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Abstract

The ever-increasing demand for electrical energy storage technologies triggered by the
demands for consumer electronics, stationary energy storage systems and especially the rapidly
growing market of electro mobility boosts the need for cost-effective, highly efficient and
highly performant rechargeable battery systems. After the successful implementation of lithium
ion batteries (LIBs) in consumer electronics and electric vehicles, there is still a need for further
improvements in terms of energy and power densities, safety, cost and lifetime. In the last
decades, a large battery research community has evolved, developing all kinds of new battery
materials, e.g. positive and negative electrode active materials for different cell chemistries,
electrolytes, related auxiliary (inactive) materials and their constituents.

Different battery cell setups, including so-called “half-cell”, “symmetrical-cell” and “full-cell”
setups as well as two-electrode or three-electrode configurations, are described in the literature
to be used in the laboratory for the electrochemical characterization of battery components like
electrode materials and electrolytes. Typically, all cell setups display certain limitations or
issues concerning their application for the parameter determination of battery materials. In this
review article, we highlight the advantages but also the limitations of different cell setups, with
special focus on two- and three-electrode configurations with or without the help of “auxiliary”
excess capacity Li metal electrodes. We point out possible mistakes and/or misinterpretations
and give the reader recommendations, i.e., a guide for the right choice of the cell

setup/configuration appropriate for the intended aim of the electrochemical investigation.
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1. Introduction
The integration of clean renewable energy generation in combination with highly efficient and
performant energy storage technologies is one of the major targets of the present energy
economy. Currently, rechargeable batteries are widely seen as one of the most efficient and
feasible storage solutions for specific application purposes, especially for mobile applications.
The need for improved batteries is particularly boosted by the rapidly growing markets for
electro mobility, industrial batteries, etc.! Nowadays, the lithium ion battery (L1B) technology
is the most dominant technology for a variety of applications, which particularly include
portable electronic devices, industrial applications, power tools, electric-powered bikes,
scooters and automotives as well as grid (home) storage.>® As depending on the type of
application, there is a different prioritization of key performance indicators, i.e. of energy,
power, lifetime, sustainability, etc., various material combinations for battery cell application
have been investigated in the past and will be pursued in the future.5®
Emerging battery technologies (e.g. lithium-sulfur (S || Li), lithium-oxygen (Oz2 || Li), etc.) often
promise a very high theoretical energy per volume or mass, however, these energy values often
exclude numerous relevant parameters for practical battery cells, such as the practical mass
utilization of the active material, practically achievable discharge voltages, as well as the
required amount of inactive materials. As a consequence, the theoretical energy values that are
commonly stated for these evolving battery chemistries might drastically overestimate the
realistic potential of these systems in comparison to state-of-the-art LIBs. Thus, we recently
reported on a novel method calculate the energy values of different battery technologies to give
a more transparent and realistic assessment and comparison of current and emerging battery
technologies.’
In order to develop advanced battery cell technologies, fundamental research studies on new
cell components are mandatory. There are various electrochemical techniques and conditions,
multiple and different cell components and cell types/setups to characterize a certain, new
battery material or electrode of interest, which often makes it hard or even impossible to
compare results of different studies with each other. Furthermore, an “inappropriate”, or even
“wrong” selection of the cell components and/or measurement conditions may lead to a
misinterpretation of the results regarding the material of interest.
In this review, we focus on electrochemical studies of battery components in different battery
cell setups, i.e., “half-cell”, “symmetrical-cell” and “full-cell” setups with special focus on two-
and three-electrode configurations, where we specifically want to point out the advantages and
limitations with respect to the desired target of research. Furthermore, we demonstrate possible
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mistakes and/or misinterpretations and give the reader recommendations for the suitable and
“right” choice of the cell setup, appropriate for the intended aim of the electrochemical study.

2. Definitions: Half-cell vs. symmetrical-cell vs. full-cell setup and two-electrode vs.
three-electrode configurations in battery research

Different cell setups used in battery research, namely half-cell setups, symmetrical-cell setups
and full-cell setups, as well as the major differences between two-electrode and three-electrode
configurations, are briefly introduced and discussed in this section. A schematical illustration
of the different cell setups and configurations is given in Figure 1. In this article, we mainly
focus on the lithium ion battery (LIB) technology, however, the general definitions and
conclusions can also be transferred to other battery systems, such as lithium metal batteries
(LMBs)%!, sodium-ion batteries, dual-ion batteries, Oz || metal- and S || metal-batteries, etc.
As like other battery cell systems, a classical LIB cell is composed of a negative electrode (N)
and a positive electrode (P), which are mechanically separated by an electrolyte-wetted
separator.'? This two-electrode configuration is typically termed as “full-cell setup” in battery
research (as depicted in Figure 1 (d)), in which the cell voltage, defined as the difference of the
potentials of P and N, is used to control the charge and discharge cut-off conditions during
constant current charge/discharge cycling.*>** In various reports, N and P are commonly named
as anode and cathode, respectively. However, this designation is only valid when the
electrochemical cell is used as a galvanic cell in the discharge mode.*® In case of an electrolytic
cell (=charge mode of the cell), P would be correctly described as anode, because anode and
cathode are defined as the respective electrodes where oxidation and reduction occur,
respectively.'® Following the classical nomenclature!®, the conventional notation of a galvanic
cell is given by notation (1). Examples for this conventional notation are the Daniell cell (copper
and zinc electrodes), as illustrated by (1) or a classical LIB cell based on a graphite N and
layered transition metal (TM) oxide P, as depicted by (I11).
XX Y*Y ) Galvanic cell
Zn|Zn?" || Cu?*|Cu (1)  Daniell cell
LixC|C + xLi" || LizxTMO2 + xLi*|LiTMO2 (I1I)  LIB cell

Within this notation, N (where oxidation takes place during discharge/galvanic operation) is
depicted on the left side and P (reduction during discharge/galvanic operation) on the right side,
whereby the equations of the single half-cells (one vertical line) are separated by a double

vertical line, representing a salt bridge (e.g., Daniell cell) or a separator (e.g., LIB cell).
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However, due to simplicity, the most common description for LIB cells used in the battery
research community is typically “P/N” or “P||N” (e.g., LIiTMO2/graphite or
LiTMO:z || graphite). For simplicity reasons and better readability, we will solely use the latter
simplified notation “P || N”” in this article and also encourage the use of this notation for research
articles.

The central object of consideration (the material or electrode of interest) in electrochemical
studies is often placed on only one of the electrodes for reason of systematic research, e.g. with
respect to evaluate the material properties for reversible ion storage, such as electrode potential,
reversible and irreversible capacities, etc. To control and monitor the potential of the electrode
of consideration independent of the other electrode, either a two-electrode configuration or a
three-electrode configuration can be used. This setup is called half-cell setup, and in the
following, the electrode of consideration in such potential-controlled cells will be named
working electrode (WE; Figure 1 (a) and (b)), as it is common practice in numerous research
papers and electrochemistry textbooks.*® However, it has to be kept in mind that an accurate
measurement of the WE potential in the two-electrode configuration (Figure 1 (a)) is only valid
for operation at a very low current density (i.e., a low current and/or high surface/geometric
area at/of the counter electrode (CE)), so that any polarization effects at the CE can be
neglected.

