
based on the mass of graphite in electrodes.

In order to compare the effect of different metals on electrolyte decomposition, the
rates of irreversible capacity loss of the electrodes are presented in Figure 3.8(c-d). The Li
loss of different electrodes shows the same trend as their cycling performance. In Figure
3.8(d), the capacity loss per hour per unit area represents the reaction rate of the electrodes
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per unit area with the electrolyte. Pure graphite was used as the baseline for the study of
the decomposition rate. Even though pure graphite electrodes have a lower rate of Li loss
than metal/graphite electrodes, the electrodes of Fe/C, Cu/C, and Mo/C have a lower
reaction rate when the surface area is considered.

Figure 3.8 Electrochemical performance of metal/graphite symmetric cells. (a) The special
capacity vs. cycle numbers; (b) the coulombic efficiency vs. cycle numbers; (c) the plot of
percentage lithium loss vs. t1/2; (d) the plot of irreversible capacity per hour per area vs. t1/2

.
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Moreover, the metals exhibit different capacity loss behavior. With the addition of
the Ni powders, the degradation rate per unit surface area increased significantly, while the
addition of other metals results in a decreased degradation rate. One explanation for this
unique behavior is that Ni powders act as a catalyst for reactions with some SEI
components. The study on the electrochemical performance of Ni nanoparticles has shown
that the Ni can have excellent reversible capacity even though Ni should have no capacity
with Li ions.107 The reason for this is that Ni nanoparticles can react with some SEI
components, in a highly reversible process. The catalytic conversion reaction may break
the SEI layer, leading to the extra parasitic reactions on the surface. However, this
explanation has not answered the question why different metals have different catalytic
behavior. It also needs to mention that the calculated irreversible capacity on electrodes
through the conventional symmetric cells has a relatively large error. A new method is
required to improve the measurement accuracy and precision for irreversible capacity.
3.4 Conclusion
The study of the inactive materials enhanced our knowledge on the degradation of
the electrolyte. CV characterization has been applied to study electrochemical behavior of
the inactive materials in 3-electrode Li-ion cells. In addition, symmetric cells were used to
study the electrolyte reactivity on some inactive materials.
Through the CV technique., all metal substrates were found to have electrochemical
reactions that occur on their surface. The voltammograms revealed that several anodic and
cathodic current peaks exist at different potentials. The major cathodic peak at 0~0.4 V,
common to all metals, corresponds to the reduction of the electrolyte. Other peaks may
correspond to UPD/UPS processes and the reversible reduction/oxidation of surface
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oxides.74 The rate of the electrolyte decomposition under different potential ranges was
studied. The results show that the decomposition rate is faster in the 0~0.9V range than in
other tested potential ranges.
Symmetric cells were applied to study if inactive materials can lead to cell fade.
The study of pure graphite electrodes with different mass loadings of graphite powders
showed that a part of the cell fade is attributed to electrolyte decomposition on inactive
components of the coin cell instead of the active materials in electrodes. The effect of
different inactive materials on the electrolytic degradation was also studied. The results
indicate that different metal powders have different areal electrolyte reactivities. The
measured irreversible capacity of negative electrodes was also found to have a relatively
larger error. For this reason, a new method is required to improve the measurement
accuracy and precision of the irreversible capacity.
The study of the electrochemistry of inactive materials has shown the potential to
understand electrolyte decomposition in-depth. Electrolyte decomposition occurs not only
on active materials, but also on inactive materials. These results suggest that the design of
LIBs with a long lifetime should consider reducing the effect of the inactive materials on
the cell fade.
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CHAPTER 4 A NEW TYPE OF SYMMETRIC CELLS: DOUBLE HALF-CELL
The majority of this chapter was adapted from the following peer-reviewed article:
Z. Yan and M.N. Obrovac, Electrolyte Reactivity on Graphite and Copper as Measured in
Lithium Double Half Cells, J. Electrochem. Soc., 164 (2017) A2977-A2986.

4.1 Introduction
Conventionally, long-term cycling tests (over months) are required to measure the
effects of parasitic currents derived from electrolyte decomposition reactions when
traditional battery test equipment is used to measure full cell cycling performance. HPC is
an advanced technique for measuring parasitic currents and can measure the effects of such
parasitic reactions within weeks.100 However, the high cost of HPC equipment limits its
use.61 Another strategy for the study of cell fade using a standard charger is through the use
of symmetric cells, in which two identical working electrodes are paired.62 However, in
such cells the alignment of the identical electrodes must be extremely precise in order to
avoid uneven current distribution at electrode edges.62 In addition, cell shorting during cell
disassembly for electrode harvesting can severely upset the cell balance.109 Furthermore,
from author’s experience, the disassembly/reassembly process may disrupt the SEI layer
on the harvested electrodes. This makes it difficult to consistently obtain symmetric cells
with identical and meaningful performance.
To develop a high-precision measurement only using a standard charger, a feasible
approach is to modify symmetric cells in order to avoid the alignment issue of electrodes
and the disruption of the SEI layer. Considering that the major part of inaccuracy in
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conventional symmetric cells comes from the disassembly/reassembly process, a potential
approach to improve the accuracy of measurements is to construct symmetric cells that do
not require any disassembly/reassembly process and that are not effected by alignment
issues. Such cells would be advantageous for use to accurately measure coulombic
efficiencies of many electrode processes.
4.2 Experimental
Graphite electrodes were composed of 90 wt% graphite (MAG-E, Hitachi, 20 μm
average size), 2 wt% CB (Super C65, Imery's Graphite and Carbon), and 8 wt% PVDF
(HSV 900, KYNAR). The electrodes were cast from NMP (Sigma-Aldrich, 99.5%) slurries
onto copper foil with a 0.006-inch coating bar. This resulted in an electrode loading if about
4 mg of coating per square centimeter or about 1.5 mAh/cm2 for the graphite coating.
Electrode loadings were purposely kept high to minimize the impact of parasitic currents
from current collectors and cell hardware.110 Graphite electrodes were coated in air and
then air dried at 120°C for one hour.
Coin cell construction was conducted in an Ar-filled glovebox using standard 2325
coin cell hardware. 1 M LiPF6 in EC:DEC (1:2 v/v, all battery grade from BASF) + 2 wt%
VC (BASF) was used as electrolyte. Unless specified, two layers of Celgard-2300 separator
and one layer of BMF separator (3M Company) between were used as cell separators.
Working electrode disks were punched from electrode coatings using a 1.35 cm2 area
circular punch. In half-cells, each electrode was paired with a circular lithium metal foil
disc (thickness of 0.38 mm, 99.9%, Sigma-Aldrich) with a 2.57 cm2 area. In order to
accurately measure the mass of each coating and eliminate variations in current collector
mass, the mass of graphite in each electrode was derived from its first charge capacity using
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a capacity of 336 mAh g-1 for MAG-E graphite in the 1.5 mAh/cm2 electrode coating
described above, as determined to a precision of 4% from the average of six Li/graphite
half-cells at C/10 rate.
Three formats of cells were used, half-cells, conventional symmetric cells, and
DHCs. These cell formats have been discussed in Chapter 2 and shown in Figure 2.2. A
conventional symmetric cell or DHC was constructed from two cycled half-cells with the
nominally identical working electrodes. One cell (delithiated half-cell) was discharged to
5 mV and then charged to 0.9 V at C/10 rate. The other cell (lithiated half-cell) was cycled
between 5 mV and 0.9 V once, then discharged to 5 mV at C/10 rate, and then trickle
discharged until the current was less than C/200. To avoid lithium plating, the mass of the
lithiated electrode was always chosen to be slightly less than that of the delithiated
electrode. For conventional symmetric cells, a disassembly/reassembly process is required
to transfer cycled electrodes from the two half-cells into a conventional symmetric cell
(Figure 4.1(a)). DHCs are constructed simply by connecting the lithium metal terminals of
two half-cells, as shown in Figure 4.1(b).
Cells were evaluated using a Maccor Series 4000 Automated Test System and were
thermostatically controlled at either 30.0 ± 0.1 ºC. All cells, except those half-cells for
symmetric cells, were cycled at C/10. The SSA of graphite powder was measured using a
Micromeritics Flowsorb II 2300 surface area analyzer with the single-point BrunauerEmmett-Teller (BET) method. Graphite powder was placed in a glass holder and degassed
at 160°C for over half an hour prior to measurement. MAG-E power has a specific surface
area (SSA) of 2.35 ± 0.01 m2 g-1. CB powder has a SSA of 62 m2 g-1 (from the
manufacturer).
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4.3 Results and Discussion
As discussed in Chapter 1 and Reference 62, since a conventional symmetric cell
(Figure 2.2(b)) contains a limited amount of Li, any parasitic reactions that consume Li
will result in symmetric cell fade. Therefore, symmetric cell fade is directly related to the
CE of the electrode reactions at each working electrode. In half-cells (Figure 2.2(a)) this is
not the case, since the Li metal electrode represents a huge Li reservoir in the cell.
Therefore, working electrodes having poor CE can cycle in half cells with little or no cell
fade.51 It was found that symmetric cells are difficult to make reproducibly, especially
because the working electrodes with exactly the same diameter need to be aligned perfectly
to avoid uneven current distribution at the electrode edges. These cells are highly sensitive
to even small misalignments, as will be shown below. Furthermore, the cell
assembly/disassembly procedure required to make conventional symmetric cells results in
significant capacity loss.109 This procedure is also disruptive to the electrode surfaces,
making their results questionable.
To avoid these issues, DHCs were constructed by connecting the Li terminals of
two half-cells, as shown in Figure 4.1(b), with one working electrode being fully lithiated
and the other fully delithiated. In this configuration, DHCs operate exactly as conventional
symmetric cells, with the amount of Li available for cell cycling is limited to the amount
of Li in the initially lithiated working electrode. Therefore, the cell fade measured in DHCs
is directly related to the CE of the working electrodes, just as in a conventional symmetric
cell. It was found that DHCs have distinct advantages compared to conventional symmetric
cells, namely that no electrode dissasembly/reassembly is required, leaving the electrodes
undisturbed and pristine during the measurement process, and such cells are not subject to
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electrode alignment issues. These advantages and the performance of DHCs will be
explored below.