In contrast, the electrodes in either two-electrode or three-electrode configuration, which are
cell voltage-controlled (full cell setup), are named N and P, as introduced above (Figure 1 (d)
and (e)). In order to control and monitor the electrode potential of the WE, measured in V vs.
reference electrode (RE), it must be coupled with a reference electrode (RE) having a fixed
electrode potential .X® This setup, where simply the potential of the WE is monitored, under open
circuit potential (OCP) (= “currentless”) conditions is called “half-cell setup” (Figure 1 (2)). It
is the general setup in order to experimentally determine electrode potentials of half-cells, e.g.
via a standard hydrogen electrode (SHE) RE. In contrast, standard electrode potentials of the

electrochemical series, like Cu|Cu?*, are derived from e.g., the Nernst equation.
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Figure 1: Overview of the different cell setups typically used in battery research. (1) half-cell setup, including (z)
setup for OCP measurement vs. RE (currentless), (a) two-electrode configuration (gives only accurate electrode
potentials at very low current density at RE/CE) and (b) three-electrode configuration; (I1, (c)) symmetrical-cell
setup; (I11) full-cell setup, including (d) two-electrode configuration and (e) three-electrode configuration. N:
negative electrode, P: positive electrode, WE: working electrode, CE: counter electrode, RE: reference electrode,
A: amperemeter, V: voltmeter, SHE: standard hydrogen electrode, SCE: saturated calomel electrode, Ag|AgCI:

silver|silver chloride reference electrode, Li|Li*: Li metal/Li*-electrolyte reference electrode.
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A good and suitable RE is defined by a high reproducibility, reliability and non-polarizability
(currentless operation mode) over prolonged operation. 5" The primary reference electrode is
the standard hydrogen electrode (SHE) or normal hydrogen electrode (NHE).!8 Other REs used
in literature are the saturated calomel electrode (Hg|Hg2Cl2, SCE), which has a potential of
0.242 V vs. NHE and the silver|silver chloride electrode (Ag|AgCl), showing a potential of
0.197 V vs. NHE.*® However, for non-aqueous electrolytes and especially in LIB research it is
difficult to implement the aforementioned REs into the cell system. For this reason, Li metal in
a Li* containing electrolyte (= redox couple: Li|Li*") is often used as RE in LIB research.?®-2! It
is common practice to see these electrode potentials in the literature given as “vs. Li|Li*”.
Besides Li|Li*, also other electrodes based on materials exhibiting a flat lithiation/de-lithiation
potential, based on a biphasic lithium insertion mechanism, are frequently used as RE, e.g.
LisTisO12 (LTO)"?22% or LiFePO4 (LFP)Y. Prior to their application as RE, LTO and LFP are
lithiated and de-lithiated to a state-of-charge (SOC) of ~50% in order to guarantee a stable and
highly reproducible electrode potential over the entire operation of the cell.!” However, these
REs give rise to higher experimental expenditure and are therefore commonly replaced by
Li|Li* due to simplicity. Due to the lack of thermodynamic equilibrium and the fact, that Li|Li*
is not an ideal non-polarizable electrode, the Li|Li* RE is called pseudo-reference electrode. 1824
Nevertheless, when a Li|Li* electrode is just used in order to measure the electrode potential of
the WE in a potentiometric experiment (I = 0) with the help of a high impedance voltmeter (i.e.
a voltmeter with an internal resistance, high enough to avoid any appreciable current flow
during the measurement), the potential of the Li|Li" electrode can be considered as being
constant.'®. Recently, Raccichini et al. published a comprehensive review article on the use of
REs, highlighting critical aspects for their practical use, such as electrochemical analysis
methods, cell geometry, etc.?®

Given the importance to measure the potential between RE and WE during cycling under
currentless conditions, a third electrode must be utilized in order to donate or accept electrons
(and lithium ions in case of a LIB cell), thus creating electron and ionic currents needed for
cycling. This electrode is usually called counter electrode (CE).® A half-cell setup in a three-
electrode configuration, as shown in Figure 1 (b), is obtained by the use of WE, CE and RE.
In this setup, the cut-off conditions during charge/discharge cycling are controlled by the WE
electrode potential via the RE.82¢

The use of Li metal as “auxiliary” opposite electrode (CE) to the electrode/material of interest
(WE) provides an almost unlimited amount of active Li (=Li* + €7), which is a main advantage
for fundamental studies on novel electrodes/materials.?” However, there are also various
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drawbacks of this setup, as will be described in the following sections. It is also possible to use
a typical LIB electrode, e.g. a graphite or LFP electrode, as opposite electrode to the
electrode/material of interest. This has the advantage of a more realistic measurement,
especially when the cell voltage is used to control the cut-off conditions (full-cell setup).
Nevertheless, in this setup it still remains possible to monitor the electrode potentials of the N
and P electrodes with help of a Li metal RE, independently (Figure 1 (e)). This allows a more
precise investigation of the influence of the individual electrodes on the ongoing processes,
such as SOC development, polarization, dendrite formation or the rate capability of each
electrode, inside the LIB cell.?#?83! Furthermore, for impedance measurements, geometry and
location of the RE is a factor of central importance, but beyond the scope of this review
article 25323

As discussed above, it should be mentioned that a two-electrode configuration, which uses Li
metal as N, can only be described as half-cell setup at very low current density at the Li metal
electrode (Figure 1 (a)). However, this notation is not correct at moderate/high current density,
due to the fact that the current load leads to a voltage drop (also called “IR-drop” +
overpotentials) as described in Equation 1, in which | is the current, » is sum of all
overpotential, Rs the resistance of the electrolyte between the two electrodes and Eappi and Eeq

are the applied and equilibrium potential, respectively.®

Eoppt = Eeq+m+ 1Ry 1)

In addition, individuals or companies working on lithium-sulfur (S || Li) and lithium-oxygen
(O2]| Li) two-electrode rechargeable full cells or selling MnOz|| Li or I2]| Li two-electrode
primary full cells would not describe these cell configurations as “half cells”. Furthermore, due
to kinetic hindrances, Li metal electrodes can exhibit strong overpotentials during the Li
dissolution/deposition processes®’, which are strongly influenced by the applied current density,
as shown by the overvoltages for a Li || Li symmetrical-cell setup (Figure 1 (c)) in two-
electrode configuration in Figure 2. Therefore, the measurement of the cell voltage within a
two-electrode configuration with Li metal electrode will be distorted compared to the potential
measurement of the WE in a three-electrode configuration with Li metal CE including a RE,
thus, most likely resulting in a misinterpretation of the performance of the electrode of interest
in the two-electrode configuration.!” For this reason, we prefer the term “Li metal cell” for such

a two-electrode configuration (full-cell setup), instead of “half-cell” or half-cell setup”.
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Figure 2: Cell voltage of a symmetrical Li || Li coin cell during continuous Li dissolution/deposition (0.113 mAh)
at different current densities at 20 °C.%® The electrolyte contained 1M lithium hexafluorophosphate (LiPFe) in
ethylene carbonate (EC) and ethyl methyl carbonate (EMC) 3:7 (by weight). Dependent on the applied current
density, the overvoltages can reach values of more than 300 mV.

Unfortunately, in battery research-related literature, the term “half-cell” is often used for many
different setups/configurations, i.e. to either describe a half-cell setup which is potential-
controlled (as defined above, see Figure 1 (1)) or to describe two- or three-electrode
configurations which are cell-voltage controlled and use e.g. Li metal as negative electrode (N).
However, the use of this notation is not favourable and actually also not correct according to
textbook electrochemistry knowledge!®, as the latter setup should be correctly named full-cell
setup (Figure 1 (111)). In this respect, also different terms such as “cell voltage”, “cell potential”
and “electrode potential” are often used in literature. However, these terms are also sometimes
mixed up and used incorrectly, e.g., as “electrode voltage”. Therefore, we recommend to
explicitly use the terms “cell voltage” (in V; difference of the potentials of P and N) and
“electrode potential” (in V vs. Li|Li* (or vs. other RES). As a result of the unclear usage of these
terms and due to the fact that in various literature reports often insufficient information is given
about cell setup, the cell configuration and the way of electrode potential or cell voltage control,
it is hard to understand and compare results of different studies.



In turn, in order to achieve a better understanding and better comparability between different
material, electrode or cell characterizations it is of utmost importance to establish a proper use
of these terms. Therefore, we strongly encourage researchers to use the suggested terms and to
give a clear definition in their electrochemical studies about 1) the cell setup (half-cell vs.
symmetrical-cell vs. full-cell), 2) the electrode configuration (two-electrode vs. three-electrode)
and 3) whether the cell is controlled by the cell voltage or by the WE potential via a RE. In case
of cell voltage controlled cells, it should also be mentioned if electrode potentials are
additionally monitored via a RE.

To summarize, we recommend to use the following definitions and terms for the different cell

setups and configurations for an unambiguous and clear description of fundamental

electrochemical studies of materials and electrodes. A simplified summary and comparison of

the different cell setups is shown in Table 1.

(a) Electrodes:

e The terms WE, CE and RE are used for half-cell setups in two-electrode configuration
(Figure 1 (a)) or three-electrode configuration (Figure 1 (b)), in which the WE potential
(in'V) is either measured at very low current density or in which the WE potential (in V vs.
RE) is controlled and monitored via a RE.

e The terms N and P are used for full-cell setups in two- or three-electrode configuration
(Figure 1 (d) and (e)), in which the cell voltage (in V) is controlled and monitored.
Additionally, the electrode potentials (in V' vs. RE) of N and P can be monitored via a RE
(Figure 1 (e)).

(b) Cell setups and configurations:

e Half-cell setup (two-electrode configuration): This is a general cell setup in order to

determine/monitor the electrode potentials of half-cells (Figure 1 (z)) under open circuit
potential conditions with help of a suitable RE (= “currentless” measurement conditions).
Furthermore, it is possible to measure electrode potentials in this setup at sufficiently low
current density, so that polarization effects at the RE/CE (e.g., Li metal) can be neglected
(Figure 1 (a)).

e Half-cell setup (three-electrode configuration): The cell is operated by control and

monitoring of the electrode potential (vs. RE) of the WE, i.e. by cut-off potential control

during constant current charge/discharge measurements and by potential control in

constant potential steps or in voltammetric experiments (cyclic voltammetry, linear sweep

voltammetry, etc.). In turn, the potential of the CE (and the resulting cell voltage) will also
10



vary in dependence of the used materials and operation conditions and can be monitored
via the RE (Figure 1 (b)). In such cases, account must be taken of the fact that the CE
should be designed to not affect the cell performance in any way.

Symmetrical-cell setup (two-electrode configuration): The cell is operated by control of the

cell voltage during charge/discharge (Figure 1 (c)). Examples include Li || Li cells or
graphite || graphite cells. A special case, in literature also described as symmetric cells, is
the coupling of the same electrode material in the lithiated and the de-lithiated state (i.e.
lithiated graphite || graphite, lithiated LTO || LTO etc.).3**2 However, since these cells are,
respective to the mathematical definition of symmetry, not symmetrical after assembly, we
would prefer the term “pseudo symmetrical cell” for such types of cell setup.

Full-cell setup (two-electrode configuration): The cell is operated by control of the cell

voltage during charge/discharge. The potentials of N and P will vary simultaneously in
dependence of the used materials and operation conditions (Figure 1 (d)). A special case
is the combination of a Li metal electrode (N) and an electrode of interest (P). This setup
should not be described as “half-cell setup”, but the term “Li metal cell” is suggested
instead. This is due to the fact that the current load leads to a voltage drop (= IR drop and
overpotentials at N), which will influence the measured cell voltage and, thus, might lead
to a misinterpretation of the performance of the electrode of interest.

Full-cell setup (three-electrode configuration): The cell is operated by control of the cell

voltage (cut-off voltages) during constant current charge/discharge cycling. The potentials
of N and P will vary in dependence of the used materials and operation conditions, but can

be monitored simultaneously via a RE (e.g. Li|Li*) (Figure 1 (e)).
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Table 1: Comparison of different cell setups typically used in battery research, in analogy to Figure 1. *: An
accurate measurement of electrode potentials is only valid at very low current density at the RE/CE.

Half-cell Half-cell Symmetrical-  Full-cell Full-cell
setup (a); setup (b); cell setup (c);  setup (d); setup (e);
2-electrode 3-electrode 2-electrode 2-electrode 3-electrode

configuration  configuration  configuration  configuration configuration

Nomenclature
of electrodes
Electrochemical Control of cell

WE, RE/CE WE, CE,RE  --- P,N P, N, RE

. Control of Control of cell Control of cell Control of cell
operafion voltage (*WE WE potential  voltage voltage voltage
conditions potential*)

Monitoring of

single electrode  Yes* Yes (viaRE) No No Yes (via RE)
potentials

Graphical

illustration in Figure 1 (2) Figure 1 (b) Figure 1 (c) Figure 1 (d) Figure 1 (e)

Special cases are, when a constant voltage step or constant potential is applied, for instance, at
the end of the charge or discharge process**4 or when the linear scanning voltammetry or cyclic
voltammetry techniques are applied. In these cases, there is not only a cut-off voltage/potential
control but also a general voltage/potential control during the course of the experiment (step).

Within this review, we want to focus on the different applications of the above introduced cell
setups and configurations and evaluate their correspondent advantages and disadvantages,
especially with focus on the use of Li metal as CE. The aim of this work is to highlight the
major mistakes and misinterpretations that can occur by using different cell setups and to
provide the reader a recommendation about reasonable fields of application for a specific cell

setup/configuration.

3. Challenges for the electrochemical study of active materials and electrolytes for
LIBs: A guide to choose the appropriate cell setup and configuration for academic
researchers

3.1 Study of positive electrode materials for LIBs

3.1.1 Relevance of precise electrode potentials for positive electrode research

State-of-the-art (SOTA) positive electrode materials for LIBs are “layered transition metal
oxides” based on LiTMO2 (TM= Co, Ni, Mn, Al, etc.) stoichiometry, e.g. LiCoO2 (LCO) or
LiNixMnyCo:02 (NMC, with x+y+z=1).%"*" Their solid-solution type delithiation/lithiation
mechanism implies a distinct dependency of the positive electrode potential on the
delithiation/lithiation amount (specific charge/discharge capacity), thus, from the SOC of the

LIB cell.1>*® The relation of specific capacity and positive electrode potentials is exemplarily
12



shown for the LiNiwsMn13Co1302 (NMC111) potential curve in Figure 3.* Increasing the
delithiation amount (or Li* extraction ratio) via increase of the charge cut-off potential of the
positive electrode, leads to an increase of the specific energy (specific capacity and cell
voltage), but typically at the expense of stability and safety.*>*° Exceeding a threshold
delithiation amount results in thermodynamically driven structural changes, leading to
decreased cycle life and increased safety issues (e.g. Oz evolution from LCO when exceeding
50% Li* extraction).>">® Consequently, for a given specific current, the charge cut-off potential
dictates the Li* extraction ratio and the related performance/safety aspects and finally must be

precisely controlled for positive electrode research.>
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Figure 3: Dependence of electrode potentials and cell voltage vs. specific capacity in a LiNiysMn3C01/30;
(NMC111) || graphite full-cell setup (three-electrode configuration) during charge at the cell cut-off voltage of
4.55V (corresponds to NMC111 and graphite potentials of 4.60 and 0.05 V vs. Li|Li*, respectively). Electrode
potentials are monitored using a Li metal RE. Redrawn from ref.*®

3.1.2 Challenges of a full-cell setup related to undesired shifts in electrode potentials
The investigation of battery materials (e.g. positive electrode materials) in dependence of a
precise electrode cut-off potential can reasonably only be realized via the use of a RE. As in a
full-cell setup with two-electrode configuration only the cell voltage can be controlled and
monitored (no RE), the electrode potentials cannot be directly targeted. The relation of the cell

voltage and corresponding electrode potentials in a LIB are exemplarily shown in Figure 3 for
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a NMC111 || graphite full-cell with the use of a RE. Though, in an ideal case, the electrode
potentials can be indirectly adjusted by precise selecting of both, the cell cut-off voltage and
balancing of negative electrode (N)/positive electrode (P) capacities (N/P ratio) - at least for the
first charge/discharge cycle.** However, minor balancing inaccuracies and/or undesired
(electro-) chemical processes within the full-cell setup (e.g. consumption of active Li* due to
parasitic reactions in cells without excess capacity Li metal electrodes) can lead to undesired
shifts of the electrode potentials.’® The effect of N/P capacity balancing inaccuracies on the
electrode potentials already in the first charge step is schematically shown in Figure 4. For
specific examples of different N/P ratios and the related influence on the shift of the individual

electrode potentials, the reader is referred to ref 4.
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Figure 4: Schematic illustration of the N/P balancing influence on the electrode potentials in a NMC || graphite
LIB full-cell. Oversizing of the positive electrode (P) or negative electrode (N) can lead to a shift in electrode
potentials (for a charge cut-off voltage set constant) up or down, resulting in overcharge of P or N, respectively.