Figure 4.1 An illustration of the construction path of (a) a conventional symmetric cell and
(b) a DHC.

Figure 4.2 shows the initial galvanostatic discharge/charge cycle of a graphite/Li DHC
compared to results from a conventional symmetric cell. The DHC has a similar voltage
curve as the conventional symmetric cell, but has a slightly higher polarization due to the
presence of the Li electrodes. In this case this higher polarization will have no effect on
cell cycling, since the voltage at the cycling endpoints changes so rapidly. In cases where
the voltage does not change rapidly at the cycling end points, neither DHCs or symmetric
cells will provide accurate CE data because of the introduced uncertainty in endpoint
capacity.
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Figure 4.2 Plots of voltage versus capacity of graphite electrodes at the first cycle in a
conventional symmetric cell and a DHC.

Figure 4.3 compares the cycling performance of DHCs together with the results
from two formats of conventional symmetric cells. In one case, the conventional symmetric
cells were constructed in a typical manner with two layers of 29 μm Celgard and one layer
of 205 μm BMF separator, resulting in a total electrode separation of 263 μm. For
comparison, other conventional symmetric cells were made having thick layers of blown
polypropylene microfiber separator to increase the electrode separation to 1.6 mm. This
was done to reduce misalignment effects: as the electrode separation becomes larger,
uneven current distribution from electrode misalignment should become less pronounced.
The initial capacities among the three cell formats are slightly different (less than 6%),
likely from the uneven mass loadings of graphite and cell construction (e.g. cell shorting
during the disassembly and reassembly procedure to make conventional symmetric
cells).111
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Capacity / (mAh g-1)
Coulombic Efficiency / %

Figure 4.3 The specific capacity versus cycle number of graphite electrodes in three cell
formats. Panel (b) shows CE versus cycle number for the same cells. The inset in panel (b)
shows an expanded view of CE versus cycle number.
Besides having a lower initial cycling capacity, conventional symmetric cells with
thin separator have a lower CE than that DHCs during cycling, indicating that graphite
electrodes have a higher parasitic reaction rate in conventional symmetric cell. The
explanation of this includes the imperfect alignment of paired electrodes causing lithium
plating on the edges of the electrodes or/and electrode damage incurred during the cell
disassembly/reassembly process, as mentioned before. As expected, most of the problems
encountered with conventional symmetric cells were mitigated when very thick separators
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were used to reduce the effects of uneven current distributions from electrode misalignment.
Such cells have extremely similar CEs to DHCs. This result implies that the uneven
currents may increase the parasitic reaction rate in conventional symmetric cells.
To investigate the effect of uneven current distribution on conventional symmetric
cell performance further, conventional symmetric cells were constructed having their
electrodes purposely misaligned (Figure 4.4(a)). These were compared to conventional
symmetric cells having aligned electrodes. However, it should be noted that even in the
aligned cells the alignment is not perfect, since perfect alignment is difficult to achieve.
Figure 4.4(b-c) shows plots of the voltage and differential capacity (dQ/dV) versus voltage
curves for the first cycle, respectively, of aligned and misaligned cells. While the
differential capacity plot for the aligned cell is reasonably symmetric in both current
directions, the plot for the misaligned cell is not. This implies that cell balance has been
lost because of the misalignment. Figure 4.4(d) shows the cycling performance of the
aligned and misaligned cells. The misaligned cells have a higher capacity fade and,
accordingly, a lower CE than the aligned cell. After only 10 cycles, 17.5% of lithium
capacity has been lost in misaligned cells, compared to only 11 % fade in aligned cells. The
poor cycling performance in misaligned cells is likely due to lithium plating caused by cell
unbalance at the electrode edges.112 These results indicate that an accurate measurement of
electrolyte reactivity requires precise electrode alignment. It should be noted that the
differential capacity of even the "aligned" cell is not perfectly symmetric between charge
and discharge, indicating some misalignment also exists in this cell. This explains well
why the aligned conventional symmetric cells do not perform as well as the DHCs in Figure
4.3 and why adding extremely thick separator layers improves symmetric cell performance.
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Figure 4.4 (a) Exploded views of conventional symmetric cells with aligned and purposly
misaligned electrodes. Plots of (b) voltage versus capacity and (c) differential capacity
versus voltage for the initial cycle of graphite electrodes in aligned and misaligned
conventional symmetric cells. (d) Panels show capacity (top) and CE (bottom) versus cycle
number of graphite electrodes in these two cell formats.

In the above experiments, cells with large separator thicknesses were found to
mitigate effects from electrode misalignment in conventional symmetric cells. DHCs
should have no misalignment issues, since the working electrode in each constituent halfcell is made to be smaller in diameter than the opposing Li counter/reference electrode. To
confirm this, graphite DHCs were constructed with different separator thicknesses. Figure
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4.5 shows the cycling performance of these cells. The separator thickness was modified in
the rage of 29 μm to 875 μm by stacking different layers of Celgard and/or BMF. Even
though a wide thickness range of separators has been used, little variation resulted in the
CE of these series of cells. The slightly difference of the CE among these cells is from the
unbalanced mass of paired electrodes. We conclude from this that, unlike conventional
symmetric cells, no improvement can be made in the cycling performance of DHCs by
increasing separator thickness, since electrode misalignment is not present in these cells.

Figure 4.5 (a) shows the specific capacity versus cycle number of graphite electrodes in
DHCs with different thickness of separators. (b) shows CE versus cycle number for the
same cells. The inset in panel (b) shows an expanded view of CE versus cycle number.
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From the above results, we believe that DHCs are advantageous over conventional
symmetric cells because of their ease of construction, the elimination of electrode
misalignment and the elimination of the need to disassemble/reassemble cells (which
potentially can disturb the electrode surface and cause cell shorting). The utility of DHCs
as a research tool is due to their ability to precisely measure the CE of electrodes using
conventional, low-precision, battery test equipment. To illustrate this, Figure 4.6 compares
the CE precision as measured by DHCs and in a conventional half-cell using a Maccor
Series 4000 battery cycler. The cycling performance data in Figure 4.6(a) shows that the
capacity of DHCs suffers a rapid drop due to continual electrolyte decomposition, while
these capacity losses in half-cells are reimbursed from Li metal, leading to little fade. The
CE of the half-cell and DHC (calculated as described in Reference 62) are shown in Figure
4.6(b). The CE of both cells are similar, despite DHCs having a higher CE at early cycles
due to the pre-charge/pre-discharge process of the constituent half-cells. Figure 4.6(c)
shows the voltage curve of both cells. The electrolyte decomposition processes results in
discharge voltage endpoint slippage in half cells.51 In DHCs, such processes result in
capacity fade in which the charge/discharge endpoints slip towards each other in opposite
directions. Unlike the discharge endpoints of half-cells, both of the DHC's voltage
endpoints are sharp, allowing precise capacity control, even with a low precision charger.
Figure 4.6(d) shows the amount of irreversible capacity consumed per hour in the cell per
unit electrode surface area. The total SA of graphite electrodes was estimated by the sum
of the SA of graphite and CB powders in the disk. From this estimation, graphite electrodes
have a total SA of 335.3 cm2 if assuming 10 mg loading. The half-cell data is of low
precision due to errors in capacity integration and location of the discharge endpoints by
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the non-high precision charger, resulting in an error of ±0.00711 mA m-2 for measured
irreversible capacity per hour per surface area. In contrast, the CE and irreversible capacity
data as determined by the DHC is of much higher precision, showing an error of ±0.00058
mA m-2 for measured irreversible capacity per hour per surface area (one order lower error).
The precision of HPC is roughly five times better than that of Maccor 4000.113 The
precision of irreversible capacity measured by using DHCs and a standard charger is
competitive to that measured by using half-cells and HPC.

Capacity / (mAh g -1)

Discharge capacity of a half-cell
Charge capacity of a half-cell
Discharge capacity of a double half-cells
Charge capacity of a double half-cells

Half-cell
Double half-cells

0.8
0.04
0.02
0

Voltage / V

0.4

380

400

420

440

0
-0.8

-0.4

-0.9
-0.8

(a)
0

10

20
Cycle Number

30

Irreversible Capacity per Hour
per Area / (mA m -2)

Coulombic Efficiency / %

Double half-cells

20
Cycle Number

336

100

0.16

Half-cells

10

0

40

(b)

0

(c) 330

30

40

342

348

200
300
Capacity / (mAh g -1)

400

Half-cells

(d)

Double half-cells
0.12
0.02
0.08
0.01
0.04

0

0

0

0

200

400

400
Time / h

800

600

800

Figure 4.6 Plots of (a) cycling performance and (b) CE versus cycle number for graphite
electrodes in half-cells and DHCs. (c) Plots of voltage versus capacity for graphite
electrodes in a half-cell and a DHC. The top and bottom insets in (c) show the motion of
the endpoints of each cycle in a half-cell and a DHC, respectively. (d) Plots of irreversible
capacity per hour per surface area versus hours in half-cells and DHCs. The inset in (d)
shows an expanded view of (d) as the irreversible capacity per hour per surface area is
below 0.2 mA m-2. Plots of (b) and (d) show data of two cells for each cell format.
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4.4 Summary
A new precise (compared to half-cells) and accurate (compared to conventional
symmetric cells) measurement of coulombic efficiency was demonstrated using standard
non-high precision battery test equipment. The method uses a new type of symmetric cell,
termed DHCs, which consist of two Li half-cells having identical working electrodes.
Initially, the working electrode in one cell is fully lithiated and the working electrode in the
other cell is fully delithiated. During cycling the cells are connected together at their Li
metal electrode terminals. The construction of DHCs avoids the disassembly/assembly
process and electrode alignment issues, which are major factors that reduce the
measurement accuracy and precision of CE in conventional symmetric cells. As a result,
DHCs have better cycling performance and provide a more accurate measure of CE than
conventional symmetric cells.
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CHAPTER 5 ELECTROLYTE REACTIVITY ON GRAPHITE AND COPPER AS
MEASURED IN LITHIUM DOUBLE HALF CELLS
The majority of this chapter was adapted from the following peer-reviewed article:
Z. Yan, M.N. Obrovac, Electrolyte Reactivity on Graphite and Copper as Measured in
Lithium Double Half Cells, J. Electrochem. Soc., 164 (2017) A2977-A2986.

5.1 Introduction
The study of electrolyte reactivity is essential to understand the service life of LIBs.
Up to now, most researchers have focused on electrolyte decomposition on the surface of
active materials.51,53,114,115 However, active materials are not the only cell components in
contact with electrolyte. Some inactive materials, which are typically considered to be inert
towards lithium, are required LIB components, including current collectors and the cell
can. Previous studies have shown that electrolyte redox reactions can occur on the surface
of inactive materials.54 A thorough understanding of electrolyte reactivity on different
substrates is still limited. One reason contributing to this lack of understanding is that
electrolyte reactivity on inactive phases is difficult to study. The traditional electrochemical
techniques used to study reactivity on blocking electrodes, such as potentiodynamic and
potentiostatic polarization measurements (e.g. as used in Reference 54) are not appropriate
to study the very small parasitic currents that can lead to cell fade over years of cell use.
Moreover, since the inactive components of a Li-ion cell have such a small surface area
compared to the active components, their effects in full cells are difficult to distinguish
from the reactions that occur on active material surfaces.
In Chapter 4, the parasitic reactions on graphite were investigated using a new type
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of symmetric cell made by combining two identical half-cells. Such cells, termed DHCs,
enabled easy evaluation of the rate of parasitic reactions with high precision and accuracy.
For the specific measurement of the reactivity of electrolyte on inactive phases, a means of
increasing the relative surface area of the inactive phase exposed to the electrolyte should
be further provided, so that the reactivity on such inactive surfaces could be more easily
detected. Electrolyte reactivity on copper was evaluated using electrodes comprising active
graphite, plus large amounts of copper powder, increasing its relative surface area and
consequently its resulting parasitic currents by an order of magnitude, allowing their
accurate study.

5.2 Experimental
Graphite electrodes were composed of 90 wt% graphite (MAG-E, Hitachi, 20 μm
average size), 2 wt% CB (Super C65, Imery's Graphite and Carbon), and 8 wt% PVDF
(HSV 900, KYNAR). Electrodes with a mixture of graphite and micron-sized copper
powder (-625 mesh, 99%, Alfa Aesar) (1.7% oxygen, measured by thermogravimetric
analysis (NETZSCH TG209 F3) with a temperature range of 25-600 °C under Ar/H2 95:5
v/v) or nano-sized copper powder (n-Cu) (60-80 nm, ≥ 99.5%, <5% oxygen, Aldrich)
were made to investigate the electrolyte reactivity on copper. The solid powder components
of the electrodes were formulated on the basis of their SA with the ratio of CB to the other
components being kept at a constant 37:63 surface area ratio. For example, the Cu/G/CB
47:16:37 electrodes had a powdered solids formulation of 47:16:37 copper:graphite:CB by
surface area, corresponding to a 74.3:16.3:1.4 copper:graphite:CB weight ratio. The SSA
of the materials used in this study are listed in Table 5.1. Except where specified, all
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electrodes contained 8 wt% PVDF binder. The compositions of all electrodes are listed
Table 5.2. The electrodes were cast from NMP (Sigma-Aldrich, 99.5%) slurries onto
copper foil with a 0.006-inch coating bar. This resulted in an electrode loading if about 4
mg of coating per square centimeter or about 1.5 mAh/cm2 for the graphite coating.
Electrode loadings were purposely kept high to minimize the impact of parasitic currents
from current collectors and cell hardware.110

Table 5.1 Specific surface areas (in m2 g-1) of powders used in this study.

1

MAG-E

CB1

Cu

n-Cu

2.35 ± 0.01

62

1.54 ± 0.04

4.62 ± 0.55

Data from manufacturer.

Table 5.2 Electrode formulations in weight percent of the electrodes prepared in this study
having different Cu/G/CB SA ratios.
Coating

Cu

n-Cu

MAG-E

CB

PVDF

G/CB 63:37

N/A

N/A

90.0%

2.0%

8.0%

Cu/G/CB 47:16:37

74.3%

N/A

16.3%

1.4%

8.0%

Cu/G/CB 38:25:37

62.9%

N/A

27.6%

1.5%

8.0%

Cu/G/CB 25:38:37

45.5%

N/A

44.9%

1.7%

8.0%

Cu/G/CB 16:47:37

30.3%

N/A

59.9%

1.8%

8.0%

n-Cu/G/CB 47:16:37

N/A

53.7%

35.2%

3.1%

8.0%

N/A

49.1%

2.9% 15.8%

n-Cu/G/CB 47:16:37 with 15.8 wt % PVDF 32.2%

Graphite electrodes were coated in air and then air dried at 120°C for one hour. The
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copper/graphite electrodes were coated in an argon atmosphere and then vacuum dried at
120°C overnight. The copper/graphite electrodes were stored in an argon-filled glovebox
to prevent oxidation of the copper powders. The total SA of electrode materials in an
electrode disk is estimated by the sum of the SA of graphite, CB, and/or copper powders
in this disk, listed in Table 5.3.

Table 5.3 Estimated surface area of various components of an electrode disk (assuming 10
mg loading).