The length of the arrow corresponds to the potential difference of P and N (=cell voltage). Redrawn from ref.#

In an ideally balanced full-cell setup, the selected charge cut-off cell voltage would target the
intended electrode potentials (green potential curve of N, Figure 4). In the case of a
(mistakenly) capacity-oversized P, the electrode potentials for both electrodes would decrease
for the set cut-off cell voltage, resulting in overcharge of N (red potential curve of N), which in
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turn would result in capacity loss and safety issues due to unwanted Li metal plating at N. In
the opposite case (when N is oversized, i.e. > =10-15%), the electrode potentials for both
electrodes would increase at the set charge cut-off cell voltage, resulting in overcharge of P
(violet potential curve of N). In practice, such quality of N/P balancing can be indicated by the
obtained initial specific charge capacity (too low or too high specific charge capacity would
indicate oversizing of P or N, respectively).** As pointed out by this example, the (initially)
targeted electrode potentials under cell voltage cut-off control in a full-cell setup are sensitively
volatile, which gets stepwise more severe during subsequent ongoing charge/discharge cycling.
As shown in Figures 3 and Figure 4, the electrode potentials can be indirectly targeted within
a full-cell setup via accurate cell voltage adjustment, at least in theory. In practice,
overpotentials may evolve during ongoing charge/discharge cycling of N and/or P, which can
significantly shift the electrode potentials compared to the ideal case, where scenario (a)
represents the ideal case (Figure 5). When the overpotential evolves at P, the shift can occur to
higher potentials for both electrodes, as seen in Figure 5 (scenario (b)). When the overpotential
evolves at N, the shift can occur to lower potentials for both electrodes, as seen in Figure 5
(scenario (c)). When overpotentials evolve at both electrodes, a shift can occur in dependence
of which overpotential (N vs. P) is higher, as seen in Figure 5 (scenario (d)). Each overpotential
scenario would lead to a decreased specific capacity, thus, Li* extraction ratio of P. Particularly
for positive electrode research, evolving overpotentials of N (scenario (c) or (d)) and a related
shift to lower potential values at both electrodes would significantly affect the positive electrode
chemistry/performance by decreasing the Li* extraction ratio. Often, misinterpretations occur,
when positive electrode materials are only investigated without a RE (i.e. in a two-electrode
configuration). For example, when investigating electrolytes, which simply raise the
overpotential of N (scenario (c), Figure 5), e.g. due solid electrolyte interphase (SEI) and
corresponding impedance formation, P would have a lower Li* extraction ratio, but be
structurally more stable and performing better in terms of cycle life and safety. Therefore, it
would be incorrect to attribute the apparently better stability of P to a positive electrolyte at the
cathode, as in fact there is no direct causal correlation. This effect is especially pronounced for
positive electrodes exhibiting two-phase reaction mechanisms, where the electrode potentials
remain relatively stable over a wide range of the SOC (cf. LFP, LNMO) and where a small
change in the electrode potential can have a severe impact on capacity. Those misinterpretations
can be prevented by the use of a RE, where the individual electrode potentials of P and N can
be monitored during cell voltage-controlled operation and, therefore, possible overpotentials
evolving at P and/or N can be identified.
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Figure 5: Schematic illustration of possible influences of overpotentials at P (=NMC111) and/or N (=graphite) on
the shift in electrode potentials and specific capacity in a NMC111 || graphite LIB full-cell setup for a constant
charge cut-off voltage. In the absence of overpotentials, the electrode potentials can be targeted indirectly by the
charge cut-off cell voltage, as shown for scenario (a). When an overpotential would evolve at P (b), both electrode
potentials would shift up (electrode potentials at cut-off voltage are higher for (b) compared to (a)). When an
overpotential would evolve at N (c), both electrode potentials would shift down (electrode potentials at cut-off
voltage are lower for (c) compared to (a)). In case overpotentials evolve at both electrodes (d), a shift would occur
in dependence of which overpotential is higher (compared to (a)). In all cases (c-d), the overpotentials would lead
to a decay in specific capacity, thus, to a decrease of Li* extraction ratio of P, which is a significant parameter for

the electrochemical performance of P (specific energy vs. cycle life).

3.1.3 Challenges for a full-cell setup related to loss of active Li (negative electrode
with no active Li excess, e.g. graphite)
Positive electrode materials are the source of active Li (Li* + €) in conventional LIBs, thus, the
source of specific cell capacity. For a reasonable investigation of performance related
characteristics, particularly the investigation of the specific capacity of single positive
electrodes, the negative electrode should not irreversibly “consume” active Li. However in
practice, graphite as SOTA negative electrode consumes a significant amount of active Li'°,
which is required for the solid electrolyte interphase (SEI) formation in the first
charge/discharge cycle(s), e.g. when using graphite-based negative electrodes.>*" As the
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amount of active Li is limited by P in those full-cell setups, the consumption of active Li by N
results automatically in less specific capacity for P as well as less specific cell capacity. This
relation is exemplarily shown in Figure 6 for a NMC111 || graphite full-cell setup. In this
example, the consumption of active Li by graphite leads to high specific capacity loss of N,
which means that less active Li is released during discharge than accepted during previous
charge. The completed release of remaining reversible active Li (seen by the almost vertical
potential slope of N) leads to the termination of the discharge process, as a certain cut-off cell
voltage is reached. This has a significant effect on the characteristics of P. The released active
Li of P during charge is not fully recovered during subsequent discharge due to the losses of
active Li at N. Though the full-cell is in the discharged state, P is still not completely discharged
(=lithiated), as the single positive electrode could theoretically accept more active Li as implied
by the dotted line in Figure 6, which would be observed when measured in a cell setup with
Li-excess N (Li metal cell) or a Li-excess CE (half-cell in three-electrode configuration).
Moreover, in a conventional NMC111 || graphite full-cell setup, active Li losses can accumulate
during continuous charge/discharge cycling. This can additionally leads to the shift of the
electrode potentials to higher values at a charge cut-off cell voltage, as described in Figure 5
(scenario (b)), finally inducing undesired overcharge of P, as previously also described in ref.%3
Note, that the capacity loss/irreversible capacity of positive electrodes may be only of kinetic

nature.*349.53
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Figure 6: Electrode potential curves of a NMC || graphite LIB full-cell setup for P (=NMC111) and N (=graphite).
High amounts of active Li loss at N can lead to an incomplete lithiation/discharge of P in a full-cell setup with
graphite N, thus, to lower specific capacities compared to the performance of P in a cell setup with Li metal N or
CE, which is indicated with a dotted line.