N/A

MAGE
/ cm2
211.3

124.0

0.0

335.3

114.7

N/A

38.2

90.0

0.0

242.9

Cu/G/CB 38:25:37

97.2

N/A

64.8

95.3

0.0

257.3

Cu/G/CB 25:38:37

70.3

N/A

105.4

103.3

0.0

279.0

Cu/G/CB 16:47:37

46.9

N/A

140.6

110.3

0.0

297.8

n-Cu/G/CB 47:16:37

N/A

247.9

82.6

194.4

0.0

524.9

n-Cu/G/CB 47:16:37 with 15.8
wt % PVDF

75.6

N/A

226.8

177.8

0.0

480.2

Coating

Cu
/ cm2

n-Cu
/ cm2

G/CB 63:37

N/A

Cu/G/CB 47:16:37

CB PVDF Total
/ cm2 / cm2 / cm2

Coin cell construction was conducted in an Ar-filled glovebox using standard 2325
coin cell hardware. 1M LiPF6 in EC:DEC (1:2 v/v, all battery grade from BASF) was used
as control electrolyte. Unless specified, two layers of Celgard-2300 separator and one layer
of BMF separator (3M Company) between was used as cell separators. Electrolyte
additives, such as VC (BASF), were added into the control electrolyte, as specified.
Working electrode disks were punched from electrode coatings using a 1.35 cm2 area
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circular punch. In half-cells, each electrode was paired with a circular lithium metal foil
disc with a 2.57 cm2 area. In order to accurately measure the mass of each coating and
eliminate variations in current collector mass, the mass of graphite in each electrode was
derived from its first charge capacity using a capacity of 336 mAh g-1 for MAG-E graphite
in the 1.5 mAh/cm2 electrode coating described above, as determined to a precision of 4 %
from the average of six Li/graphite half-cells at C/10 rate. The cell formats used in this
chapter have been discussed in Chapter 4.
Cells were evaluated using a Maccor Series 4000 Automated Test System and were
thermostatically controlled at either 30.0 ± 0.1 ºC or 60.0 ± 0.1 ºC, as specified. Cells for
cycling at 60 ºC were sealed with Torr Seal (Varian). All cells, except those half-cells for
symmetric cells, were cycled at C/10.
The SSAs of graphite and copper powders were measured using a Micromeritics
Flowsorb II 2300 surface area analyzer with the single-point BET method. All powders
were placed in a glass holder and degassed at 160°C for over half an hour prior to
measurement. Copper powders were loaded into the holder in an argon-filled glove box to
prevent oxidation.
5.3 Results and Discussion
Having established the utility of DHCs, they were utilized to study the electrolyte
reactivity on inactive materials. Inactive materials, such as current collectors, electrode
tabs, mandrills, cell can hardware, etc., play important roles in commercial battery
construction. Such components often come into contact with electrolyte and may be at
potentials equal to that of the cathode or anode; that is, at voltages in which the electrolyte
is not thermodynamically stable. Therefore, electrolyte decomposition is expected on such
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surfaces, however detailed studies of the electrolyte decomposition rate at inactive surfaces
have not been reported. This is likely due to the relatively small surface area they present
to the electrolyte, resulting in small electrolyte decomposition currents that are difficult to
measure.
Here, DHCs were used to study electrolyte reactivity on copper, using copper
powders instead of copper foils to increase total surface area. However, pure copper
electrodes have no capacity to support cycling in symmetric cells. Therefore, electrodes
comprising Cu powders blended with graphite powder were used. The reactivity of
electrolyte on Cu could then be determined by comparison of DHCs containing pure
graphite electrodes. This method has the added advantage of the Cu powder being in an
environment similar to a Cu current collector in contact with a graphite coating.
Figure 5.1(a) shows the voltage curves of conventional graphite electrodes (G/CB
63:37) and electrodes comprising a Cu/G/CB powders mixture in a ratio of 47:16:37
according to their surface area. The different formulations have different initial lithiation
and irreversible capacities. However, after the initial cycle the voltage curves of both
electrodes are similar. Figure 5.1(b) shows the initial discharge differential capacity of both
cells. Three extra cathodic peaks are present in the Cu/G/CB electrode at ~ 0.9V, ~ 1.3V,
and ~ 2.2 V. Considering that metal powders are generally covered by a thin oxide layer,
these peaks may originate from the reduction of copper oxide.105 Figure 5.1(c) shows the
cycling performance of the G/CB 63:37 and Cu/G/CB 47:16:37 electrodes. Both electrodes
cycle with little fade and with similar capacity. However, the CE of the Cu/G/CB 47:16:37
electrode is markedly lower than that of the G/CB 63:37 electrode, indicating that a higher
degree of irreversible reactions occurs as a result of the change in electrode formulation.
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The irreversible reaction rate at the Cu surface is more precisely quantified in DHCs below.

Figure 5.1 Plots of (a) voltage versus capacity in first cycle of and (b) differential capacity
versus voltage for first discharge of G/CB 63:37 (graphite) and Cu/G/CB 47:16:37
electrodes in half-cells. (c) Discharge capacity and CE versus cycle number of G/CB 63:37
and Cu/G/CB 47:16:37electrodes in half-cells. 1M LiPF6 in EC:DEC (1:2 v/v) was used as
electrolyte. All capacities are plotted only based on the mass of graphite in electrodes.
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Voltage / V
Capacity / (mAh g -1)
CE / %
Irreversible Capacity per Hour
per Area / (mA m -2)

Figure 5.2 (a) Initial voltage versus capacity of G/CB 63:37 and Cu/G/CB 47:16:37
electrodes in DHCs. (b) Panel of discharge capacity (top) and CE (bottom) versus cycle
number, and (c) plots of irreversible capacity per hour per surface area versus time of
Cu/G/CB 47:16:37 and n-Cu/G/CB 47:16:37 electrodes in DHCs. 1M LiPF6 in EC:DEC
(1:2 v/v) was used as electrolyte.

To ensure that the surface reactivity on the Cu powder scaled with surface area,
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electrodes with two types of copper powders were studied, as shown in Figure 5.2. Figure
5.2(a) shows Cu/G/CB 47:16:37 electrodes have voltage curves with sharp endpoints in
DHCs, allowing precise capacity control in each cycle. n-Cu powder has a much larger
specific surface area than that of micron-sized Cu (4.62 m2 g-1 vs. 1.54 m2 g-1). The nCu/G/CB 47:16:37 electrodes have a slightly faster capacity-fade rate than the Cu/G/CB
47:16:37 electrodes. However, after converting the fade rate to CE and then normalizing
with respect to the total electrode surface area as the irreversible capacity per hour per unit
area, shown in Figure 5.2(b), the area normalized reaction rate is nearly identical. Therefore,
the irreversible reactivity measured scales with the electrode surface area, as expected for

CE / %

Irreversible Capacity per Hour
per Area / (mA m-2)

Capacity / (mAh g-1)

surface reactions.

Figure 5.3 (a) Panel of discharge capacity (top) and coulombic efficiency (bottom) versus
cycle number of n-Cu/G/CB 47:16:37 electrodes with 8 wt% and 15.8 wt% PVDF in DHCs.
(b) Plots of irreversible capacity per hour per surface area versus time of n-Cu/G/CB
47:16:37 electrodes with 8 wt% and 15.8 wt% PVDF in DHCs. 1M LiPF6 in EC:DEC (1:2
v/v) was used as electrolyte.
The effect of doubling the binder content was investigated to see if the coating of
the particle surfaces with PVDF binder might change the surface reaction rate. This was
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found to have no effect, shown in Figure 5.3. Previous studies have shown that PVDF has
a weak connection with powders.116,117 It is likely that this weak connection still leaves
much of the powder surface exposed to electrolyte. These results indicate that the specific
surface area of the inactive material and amount of PVDF likely has a limited effect on
surface reactivity as measured per unit area.
Figure 5.4 shows plots of the electrochemical performance of DHCs with different
Cu/G/CB ratios. The electrodes have different cycling performance and coulombic
efficiencies due to their different formulations, as shown in Figure 5.4(a) and (b). Initially,
SEI growth follows a parabolic growth law:51,118
/

/

(5.1)

where R, x, t, and k represent the parasitic reaction rate per unit area, the SEI layer thickness,
time, and the electrolyte reaction rate coefficient (ERRC), respectively. In this study, the
Cu, graphite, and CB electrode constituents can all react with the electrolyte. To evaluate
the electrolyte reactivity on only one of these constituents, the parasitic reaction rates of
each constituent must be deconvoluted. Here, it is reasonable to assume that the parasitic
reaction rate on an electrode is equal to the sum of the parasitic reaction rates on each
electrode constituent. Therefore, the reaction rate of the Cu/G/CB electrodes can be
presented as follows:
(5.2)
where R and S represent the reaction rate and the surface area, respectively. Considering
that graphite and CB powders have a similar electrolyte reactivity,51 Equation 5.2 can be
simplified as:
(5.3)
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where RC ≈ RG ≈ RCB and SC = SG + SCB represent the reaction rate and total surface area
of the carbonaceous electrode components. Combining Equation 5.3 and Equation 5.1:
⁄