It can be concluded that a full-cell setup (three-electrode configuration) using an N electrode
with active Li excess (Li metal cell) provides information on P electrodes, that cannot be
obtained with a graphite N electrode, i.e., the determination of the reversible capacity of P by
excluding an influence of an active Li consuming N. Though, Li metal can also be used in a
full-cell setup in two-electrode configuration as N (Li metal cell), the investigation of P would
still be inaccurate, since the presence in current flow leads to overpotentials and formation of
high surface area lithium (HSAL), thus, to additional overpotentials (cf. section 2 and
Figure 2).3"% The performance of P would be significantly affected as schematically described
for scenario (c) in Figure 5. When using a RE in a half-cell setup, the kinetics/overpotentials
of the CE would not affect the kinetics/overpotentials of the WE, as demonstrated for a modified
(varied CEs) half-cell setup in ref.®®. A possibility to achieve reliable results also in two-
electrode configuration using a Li metal N is the application of a constant current-constant
voltage (CCCV) cycling procedure, i.e. by applying an additional constant voltage step at the

set cut-off voltage until the current drops below a defined (very small) value. Since the IR drop
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and/or overpotentials are dependent on the current density, as already discussed in the previous
sections, overpotentials at the Li metal N will become negligibly small during the constant
voltage step to allow for achieving the intended cut-off potential of P (i.e. cell voltage =
electrode potential). However, it has to be kept in mind that during the constant current step,
the controlled and monitored cell voltage cannot be equalized to the electrode potential of P, as
the overpotential evolving at the Li metal N during plating/stripping shifts the cell voltage to
higher/lower values, respectively.

In summary, fundamental investigations for screening of positive electrode materials should
proceed in a half-cell setup in three-electrode configuration with a Li excessed CE for reasons
of accurate capacity and WE potential measurements. At least measures like using a CCCV
protocol need to be undertaken, when using a Li metal N within a two-electrode configuration
(Li metal cell) for investigation of P materials. Nevertheless, investigation of positive electrode
materials in combination with electrolyte formulations can be challenging, as some electrolytes
(e.g. some aliphatic nitriles®) are not compatible with Li metal, thus, rendering a measurement
via a half-cell setup, containing a Li metal CE and/or RE, impossible.®® In addition, a half-cell
setup does not entirely represent the complexity within a LIB full-cell, e.g. electrolytic crosstalk
with N, particularly when it comes to investigations of electrolyte additives, which will be
emphasized in the subsequent section. In this respect, we recently reported on the “cross-talk”
between different transition metal-based P and a Li metal N in Li metal cells, showing that
transition metal dissolution from P has a severe impact on the plating/stripping behavior, SEI
formation and overpotential on the Li metal N.®* In turn, a simple comparison of different
positive electrode materials in Li metal cells will have further challenges and might not be
sufficiently accurate. Therefore, when it comes to an assessment of the practicality of positive
electrode materials (e.g., long-term charge/discharge cycling studies), we recommend to
perform studies in a full-cell setup (two- or three-electrode configuration) without active Li
excess negative electrodes. Thereby, monitoring of the single electrode potentials in a three-
electrode configuration will help to understand mechanisms of capacity fading and aging.

3.2 Study of electrolyte formulations and electrolyte additives for LIBs

3.2.1 Introduction to electrolytes and additives
SOTA electrolyte systems for LIBs are both chemically and electrochemically metastable and,
thus, they are susceptible to irreversible decomposition close to the electrode/electrolyte
interfaces, affecting the overall cell performance and often triggered by overcharge or
overdischarge beyond the limiting electrochemical stability potential windows, elevated
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operating temperature and trace moisture.®2%2 By adding small amounts of other components
into the electrolyte system, it is possible to tailor specific targeted properties of the electrolyte
without changing the bulk properties.*>®* Kang Xu defined an electrolyte component of less
than 10% as electrolyte additive.%® Besides the development of advanced active materials, the
use of suitable electrolyte additives seems to be one of the most beneficial, economical and
effective solutions to improve overall LIB performance, thus, constituting an important
research and technology field.%® Various literature reports deal with the influence of electrolyte
additives either in half-cell and/or full-cell setups in two- and/or three-electrode
configurations.®® This section summarizes the repercussions of applying a two- or three-
electrode configuration for electrolyte additive investigations and clearly works out possible

limitations and error sources depending on the underlying scientific questions.

3.2.2 Pros and Cons for electrolyte additive investigation in different cell setups and
configurations

Today, a great number of electrochemical measurement techniques to investigate electrolyte
systems are reported in literature, enabling access to a variety of electrolyte additive-related
scientific questions and challenges.®*626567 These include e.g. a) the kinetic electrochemical
stability of the electrolyte and impact of additives thereon, b) the effect of electrolyte additives
on charge/discharge cycling performance, in particular reversible capacity and capacity
retention, c¢) influence of electrolyte additives on SEI and cathode electrolyte interphase
(CEI1%85°) formation at N and P, and d) the influence of electrolyte additives on the development
of the respective electrode potentials.52:6°6
The commonly used electrochemical measurement techniques for electrolyte additive
investigations refer to cyclic and linear sweep voltammetry as well as galvanostatic (=constant
current) charge/discharge cycling experiments, formally called as galvanostatic
chronopotentiometry. The following discussion places special emphasis on galvanostatic
charge/discharge cycling experiments in half- and full-cell setups and summarizes the
operational conditions and limitations of each cell system applied in a two- and three-electrode
configuration.
Many research studies on electrolyte additives in combination with different LIB active
materials show cycling results obtained in a full-cell setup (two-electrode configuration) using
metallic Li as N.”®"* In such a setup, also classical N active materials (according to their
designation in a LIB full-cell setup) are always considered as P, e.g. when silicon/carbon

composite (Si/C) materials (here: P) are studied vs. Li metal (N). As explained for equation 1
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and according to the above discussions, the resulting cell voltage does not allow any direct
conclusion on the respective electrode potential of the electrode of interest (this would only be
possible at sufficiently low current densities, as discussed in previous sections). Furthermore,
possible overpotentials, generated or diminished by a certain electrolyte component during the
dissolution and deposition process of Li on the Li metal N "27°, influence the development of
the potential of the electrode of interest and might cause misinterpretations due to potential
dependent lithiation and/or de-lithiation degrees as schematically shown for scenario (c) in
Figure 5. Therefore, it is not possible to differentiate whether the positive effect of this
electrolyte additive is due to a beneficial interphase (SEI or CEI) formation on/at the active
material (at P) or simply on/at the Li metal N.®® Therefore, we cannot recommend to use such
a setup for electrolyte solvent/salt/additive studies.

With help of a half-cell setup (three-electrode configuration) including a suitable RE, it is
possible to cycle the WE with help of the RE to a precise cut-off potential and, thus, to exclude
any error source arising from the Li metal CE. However, it is also important, but unfortunately
often disregarded that the precise control of charge/discharge cycling to a certain cut-off
potential in a half-cell setup may provoke the formation of unique interphases that may differ
in composition and thickness compared to the interphases formed in a full-cell setup.>>"® For
example, Vogl et al. showed that the SEI formation and the resulting composition on a single
crystal Si(100) electrode strongly depends on the electrode potential.”” Furthermore, Nie et al.
observed a gradual increase of the SEI thickness on graphite, as the cell was cycled to lower
potentials.”® As an example, a lower cut-off potential of 20 mV vs. Li|Li* or less is often applied
in graphite || Li metal half-cell setup experiments with Li|Li* RE. By using a N/P-ratio >1
(capacity-oversized negative electrode to avoid Li plating*3#4) in a full-cell setup, these low
potentials of N are typically not reached and, thus, a potential dependent impact on the
composition and thickness of the formed SEI layer cannot be excluded. Furthermore, due to its
highly reducing ability, an increased amount of electrolyte is irreversibly consumed when Li
metal is used as CE and RE, which also may affect the cycling performance, especially when
focusing on reactive electrolyte additives with limited amounts in the electrolyte (cf. section
3.1.3).”° In addition, continuous electrolyte decomposition of electrolyte on Li metal will
accumulate electrolyte decomposition products in the electrolyte and, thus, in turn may
contaminate/alter SEI and CEI, which consist of electrolyte decomposition products.
Numerous publications report on electrolyte additive investigations showing a beneficial effect
of the additive on the positive and negative electrode in Li metal cells, respectively, without
evaluating the performance of the respective additive in the final, targeted LIB full-cell
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setup.”®t However, the above discussions clearly indicate, that a direct transfer of the results
obtained in these Li metal cell setups to a LIB full-cell setup may not always be valid. In
addition, the choice of N can have an impact on CEI composition at the positive electrode.”®-82
The process involving electrolyte decomposition products, formed at the electrode/electrolyte
interfaces, tending to diffuse/migrate through the electrolyte to the opposite electrode, is often
defined as “cross-talk” between N and P.381% These decomposition products can be involved
in the interphase formation on the respective opposite electrodes and can have a significant
impact on the desired functionality of a certain electrolyte additive. As introduced above, we
recently reported a study on the “cross-talk” of different transition metal-based P and a Li metal
N in Li metal cells, showing the severe impact of transition metals dissolved from P on the
plating/stripping behavior and SEI formation on the Li metal N.6* As a consequence, to obtain
reliable and representative results for the performance of electrolyte/additives and for the
composition, structure and thickness of interphases (SEI, CEl), the study in a LIB full-cell setup
measurement without Li metal electrodes is highly recommended.