(5.4)

Figure 5.4 Plots of the (a) discharge capacity, (b) CE versus cycle number, and (c)
irreversible capacity per hour per area vs. time-1/2 of G/CB 63:37 and Cu/G/CB electrodes
with a series of surface-area ratios. The inset in (b) shows an expanded view of CE versus
cycle number. The inset in (c) shows the fitting process for electrolyte reactivity. The first
data point for each electrode is excluded for linear fitting. (d) Plots of the ERRCs versus
copper surface area. 1M LiPF6 in EC:DEC (1:2 v/v) was used as electrolyte.
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The ERRCs for each electrode type were obtained through linear fitting of Equation
(5.1), using the least squares approach. Typically, the first data point of reaction rate was
excluded from the fits, shown in Figure 5.4(c). All the results show an excellent correlation
with Equation 5.1. From the fitting results, the ERRCs versus percent Cu surface area are
plotted in Figure 5.4(d). The ERRCs follow a linear trend based on the Cu content in the
electrode, with a diminishing reaction rate as Cu is added. Also shown in the plot is a linear
fit to the ERRC trend and 95% confidential interval (assuming the data follows a tdistribution). According to the plot, the ERRC of the 1M LiPF6 in EC:DEC (1:2 v/v)
electrolyte on pure carbon (CB and graphite) is about 0.15 mA h½m-2, which agrees well
with results from HPC studies.51 By extrapolation, the ERRC of pure copper can be
obtained. In this electrolyte solution, copper has a negligible reaction rate with the
electrolyte of 1M LiPF6 in EC:DEC (1:2 v/v) at 30 °C.
The G/CB 63:37 and Cu/G/CB 47:16:37 electrode formulations were used to
evaluate electrolyte reactivity on copper and carbon substrates under other conditions.
Figure 5.5 shows the elevated temperature cycling of the G/CB 63:37 and Cu/G/CB
47:16:37 electrodes. Cycling of these electrodes at room temperature is also shown in this
graph for comparison. When the temperature increases, both the G/CB 63:37 and Cu/G/CB
47:16:37 electrodes suffer a faster cell fade (Figure 5.5(a)) and, accordingly, lower CE
(Figure 5.5(b)). After 10 cycles at 60 °C, only 60 % of the initial capacity is left in the
Cu/G/CB 47:16:37 electrodes. To study the contributions of the capacity fade made by
carbon or copper, the ERRC was obtained for each electrode, as described above. As with
the data obtained at room temperature, excepting for the first cycle, all the fade data fit the
model of Equation 5.1 well, as shown by the linearity of the data when plotted as the
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Cu/G/CB
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Reaction Rate Coefficient /
(mA h 1/2 m-2)
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irreversible capacity per hour per area vs. time-1/2, in Figure 5.5(c).

Figure 5.5 Plots of the (a) discharge capacity, (b) CE versus cycle number, and (c)
irreversible capacity per hour per area vs. time-1/2 of G/CB 63:37 and Cu/G/CB 47:16:37
electrodes at 30 °C and 60 °C. (d) Plots of the ERRC of carbon materials, Cu/G/CB
47:16:37 electrodes, and copper materials from the extraction. 1M LiPF6 in EC:DEC (1:2
v/v) was used as electrolyte.

Figure 5.5(d) shows the ERRCs of the G/CB 63:37 and Cu/G/CB 47:16:37
electrodes at 30°C and 60°C, as determined from the slopes of the corresponding plots in
Figure 5.5(c). The ERRC determined for the G/CB 63:37 electrode corresponds to the
electrolyte reaction rate on pure carbon. The reaction rate of electrolyte on pure copper
was then determined by subtracting the reaction rate of the carbon component from the
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measured Cu/G/CB 47:16:37 reaction rate, and is also shown in Figure 5.5(d). As shown
above, electrolyte reactivity on Cu is negligible in comparison with its reactivity on a
carbon surface at 30°C. At 60°C the electrolyte reactivity on Cu becomes significant. As
shown in Figure 5.5(d), both carbon and copper have a significant increase in their ERRCs
at an elevated temperature. For carbon materials, the reaction rate at 60 °C is double that
at 30 °C, while copper at 60°C has the reaction rate of carbon at 30 °C. This demonstrates
that while focusing on electrolyte reactivity on active materials may be justifyiable at 30°C,
it may not be the case at elevated temperatures, where electrolyte decomposition on
inactive cell components may become significant. This may be true for other situations
also.
An analysis of the electrolyte reactivity of electrolyte with and without 2 wt.% VC
additive on G/CB 63:37 and Cu/G/CB 47:16:37 electrodes was performed using DHCs,
and the results are shown in Figure 5.6. Figure 5.6(a) and (b) show the capacity and derived
CE during cycling, respectively. While the addition of VC has little effect on the G/CB
63:37 electrode, the addition of VC resulted in severe fade and poor CE for the Cu/G/CB
47:16:37 electrode. This implies that VC containing electrolyte is stable against carbons,
but undergoes significant irreversible reactions with copper. This is reflected in Figure
5.6(c), which shows the irreversible capacity generated per hour per unit electrode area in
these cells. The amount of reactivity when VC is combined with the Cu-containing
electrode is much higher than for the electrodes that contain only carbonaceous materials.
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Figure 5.6 Plots of the (a) discharge capacity, (b) CE versus cycle number, and (c)
irreversible capacity per hour per area vs. time-1/2 of G/CB 63:37 and Cu/G/CB 47:16:37
electrodes with and without 2 wt% VC electrolyte additive. (d) Plots of the ERRC of carbon,
Cu/G/CB 47:16:37 electrodes, and copper with 1M LiPF6 in EC:DEC (1:2 v/v) control
electrolyte and control electrolyte with 2 wt.% VC added.