Taken these effects into consideration, a more feasible way to screen a large number of
electrolyte additives is applied in the manufacturing of full-cells with the active materials of
interest in a two-electrode configuration. Due to the considerable need for highly reproducible
cells, which basically differ in the electrolyte additive, machine-made electrodes and cells
produced by battery manufacturers are highly recommended, e.g., as often reported by Dahn et
al.8% If cells are prepared by hand, researcher should also follow certain guidelines to achieve
high quality and highly reproducible cells.®**” However, one drawback in the full cell setup
without RE is the missing ability to monitor and control the individual electrode potentials, with
the disadvantages discussed in chapter 3.1.

Once a suitable additive is found in the LIB full-cell setup in two-electrode configuration, it is
possible to further clarify the working mechanism in a LIB full-cell setup in three-electrode
configuration, identifying the development of each electrode potential independently from each
other in order to avoid misinterpretations. The LIB full-cell setup (three-electrode
configuration) allows the monitoring and identification of regular reduction and oxidation
processes, overcharge and overdischarge processes, including Li metal plating at N as well as
related overpotentials,5-°8:8498

There are also attempts to avoid a possible reaction of a proposed electrolyte additive during
cycling by changing the N electrode of the full-cell setup. The application of LTO-based
negative electrodes for studies on CEI forming additives to avoid/diminish a reduction of the
additive at N or the use of capacity-oversized LFP positive electrodes (cf. section 3.3.2) as less
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reactive Li source for SEI forming additive investigations is commonly known in
literature.1®82°%-101 Fyrthermore, to investigate the compatibility of an electrode material of
interest with an electrolyte system of choice, symmetrical-cell setups are a powerful tool to
overcome the issue of cross-talk phenomena between both electrodes. In symmetrical cells, the
same material/electrode is used on both sides'%1%, whereby in “pseudo symmetrical cells ” one
of the electrodes is used in the lithiated state and the other one in the de-lithiated state.3 In
view of practicality, these cell setups do not allow a transfer to other cell systems, but serve
merely for a mechanistic study of the electrolyte additive.

The need for a precise tuning of the electrolyte amount in the respective cell setup is all in
common, independent of the cell setup, in order to provide a reliable statement on the required
amount of additive in practical, electrolyte-limited LIB cells. However, analytical studies of the
formed decomposition products®” as well as transition metal dissolution (e.g. Mn?+)108.109
investigations often require an increased amount of electrolyte in the respective cell setup,
which has an enormous influence on long-term cycling behavior as well as on gas
formation.26*86'98'109‘116

In summary, the investigation of electrolyte systems including electrolyte additives places
special requirements on the electrochemical cell setup and is strongly related to the addressed
scientific question. Therefore, for a precise and comprehensive study on the practicality of
electrolytes for LIB cells, we recommend to use a LIB full-cell setup (two-electrode
configuration), most preferably machine-made electrodes for the screening process. The results
obtained for a promising electrolyte additive should be further compared to an electrolyte
mixture with SOTA additives or additive blends known from literature in order to ensure
comparability. Finally, we recommend that the working mechanism of suitable additives should
be comprehensively studied in a LIB full-cell setup (three-electrode configuration) or in a
symmetrical-cell setup. However, the use of Li metal cells (independent from the cell setup or
configuration) is not recommended to study electrolytes/additives, which are intended to be
used in LIBs.

3.3 Study of negative electrode materials for LIBs with special focus on “alloying”-type
materials
3.3.1 Electrochemical studies in cell setups with “auxiliary” Li metal electrode (i.e.,
excess of active Li)
The most common strategy used in literature to study materials for the negative electrode of a
LIB, is the fabrication of a full-cell setup (two-electrode configuration) containing a Li metal
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N, i.e., a Li metal cell. Thus, the material/electrode of interest is defined as P in this setup for
the following discussion, even though “classical” negative electrode materials are in the focus
of study. This cell is then operated/investigated with a constant current charging/discharging
procedure within a defined voltage range, i.e. a lower cut-off voltage slightly >0 V for lithiation
of P and a upper cut-off voltage of typically 1-3 V (dependent on the investigated material;
higher voltages are usually applied for so-called conversion materials'*’-*1°) for de-lithiation of
P.120-123 Thjs quite simple and effective procedure can provide information about the cycling
performance of P for a desired number of charge/discharge cycles. As these cells contain a huge
excess of active Li provided by the Li metal N, a possible capacity fading can be related to
material and/or electrode-intrinsic degradation mechanisms of P, i.e. changes in crystal
structure (amorphization), particle cracking and disconnection of the active material, binder
failure or impedance rise related to SEI growth.?8124

There are several issues/limitations, which need to be considered when Li metal is used as N
and even more when it is used in a two-electrode configuration. Firstly, as already discussed in
the previous sections, Li metal is not an ideal N due to its polarizability, i.e. showing high
overpotentials of up to hundreds of millivolts during dissolution/deposition, depending on the
applied current (see Figure 2).173712% Therefore, it is not possible to determine the exact
potential of P at the applied cut-off voltages within this setup (only possible when applying
very low current densities or an appropriate CCCV cycling procedure). This is a severe
handicap, because the lithiation degree of P is determined by the electrode potential and vice
versa (similar to classical LIB positive electrode materials). Especially for materials like
graphite or silicon, which exhibit a two-phase region during lithiation (indicated by a potential
plateau, see e.g. Figure 3 for graphite), small differences in the actual P potential can have a
huge influence on the lithiation degree and, therefore, the charge capacity of P at the applied
cell cut-off voltage. Hence, as already pointed out for “classical” P electrode materials in section
3.1.2, the application of a RE in a half-cell setup (three-electrode configuration) with Li CE is
a more viable method to investigate the material of interest (WE), especially in terms of
lithiation/de-lithiation capacity, since the WE can be cycled in a defined cut-off potential range.
Secondly, the ascribed dissolution/deposition behavior of a Li metal N causes the formation of
HSAL, associated with continuous electrolyte reduction at the fresh Li metal surfaces (cf.
section 3.1.3).55126.127 Thijs leads to a severe consumption/decomposition of the electrolyte,
which can deteriorate the performance of the investigated cell and, therefore, making it hard to
distinguish the predominant aging origins of the cell related to the Li metal electrode (i.e., N in
a Li metal cell or CE in a half-cell setup in three-electrode configuration) or the investigated P.
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Furthermore, the Li metal N or CE also serves as active Li reservoir, since typically quite thick
(up to 500 pum) Li discs are applied in such cells.?82* As already mentioned, the excess of active
Li can help to investigate material and/or electrode-intrinsic degradation mechanisms, however
active Li consuming parasitic reactions, i.e. SEI formation, irreversible Li trapping etc.
occurring in regular LIB anode materials, are neglected in these investigations, whereas it was
shown that such parasitic reactions can be severe, especially for alloying-type negative

electrode materials like silicon,?8124.128

3.3.2 Electrochemical studies in cell setups excluding the influence of an “auxiliary”
Li metal electrode

In literature, three main approaches were implemented to overcome the issues of using a Li
metal N (half-cell setup and Li metal cell, two-electrode configuration) or CE (half-cell setup,
three-electrode configuration). One option is the investigation of the negative LIB electrode
material within a symmetrical-cell setup, more precisely in pseudo symmetrical cells (cf. section
3.2.2). In pseudo symmetrical cells using LIB electrode materials, there is a defined amount of
active Li available, determined by the amount of the lithiated electrode. Therefore,
Li-consuming parasitic reactions, which occur during operation, will show up in a capacity
fading of the pseudo symmetrical cells. Furthermore, performance characteristics like capacity
retention, Coulombic efficiency, the development of overpotentials and related energy
efficiencies can be directly correlated to the investigated active material.
Recently, some publications reported the use of a capacity-oversized LFP electrode as P for the
investigation of negative electrode materials, especially for silicon-based materials,%129-133
These kind of cells sometimes are also called pseudo full-cells, since in a “practical” full-cell
setup N exhibits a 10-15% oversized capacity compared to P to prevent safety issues related to
Li metal plating.** Such pseudo full-cells can be utilized as a diagnostic tool to study the
performance of N materials within cell setups in two-electrode configuration and/or three-
electrode configuration. By oversizing the capacity of LFP, one can implement a defined Li
reservoir to exclude capacity fading related to the depletion of active Li. Furthermore, by the
absence of a Li metal N or CE, the issues of HSAL formation and a possible continuous
reductive decomposition and consumption of the electrolyte on the Li metal N or CE can be
prevented. Furthermore, as already described in section 2, LFP exhibits a very flat
lithiation/de-lithiation potential and, therefore, does not only serve as P to provide Li ions, but
simultaneously can be used to monitor the potential of the investigated N during cell voltage
controlled operation within a two-electrode configuration.
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The third option to investigate the performance of N (=electrode of interest) without an
“auxiliary” Li metal electrode, is the utilization of a LIB full-cell setup (in either two- or three-
electrode configuration). Therefore, the negative electrode is coupled with a P material for
LIBs, such as NMC. This setup should be applied when N shows a promising performance in
the aforementioned setups. Within LIB full-cells the amount of active Li is determined by P
and, therefore, Li consuming parasitic reactions, like in pseudo symmetrical cells, will lead to
capacity loss of the full-cells. Several publications revealed that the main failure mechanism of
full-cells comprising a tin- or silicon-based N is the depletion of active Li caused by initial
formation and continuous reformation of the SEI layer at N, due to the extreme volume changes
of alloy-type N materials upon lithiation/de-lithiation.*?81%+140 This is one of the major reasons
why results achieved for negative electrode materials within Li metal cells (here: the classical
negative electrode is defined as P) cannot directly be transferred to LIB full-cells. This latter
option is the most suitable choice to demonstrate practicality of negative electrode materials
and will be further discussed in the next chapter, with special focus on the three-electrode

configuration.

3.3.3 Study of “alloying”-type materials in a full-cell setup in three-electrode
configuration — influence of continuous loss of active Li

Besides the implementation of a RE for half-cell setups (three-electrode configuration), the RE
can also serve as diagnostic tool for full-cell setups to display the individual electrode potentials
(N and P) during charge/discharge cycling.
Several factors, which can affect individual electrode potentials within full-cells have been
already discussed in previous sections. We want to focus again on the issue of electrode
potential shifting related to active Li loss in this section. As described in section 3.3.1, a major
failure mechanism of full-cells containing a silicon-based N, is the consumption of active Li
upon cycling. Figure 7 depicts the development of the electrode potentials of N and P upon cell
voltage controlled cycling of a NCM523 || Si-Gr cell for 54 cycles, monitored via an external
Li metal RE.?® As result of continuous active Li consuming SEI (re-)formation at N, the end-
of-charge potential of N is gradually shifted towards higher values, cf. ref.2°. Simultaneously,
under cell voltage control and keeping the cut-off upper cell voltage constant, P is forced to
cycle at higher potentials resulting in higher de-lithiation degrees, which subsequently can
cause P-induced capacity fading of the full-cells (cf. section 3.1.3). Furthermore, alloying-type
N materials, like silicon, are usually mixed with carbon to achieve reasonable performance by
reducing the overall volume expansion.*! Recently, Yao et al. reported on the quantification
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of the lithiation and de-lithiation amounts of Si-graphite blends, which is of high importance as
silicon and graphite cycle in different potential regions. While the lithiation begins with Si,
followed by graphite at potentials below 0.2 V vs. Li|Li*, de-lithiation starts preferentially from
graphite (=0.01-0.23 V vs. Li|Li*), before lithium extraction from Si (=0.23-1.00 V vs.
Li|Li*).1*2 Therefore, the above-mentioned phenomenon can drive the potential of N at the end
of charge to values, at which the graphite is less or even not at all involved in the lithiation
process, i.e. >200 mV vs. Li|Li*, hence, predominantly/only silicon is cycled thereafter. These
effects demonstrate, that it is not possible to directly transfer results for negative electrode
materials obtained in a half-cell setup (three-electrode configuration), cycled within a defined
potential range, to cell voltage controlled full-cell setups. We want to emphasize other
researches to take into account the advantages but also the issues coming along with different
cell setups for the investigation of negative electrode materials and, therefore, choose the setup

accordingly to the intended objective of the investigation.
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Figure 7: Development of the positive (middle) and negative electrode (bottom) potentials of a NCM523 || Si-Gr
cell cycled at a fixed cell voltage (top) range of 3.0 - 4.2 V at 30 °C with a current of 0.06 mA cm for the first
and last two cycles and 0.4 mA cm™ for the intermediate 50 cycles. The Si-Gr negative electrode contained
15 wt.% amorphous nano-sized silicon particles and 73 wt.% graphite, and the applied electrolyte contained 1.2 M
LiPFs in EC:EMC, 3:7 w/w + 10 wt.% FEC. The individual electrode potentials were monitored via an external
Li|Li* RE. Modified from ref %8,

4. Concluding remarks
Fundamental electrochemical investigations of the various LIB components, i.e. the negative
and positive electrode materials or the electrolyte formulation, are typically performed within
different cell setups (half-cell setup, symmetrical-cell setup, full-cell setup) in either two-
electrode or three-electrode configuration. There is no clear and consequent notation of these

different cell setups in the battery research community, and sometimes the terms are even
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incorrectly utilized, for example when the term “half-cell” is used for a Li metal-based full cell.
As a result of the inconsequent usage of terms and due to the fact that often insufficient
information is given about the specifically used cell setup, cell configuration and potential or
cell voltage control conditions, it is not only hard to understand but also difficult to accurately
compare results of different studies. Even worse, in some reports a “wrong”, i.e., not suitable
cell setup or configuration is chosen to address a certain scientific question, which may lead to
misinterpretation of results.

In this work, we present a guide how to choose the suitable and “right” cell setup, appropriate
for the intended aim of the electrochemical study. Furthermore, we encourage researchers to
use the correct terms and give a clear definition about their electrochemical cell setup and
configuration, which is mandatory to avoid any misinterpretations. For half-cell setups in three-
electrode configuration, we recommend to use the terms working electrode (WE), counter
electrode (CE) and reference electrode (RE). In such a setup, the WE potential (in V vs. RE) is
controlled and monitored via a RE. In contrast, for full-cell setups in two- or three-electrode
configuration, in which the cell voltage (in V) is controlled and monitored, we recommend to
use the terms negative (N) and positive electrode (P).

A precise choice of the overall cell setup including the electrodes (either WE and CE or N and
P), and a possible RE needs to be done according to the desired target of the investigation (see
Figure 8 and Figure 9). The selection of the opposite electrode (e.g. the CE in a half-cell setup,
three-electrode configuration) plays a significant role when studying a novel material/electrode
(“electrode of interest™; e.g. the WE ) or when electrolyte/additives are investigated.