Figure 5.6(d) shows values of the ERRC calculated from linear fits of the plots in
Figure 5.6(c) for carbon (from the G/CB 63:37 electrode), the ERRC for the Cu/G/CB
47:16:37 electrode, and the derived ERRC for Cu, obtained by subtracting the carbon
component to the ERRC from the Cu/G/CB 47:16:37 electrode ERRC. The reactivity of
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the electrolyte on carbon is not changed with the addition of VC, which agrees well with
results from HPC studies of the reactivity of VC containing electrolytes with graphite.37
The reactivity on Cu is much different. Without VC, no reactivity of the electrolyte can be
detected on copper surfaces, as discussed above. However, in the presence of VC additive,
the electrolyte reacts significantly with the copper surface, having a reaction rate that is 2.5
times higher than carbon.
The high reactivity of VC containing electrolyte on Cu is surprising, considering
that VC is a common additive to increase cycle life in Li-ion cells.119 However, it must be
kept in mind that the copper powders used here have 100 times higher surface area per
geometric electrode surface area than the area of the copper current collector. In addition,
calendered electrodes likely reduce the area of the Cu current collector exposed to the
electrolyte. Therefore, the total area of copper exposed to the electrolyte in commercial
Li-ion cells may be small enough that the benefits of VC for improving cycle life (e.g. from
reduction of reactivity at the cathode)120 likely outweigh the detrimental effects from the
reactivity of VC containing electrolyte on the Cu surfaces that are exposed. Nevertheless,
cycling might be improved further by elimination of these detrimental reactions, e.g. by
using a different metal instead of Cu or by coating the Cu with a layer of material having
less reactivity with electrolyte. Such solutions might improve the cycle life of Li-ion cells
and are currently being explored in our lab.
5.4 Summary
DHCs were used to study the electrolyte reactivity on graphite and copper surfaces.
A mixture of copper and graphite powders was made to study the electrolyte reactivity on
copper, since copper has no cycling capacity. At room temperature, 1M LiPF6/EC:DEC
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(1:2 v/v) electrolyte reacts slowly at carbon surfaces and the reaction rate was too small to
measure on Cu surfaces. At 60 °C the reaction rate of 1M LiPF6/EC:DEC (1:2 v/v)
electrolyte on carbon is as twice the rate at 30 °C and its reactivity on Cu becomes
significant. The addition of VC to the electrolyte results in no obvious effect on the
coulombic efficiency of graphite electrodes. However, VC containing electrolyte reacts
significantly on Cu surfaces.
This chapter shows an effective approach to study the parasitic reactions of active
materials and inactive materials with electrolytes in lithium-ion batteries using DHCs.
Using this method, it was demonstrated that electrolyte solutions can have significant
reactivity with inactive components in cells, such as the current collectors. Such inactive
components should not be ignored in efforts to increase battery cycle life.
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CHAPTER 6 SELECTING INACTIVE MATERIALS WITH LOW CATHODIC
ELECTROLYTE REACTIVITY FOR LITHIUM-ION CELLS
The majority of this chapter was adapted from the following manuscript:
Z. Yan and M.N. Obrovac, Selecting Inactive Materials with Low Electrolyte Reactivity for
Lithium-Ion Cells, submitted to J. Power Sources
6.1 Introduction
To lengthen service life and to improve safety of lithium ion batteries (LIBs),
tremendous efforts have been made to deepen our understanding of parasitic reactions
between electrolytes and active materials, such as graphite and silicon.64,115,121 At the same
time, previous research has shown that inactive materials, e.g. copper and nickel, are also
not fully inert to electrolytes at low potentials.54,122 Inactive materials play important roles
in Li-ion cells, such as in cell hardware (current collectors, tabs, the cell can, etc.), where
they can be exposed to electrolyte at very high or very low potentials. Inactive materials
are also used as components of active materials to restrict the volumetric expansion of
electrode materials as a matrix phase, and even participate in conversion reactions with the
solid-electrolyte interphase (SEI) layer.15,105
Although inactive materials have been widely used in LIBs over decades, a
comprehensive study of their interactions with electrolyte is still lacking. The types of
inactive materials for LIBs are numerous and their electrochemical properties, such as
electrocatalytic behaviour and corrosion resistance, are significantly different.123 Due to
large differences in electrochemistry on inactive metal surfaces, tremendous efforts have
been made in other fields for the development of novel materials for water splitting,124,125
oxygen reduction,126,127 and other electrocatalytic processes.128,129 It is surprizing then that
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few studies of electrolyte reactivity on inactive materials in LIBs have not been undertaken,
especially since electrolyte reactivity is a key parameter influencing cycle life.
An excellent inactive material for LIB negative electrodes should have some key
properties: low initial irreversible capacity to increase the overall cell capacity; low longterm electrolyte reactivity to lengthen battery service life; and low electrochemical
impedance to prevent Li plating, which can cause safety issues. In a previous study, we
found that copper can have significantly higher electrolyte reactivity at the negative
electrode compared to graphite in vinylene carbonate (VC)-containing electrolytes.122 This
has serious implications for Li-ion cells, which almost universally use Cu-current
collectors at the negative electrode and often use VC containing electrolytes. Therefore we
decided to see if other materials might have less reactivity than Cu and therefore be more
suitable for use as a current collector.
In this paper, the initial irreversible capacity, electrolyte reactivity, electrochemical
impedance, and the SEI morphology of a variety inactive metals at the negative electrode
in Li-ion cells are discussed. Some materials were chosen for their practicality of use, such
as copper, iron, nickel, and stainless steel, which are widely used in current LIBs. Other
inactive metals, such as molybdenum, titanium, and titanium nitride were chosen because
of their known electrochemical stability in other systems.101,110,130 These inactive metals
were comprehensively investigated for their stability at the negative electrode.
6.2 Experimental
Electrodes consisted of powdered inactive metal, graphite (MAG-E, Hitachi, 20 μm
average size), carbon black (CB) (Super C65, Imery’s Graphite and Carbon), and
polyvinylidene fluoride (PVDF) (HSV 900, KYNAR). The inactive metal powders studied
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were Ti (99.9%, 60-80 nm, Skyspring Nanomaterials, Inc.), Fe (99%, 40-60 nm, SigmaAldrich), Mo (≥ 99.9%, 1-5 µm, Sigma-Aldrich), TiN (< 3 µm, Sigma-Aldrich), stainless
steel (SS) (316L, 60-80 nm, Skyspring Nanomaterials, Inc.), Ni (99.8%, APS 0.08-0.15
µm, Alfa Aesar), and copper (99%, -625 mesh, Alfa Aesar). The specific surface areas
(SSA) of these inactive powders are listed in Table 6.1. Inactive metal, graphite and carbon
black components of the electrodes were formulated based on a (SA) ratio of inactive metal
powder:graphite:CB = 28:9:63. All electrodes contained 8 wt.% PVDF binder. The
corresponding formulations of all electrodes based on weight percent are listed in Table
6.2.

Table 6.1 Measured specific surface areas (in m2 g-1) of the inactive powders investigated.
*As specified by the manufacturer.
MAG-E

CB*

2.35(1)
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Cu

TiN

Mo

Ni

Fe

SS

Ti

1.54(4) 1.9(2) 2.1(1) 2.5(1) 11.4(2) 5.09(1) 12.8(2)

Electrodes were cast from 1-methyl-2-pyrrolidinone (NMP) (99.5%, SigmaAldrich) slurries onto copper foil with a 0.006-inch coating bar. This resulted in an
electrode loading of about 4 mg of coating per square centimeter or about 1.5 mAh cm-2.
Electrode loadings were purposely kept high to minimize the impact of parasitic currents
from current collectors and cell hardware.10 Graphite and TiN/G electrodes were coated in
air and then air dried at 120°C for one hour. To prevent oxidation of elemental metal
powders, the other electrodes were coated in an argon atmosphere and then vacuum dried
at 120°C overnight. These air-sensitive electrodes were stored in an argon-filled glovebox
to prevent oxidation. Electrode disks were punched from the coatings using a 1.35 cm2 area
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circular punch. Coin cell construction was conducted in an Ar-filled glovebox using
standard 2325 coin cell hardware. 1M LiPF6 in ethylene carbonate (EC): diethyl carbonate
(DEC) (1:2 v/v, all battery grade from BASF) was used as control electrolyte. Vinylene
carbonate (VC) (BASF), was added to the control electrolyte at specific weight ratios. Two
layers of Celgard-2300 separator and one interleaving layer of BMF separator (3M
Company) were used as cell separators.

Table 6.2 Electrode compositions with the weight percent of the various components are
given.
Coating

MAG-E

Inactive Materials

CB

PVDF

Graphite

90.0%

N/A

2.0%

8.0%

Cu/G

16.3%

74.3%

1.4%

8.0%

TiN/G

15.0%

75.3%

1.7%

8.0%

Mo/G

20.5%

69.7%

1.8%

8.0%

Ni/G

23.6%

66.3%

2.1%

8.0%

Fe/G

53.9%

33.3%

4.8%

8.0%

SS/G

37.2%

51.5%

3.3%

8.0%

Ti/G

56.2%

30.8%

5.0%

8.0%

Three formats of cells were used in this study: half-cells, double half cells (DHCs),
and conventional symmetric cells. A brief description of these three cell formats is
presented here. More details can be found in Reference.122 In half-cells, each 1.35 cm2
working electrode was paired with a 2.57 cm2 circular lithium metal foil counter electrode
(thickness of 0.38 mm, 99.9%, Sigma-Aldrich). DHCs were constructed simply by
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connecting the Li terminals of two nominally identical half-cells. One half cell discharged
to 5 mV and then charged to 0.9 V at C/10 rate. The other half cell was discharged to 5 mV,
charged to 0.9 V once, discharged to 5 mV at a C/10 rate, and then trickle discharged until
the current was less than C/200. All cells were evaluated with a Maccor Series 4000
Automated Test System while the cells were thermostatically controlled at 30.0 ± 0.1 ºC.
DHCs cells were cycled at a C/10 rate. All specific cell capacities were calculated with
respect to the mass of graphite in the electrodes.
Electrochemical impedance spectroscopy (EIS) spectra were measured using a BioLogic VMP3 potentiostat. EIS measurements were performed at 30 ºC, with a 10 mV
amplitude excitation and a frequency range from 100 kHz to 10 mHz. Electrodes cycled
over 240 hours in DHCs were studied. Before electrodes were recovered from DHCs,
DHCs were discharged or charged to 0 V at C/10 rate, and then trickled until the current
dropped below C/200. The electrodes were then harvested from the cycled DHCs in an Arfilled glovebox and then incorporated into conventional symmetric cells. The EIS
experimental setup did not allow accurate solution resistance measurement due to cable
and connection resistance. For this reason, all impedance spectra were shifted along with
the real axis so that the highest frequency data point is located at 0 Ω cm2. The total
electrode interfacial impedance, R, which includes the charge transfer resistance and the
resistance due to ion diffusion in the SEI layer, was obtained from measuring the diameter
of the mid-frequency semicircle in the Nyquist plot.
The SSAs of graphite and copper powders were measured using a Micromeritics
Flowsorb II 2300 surface area analyzer with a single-point BET method. Prior to
measurement, powders were placed in a glass holder and degassed at 160°C for over half
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an hour. Metal powders were placed into the holder in an argon-filled glove box to prevent
oxidation.
6.3 Results and Discussion
Figure 6.1 shows the initial cycles of half-cells containing inactive metal/graphite
electrodes and a graphite electrode, for comparison, in control and + 2 wt% VC electrolytes.
All blended electrodes have a larger initial irreversible capacity than graphite. This increase
of initial irreversible capacity is from the reduction reactions on the surface of inactive
materials, which consume extra capacity. Blended electrodes were formulated based on the
same surface area ratio of carbon and inactive materials. Thus, their irreversible capacity
is a direct measure of the inactive component reactivity.

Voltage / V

Voltage / V

Figure 6.1 Voltage curves of graphite and inactive metal/graphite electrodes in control
electrolyte (solid lines) and in + 2 wt% VC electrolyte (dash lines). The initial CE is the
average of four samples.
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Therefore, according to Figure 6.1, TiN and Ti have the lower initial irreversible
capacity per unit area than other inactive materials in control electrolyte and in 2 wt% VC
electrolyte. Generally, (within measurement standard deviation) the irreversible capacity is
generally higher when VC is present in the electrolyte. This is expected, considering VC's
tendency to reduce at the negative electrode.

Figure 6.2 Initial discharge differential capacity of graphite and inactive metal/graphite
electrodes in a potential range of 0.2-3 V.
Figure 6.2 shows initial differential capacity (dQ/dV) curves of half-cells
containing inactive metal/graphite electrodes with control and VC-containing electrolyte.
The cathodic peaks are strongly related to the electrode compositions, but are not
significantly by the presence of VC. For example, in both electrolytes Cu/G electrodes have
one weak cathodic peak at 2.27 V and two strong cathodic peaks at 0.9 V and 1.3 V, but
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TiN/G electrodes only have one peak at ~0.8 V. One explanation for these differences in
dQ/dV curves is the electrochemical reduction of impurities, e.g. oxides, on the surface of
inactive metals. Since TiN has a higher oxidation resistance than the elemental metal
substrates,106,131,132 it has a relatively low initial irreversible capacity even when stored in
air.
Figure 6.3 shows the cycling capacity and Coulombic efficiency (CE) of blended
electrodes in DHCs. DHCs can accurately determine electrode CE based on their capacity
fade, as described in Reference.62 All electrodes suffer continual capacity fade in DHCs,
which is indicative of irreversible electrolyte reactions. The cycling performance of
blended electrodes relies on the graphite, which has an excellent capacity retention. Thus,
the increased capacity fade of blended electrodes is caused by electrolyte decomposition
on carbon and inactive metals. Among these cells, the amount of capacity loss and CE is
related to the type of inactive metal used and electrolyte composition. For example, Cu/G
and Ni/G electrodes have a relatively high CE with no-VC electrolyte but low CE with VCcontaining electrolyte, while some electrodes, such as TiN/G, have high CE when cycled
in both VC and no-VC electrolytes.
Figure 6.4 shows the total irreversible capacity versus cycle number (left column)
and irreversible capacity per hour per unit area versus time-1/2 (right column) of the blended
electrodes. Both sides of electrodes in each DHC were included in the calculation of
irreversible capacity. The irreversible capacity grows with each cycle for all materials, but
at different rates. In all materials there is a larger initial growth of irreversible capacity,
which then slows to a steady state growth after a number of cycles. For Ti, Fe, Mo, TiN
containing electrodes, the irreversible capacity growth rate stabilizes after a few cycles and
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the relative growth is small in both VC and non-VC containing electrolyte. For Cu and Ni,
the irreversible capacity growth rate is large, especially in VC containing electrolytes.

Capacity / (mAh g -1)

Coulombic Efficiency / %

Figure 6.3 Capacity (left column) and CE (right column) versus cycle number of graphite
and inactive metal/graphite electrodes cycled in DHCs.
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Irreversible Capacity / (mAh g -1)

Irreversible Capacity per Hour per Area / (mA m -2)

Figure 6.4 Cumulative irreversible capacity versus cycle number (left column) and
Irreverisble capacity per hour per area versus time-1/2 (left column) of graphite and inactive
metal/graphite electrodes cycled in DHCs.
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In Figure 6.4 (right column), the irreversible capacity per hour per unit metal area
of the blended electrodes is plotted to show the areal parasitic reaction rates on these metal
surfaces. This plot will be linear according to a parabolic SEI growth law:51,122
/

(6.1)

where R, k, and t represent the parasitic reaction rate per unit area, the electrolyte reaction
rate coefficient, and time, respectively. This law has been shown to describe SEI growth
on graphite well,51 which is also verified here. All of the electrodes shown in Figure 6.4
also obey this law well. However, in the case of Cu and Ni in VC containing electrolyte,
parabolic growth behavior is only followed for the first 5-10 cycles, after which a sharp
drop in reactivity is seen. However, for these electrodes, the capacity is so far reduced at
this point (Figure 6.3), and the electrode impedance has grown so large (see below) that
this is not surprizing, since these electrodes are essentially not functioning. The slope of
the irreversible capacity per hour per unit area versus time-1/2 plot in the right column of
Figure 6.4 corresponds to the parasitic reaction rate per unit area. To quantify the electrolyte
reactivity on the inactive metals tested, the areal parasitic reaction rates of each constituent
was deconvoluted from the other electrode components using the following equation:122
(6.2)
where k and S represent the reaction rate per unit area and the surface area of the whole
electrode (blend), inactive component, and carbon/graphite component, respectively,
where kC was determined, from the electrolyte reactivity of the graphite electrodes.
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Figure 6.5 The k values of different materials, extracted from the mixture of inactve
metal/graphite electrodes. The error bars were calculated as the range of two samples.

Figure 6.5 shows k values of graphite and inactive metals in control electrolyte and
VC-containing electrolyte. A high value of k indicates that faster parasitic reactions
occurred. In both VC and non-VC containing electrolytes, Ti, Fe, Mo, and TiN have lower
electrolyte reactivity than graphite. The electrolyte reactivity of Ti, Fe, Mo, and TiN in nonVC containing electrolyte is too low to be measured. Such materials are excellent
candidates for use on the surfaces of current collectors and other cell components that are
exposed to low potentials. Cu and Ni have low reactivity with electrolyte only if VC is not
present. SS only has low reactivity only if VC is present and about the same reactivity as
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graphite if VC is not present. In contrast, Cu and Ni have high electrolyte reactivities that
are 2-3.5 times higher than graphite in VC containing electrolyte. These are not good
candidates for use as inactive materials at low potentials in Li-ion cells. However, these are
the very materials that are used for the current collector and tabs for the negative electrode
in essentially all commercial Li-ion cells.

-Z(Im) / (Ω cm2)

-Z(Im) / (Ω cm2)

Figure 6.6 Nyquist plots for graphite and blended electrodes in control and VC-containing
electrolyte.
Figure 6.6 shows the impedance spectra of cycled graphite and inactive
metal/graphite blended electrodes. The addition of VC additives increases the impedance
of graphite electrodes. This impedance growth has also been found previously.95 The total
electrode interfacial impedance (R) was obtained through the measurement of the diameter
of mid-frequency semicircle (as shown in Figure 6.7). The R values of cycled electrodes
are summarized in Figure 6.7. All electrodes in non-VC containing electrolyte have
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relatively low impedance. The addition of VC increases the R value of all electrodes,
especially for Cu, SS, Ni, (values large, but indeterminate, since semicircles in EIS spectra
are indistinct) and Ti containing electrodes. While SEI growth on the Ti and SS containing
electrodes in VC containing electrolyte was relatively low, the SEI formed apparently
caused high impedance growth. The high impedance growth of Cu and Ni containing
electrodes in VC containing electrolyte is not surprizing, considering the large amount of
electrolyte decomposition in these electrodes, suggests substantial SEI growth. Electrodes
containing TiN and Fe were found to have the lowest impedance growth in VC containing
electrolytes and were comparable to the pure control graphite electrode. These materials
are good candidates for inactive surfaces in Li-ion cells.

Figure 6.7 R of graphite and blended electrodes in control and VC-containing electrolytes.
The error bars were calculated as the range of two samples.
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Several reasons may cause different electrolyte reactivities on the metal substrates
investigated:


The morphology and composition of the SEI layer on various substrates
may be different, resulting in different electrolyte diffusion rates through
the SEI layer. Slow electrolyte diffusion rates would lead to low parasitic
reaction rates.



Different binding energies between substrates and the electrolyte. In the
case of hydrogen evolution, the binding energy between catalyst and
hydrogen atoms is crucial. Either a too strong or a too weak binding energy
will lead to a low hydrogen evolution rate. Here, either a too strong or a too
weak binding energy between electrolyte and substrate may lead to low
parasitic reaction rates.



Various energy barriers for the charge transfer from different substrates to
the electrolyte. High energy barriers for charge transfer may lead to low
parasitic reaction rates.

It is important to consider the possible impact of these results on full cells. In VC
containing electrolyte, the value of k measured here for graphite is 0.149 mA h0.5 m-2.
Therefore, for a low surface area graphite of about 1.5 m2 g-1, this would correspond to 20 %
capacity fade in 3 years. The reactivity of Cu in VC containing electrolyte was found here
to be k = 0.63 mA h0.5 m-2, much higher than that of graphite. However the surface area of
Cu exposed to electrolyte will be much less than the plurality of graphite particles in a
composite coating. Assuming a roughness factor of 5 for the Cu foil and a loading of 3.5
mAh cm-2, then a Cu current collector could account for 3% of cell fade in 3 years (or about
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13% of the total cell fade). This is not insignificant and will depend highly on the actual
surface roughness of the Cu foil. As these results show, capacity loss from the current
collector might be significantly reduced by selecting better inactive materials.

6.4 Summary
The initial irreversible capacity, electrolyte reactivity, and impedance growth of Cu,
Ni, 304 stainless steel, Ti, TiN, Mo, and Fe, during cycling at low potentials have been
investigated in VC and non-VC containing electrolytes using recently developed double
half-cells. The electrochemical behavior of inactive materials is strongly related to their
composition and the composition of electrolytes. These inactive metals were found have
reaction rates with electrolytes that are similar to graphite in non-VC containing
electrolytes. However, in VC containing electrolytes, Cu and Ni reacted with electrolyte at
2-3.5 times the rate as graphite, with high concurrent impedance growth. In addition, Cu
and Ni had among the highest first cycle irreversible capacity. Such materials were deemed
poor candidates for Li-ion cell components exposed to low potentials. However, these are
the very materials that are used for the current collector and tabs for the negative electrode
in essentially all commercial Li-ion cells!
In contrast, all of the other inactive metals tested had lower reactivity than graphite
in VC-containing electrolyte. Ti and TiN had the lowest reactivity with electrolyte during
cycling, the lowest irreversible capacity, and the lowest impedance growth. From these
electrochemical results, Ti and TiN are very good candidate for inactive surfaces in LIBs
in VC or non-VC containing electrolyte. These results show that the current inactive
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materials used in Li-ion cells may be contributing to cycling fade and that other much more
stable materials exist that could improve cell lifetime and rate performance.
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
In this thesis, electrolyte reactivities on negative electrodes, especially on inactive
materials, were investigated using a newly developed type of symmetric cell, termed
DHCs, which is a precise and accurate tool to measure the irreversible capacity only using
standard charger. An electrochemical guide on selecting inactive materials was provided,
showing that TiN has low electrolyte reactivity, initial irreversible capacity, and total
electrode interfacial impedance, compared to other inactive materials, e.g. Cu, Ni, 304 SS,
Ti, Fe, and Mo. This thesis provides a feasible method to study the electrolyte reactivity on
active and inactive materials. This method can be easily applied to study other materials in
LIBs or even in other battery systems, such as sodium-ion and potassium-ion batteries.
In Chapter 3, the electrochemistry of inactive materials in electrolyte has been
characterized via CV and in conventional symmetric cells. CV results show that
electrochemical reactions occurred on all metal substrate surfaces. Results from
conventional symmetric cells show that a part of the cell fade can be attributed to
electrolyte decomposition on inactive components of the coin cell in addition to reactions
at electrode active materials. The effect of different materials on electrolyte degradation
was also studied using conventional symmetric cells. However, the electrolyte reactivity
obtained from conventional symmetric cells is relatively inaccurate and imprecise.
In Chapter 4, a new precise and accurate measurement of coulombic efficiency was
demonstrated using standard non-high precision battery test equipment. The method uses
a new type of symmetric cell, termed DHCs, which consist of two Li half-cells having
identical working electrodes. DHCs have better cycling performance and provide a more
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accurate

measure

of

CE

than

conventional

symmetric

cells,

since

the

disassembly/assembly process and electrode alignment issues in conventional symmetric
cells are avoided.
In Chapter 5, the electrolyte reactivity on Cu surfaces was explored. Graphite/Cu
blended electrodes were used, since copper has no cycling capacity. At room temperature,
the reaction rate of 1M LiPF6/EC:DEC (1:2 v/v) electrolyte was too small to measure on
Cu surfaces. At elevated temperature or with the addition of VC, the electrolyte reactivity
on Cu surfaces becomes siginificant.
In Chapter 6, a comprehensive investigation of inactive material electrochemistry
with electrolyte was made, in VC-free and +2 wt% VC electrolytes. TiN and Mo were
found to have a relatively low initial irreversible capacity. In the VC-free electrolyte, Cu,
Ti, Mo, and TiN have relatively low electrolyte reactivity. In +2 wt% VC electrolyte, Ti
and TiN have relatively low electrolyte reactivity while Ni and Cu have high electrolyte
reactivity. TiN/graphite and Fe/graphite electrodes have relatively low total electrode
interfacial impedance in control and VC-containing electrolytes. From these
electrochemical results, TiN and Ti were found to have the desirable characteristics of low
initial irreversible capacity, cathodic electrolyte reactivity, and total electrode interfacial
impedance.
7.2 Future work
7.2.1 Selecting Inactive Phase for Si-alloy Electrodes
An urgent demand for high-energy LIBs drives research in novel electrode
materials. Si and Si-based materials have been considered as promising negative electrode
active material candidates due to their high volumetric capacity and low average voltage.
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Micron-sized Si suffers from severe pulverization during cycling, resulting in a rapid
capacity fade. A rational strategy to suppress this pulverization is to confine nano-sized Si
in alloy matrix. Si-alloy electrodes have a higher initial cycle efficiency and lower fade
than pure Si electrodes.
Similar to the inactive materials studied here in regards to their use as cell
components, the inactive matrix in Si alloys is also immersed in electrolyte should also
react with electrolyte, consuming the cell capacity during cycling. The candidates for alloy
matrix are many, including iron disilicide, molybdenum disilicide, titanium disilicide, and
tungsten disilicide. Selecting silicide materials with low cathodic electrolyte reactivity may
increase the cycle life of Si-alloy in LIBs. Therefore future studies of inactive materials
using the methods introduced in this thesis would be valuable for improving alloy electrode
technology.
7.2.2 Understanding the SEI Layer on Inactive Materials
The study of the morphology and the composition distribution of the solid
electrolyte interphase on electrodes is important to understand the mechanisms behind the
newly discovered electrolyte reactions observed in this thesis. Such studies should include
materials characterization by scanning electron microscopy (SEM) and XPS. Cross
sections using a focused ion beam (FIB) or ion mill would be extremely useful for such
studies, since the morphology of SEI layer on the substrate can be observed more clearly.
Different electrolytes should be studied as to their effects on SEI morphology and the
distribution of the interphase. Uncycled electrodes should be used as the control group and
half-cells should be utilized for cycling the electrodes to prepare samples.
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A key issue for SEM and XPS characterization is to prevent air contamination of
cycled electrodes during sample transfer from an Ar-filled glove box to the SEM or XPS
chamber. An air-sensitive transport chamber needs to be designed. The study of the
morphology and the composition distribution of the SEI layer is important to explore if the
electrolyte reactivity is affected by the morphology and the composition distribution of the
SEI layer. In this way reactivity could be correlated to surface morphology.
7.2.3 Effects of the Dissolution of SEI Components.
All SEI components have certain solubility in electrolytes. The dissolution of SEI
components may weaken the passive layer, exposing fresh surfaces to the electrolyte,
resulting in further electrolyte decomposition. To better understand this effect, electrolyte
saturated with one or several SEI components should be explored in electrochemical cells.
Electrolyte not saturated with SEI components could be used as a control. Saturation of the
electrolyte with SEI components may reduce further dissolution of the SEI. Therefore,
saturation of electrolyte with certain SEI components may result in a more robust SEI and
improved cycling characteristics.
DHCs should be utilized for the study of the effect of the dissolution of SEI
components on cell fade. The electrolyte solvent plays an essential role on this research,
because it determines the solubility of SEI components and the growth of new SEI
compositions after their decomposition. Therefore, different electrolytes should be tested
in the research. Furthermore, temperature has a big effect on solubility. In order to study
the effect of temperature, electrolytes should be saturated with different SEI components
at different temperatures. Then, DHCs containing the saturated electrolytes should be

109

cycled at the same temperature. The electrochemical performance of the cells without
saturated electrolyte should be compared.
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