We also want to clearly point out the challenges related to the usage of a two-electrode
configuration (full-cell setup) using a Li metal N for the investigation of LIB materials, i.e.,
these considerations exclude Li metal cells, operated with the clear target to use Li metal
negative electrodes, e.g. in lithium-sulfur or lithium-air cells. For the examination of a novel
LIB electrode material, the exact monitoring and precise control of the electrode potential is
highly important, as lithiation/de-lithiation amounts of electrode materials are electrode
potential-dependent. As in a two-electrode configuration only the cell voltage can be controlled,
overpotentials at/of Li metal, which are commonly known to evolve during
dissolution/deposition of Li metal (except for a very low current density or suitable constant
current-constant voltage (CCCV) cycling methods), will affect the effective potential of the
electrode of interest. Additionally, in a full-cell setup several aspects like N/P capacity

balancing inaccuracies, active Li losses or overpotentials evolving at either the N or P side can
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significantly affect the performance of the cell, and make it rather impossible to investigate the
electrode of interest independently of the other electrode.

In the first step, i.e., for the first electrochemical investigations of novel active negative and
positive electrode materials , referred as “screening”, we recommend to use a half-cell setup in
a three-electrode configuration (Figure 9 (b)) to characterize material- and electrode-intrinsic
electrochemical properties (reversible capacity, Coulombic efficiency, mechanical
material/electrode stability, etc., see also Figure 8) by excluding influences of the CE.
Furthermore, an excess of active lithium is guaranteed in this initial study when Li metal is used
as CE. In a second step, i.e., if the investigated active material shows promising results in this
half-cell setup (three-electrode configuration), the “practicality” should be evaluated with a
N/P capacity balanced LIB full-cell setup within a two-electrode configuration (Figure 9 (d))
to demonstrate e.g. the long-term charge/discharge cycling performance and to evaluate the rate
performance. In addition, an implementation of a RE within a three-electrode configuration
(Figure 9 (e)) allows for monitoring the individual electrode potentials during cycling of the
full-cell and, therefore, the observation of the origin of a possible failure “mechanism”
(Figure 8). Furthermore, the electrochemical performance of the material of interest can be
studied within a symmetrical-cell setup in two-electrode configuration (Figure 9 (c)), in which
a possible cross-talk of the investigated electrode of interest and the second electrode can be
excluded.

For a comprehensive investigation of novel electrolyte components and/or electrolyte additives
and for demonstration of their practicality, we recommend “screening” directly in a full-cell
setup in two-electrode configuration (Figure 9 (d)), preferably in machine-made cells to
guarantee high reproducibility. This is due to the fact, that metallic Li, when used as CE or N,
is highly reducing towards nearly all kinds of electrolytes/additives, making it impossible
within Li metal cells to determine, whether the effect of the electrolyte/additive on cell
performance is arising from the electrode of interest or the “auxiliary” Li metal electrode.
Furthermore, to be an appropriate candidate for commercial application within LIBs, the
electrolyte/additive needs to prove its beneficial effect within the full-cell setup with SOTA N
and P materials. After a successful screening, the underlying “mechanism”, i.e. the
determination of the precise origin of the beneficial effect of the electrolyte/additive, can be
investigated within a full-cell setup in three-electrode configuration (Figure 9 (e)) or in the
symmetrical-cell setup (Figure 9 (c)).

In any case, the use of Li metal as “auxiliary” opposite electrode in all types of cell setups and

cell configurations typically results in a massive excess of active Li capacity in the cell, which
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inevitably will alter the results compared to a practical LIB cell with capacity balanced

electrodes, thus, with a capacity-limited positive electrode and a capacity-excess negative

electrode.
Study of active (P, N) Study of electrolytes
or inactive materials (additives, efc.)
I. Screening I. Screening / Practicality

Full-cell set
Half-cell setup (2- or 3-electrode configuration) ur-cerl Seip

(2-electrode configuration)

Determination of material- and electrode-intrinsic Demonstration of electrolyte
electrochemical properties: practicality in N/P-capacity
balanced cell:

» Reversible & irreversible capacity

« Study of tibility with
+ Coulombic efficiency udy of compatibility wi

active/inactive materials
- Effect of electrolyte on cell perfor-
* efc. mance (capacity, Coulombic
efficiency, cycling performance, efc.)

h 4 A 4 b 4

» Mechanical material/electrode stability

Il. Practicality 4s Il. Mechanism Il. Mechanism

Full-cell setup
(2-electrode
configuration)

Full-cell setup
(3-electrode configuration)

Full-cell setup
(3-electrode configuration)

Symmetrical-cell setup
(2-electrode configuration)

Symmetrical-cell setup

Determination of : .
(2-electrode configuration)

material and
electrode properties
in N/P-capacity

Mechanistic studies Mechanistic studies
:J:(I)aﬂc::czzg). (failure/aging mechanism, (failure/aging mechanism,
’ ex-situ studies of materials, interphase formation, electrolyte
- Long-term cycling electrodes, interphases): consumption, etc.):
performance - Monitoring of individual « Monitoring of individual
* Rate performance electrode potentials electrode potentials
.« etc. « Material aging studies and * Interphase studies at “real”
interphase studies at “real” electrode potentials;
electrode potentials consideration of
- Identification of cross-talk cross-talk phenomena
phenomena - efc.
- efc.

Figure 8: Proposed order for the investigation of different (electrochemical) properties of battery materials
(classified within the terms “screening”, “practicality” and ”mechanism”), including the appropriate cell setup for

the intended goal of investigation.
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Eventually, after screening and investigation of all active and inactive components of a LIB cell
in various cell setups and cell configurations, only a performance check in two-electrode LIB
full cells with practical mass loading, electrolyte amounts and capacity balanced electrodes,
will tell about the true impact of present and new cell chemistries. From this point of view, the
considerations/conclusion in/of this review may be in most cases transferable to other battery
cell chemistries.

We hope that this reality check and tutorial will help to drive the research community, especially
new entrants, towards a more consistent terminology use for cell setups and measurement
conditions for battery cell and battery material research. By achieving this, we anticipate to
boost the battery research by directing towards more appropriate and focused electrochemical
experiments, which enable better comparability between experiments of different groups and

allow for more realistic conclusions and perspectives of the presented results.

e L S SRS - T T T

: Positive s ‘ Negative
W e Electrolyte/Additive Eloctode

Choice of Cell Setup

(a) 2-Electrode (b) 3-Electrode (c) 2-Electrode (d) 2-Electrode (e) 3-Electrode
Configuration Configuration Configuration Configuration Configuration
Half-Cell Setup Half-Cell Setup Symmetrical-Cell Full-Cell Setup Full-Cell Setup

Setup

P N

Positive Screening Screening Mechanism Practicality Mechanism
Electrode

EIeCt_r?lyte - - Mechanism Screen_mg- Mechanism
/Additive and Practicality

Negutive Screening Screening Mechanism Practicality Mechanism
Electrode

Figure 9: Proposed choice of cell setup according to the objective of the investigation of a LIB material, electrode
or electrolyte formulation. For the first electrochemical investigations of new electrode materials, i.e., screening,
we recommend to use a half-cell setup in either two-electrode configuration* (a) or three-electrode configuration
(b). After successful screening, the practicality, i.e. the possible implementation within a practical LIB setup, of
the new material and/or electrolyte should investigated in either a full-cell setup in three-electrode configuration
(e), or in a full-cell setup in two-electrode configuration (d) or in a symmetrical-cell setup in two-electrode
configuration (c). When screening novel electrolytes/additives, we suggest to utilize a full-cell setup in two-
electrode configuration (d) to prove the compatibility within a practicable LIB set-up with state-of-the-art

electrode materials. After selecting appropriate candidates, the working mechanism of the new electrolyte/additive
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can be investigated in either a full-cell setup in three-electrode configuration () or in a symmetrical-cell setup in

two-electrode configuration (c). *: only valid at very low current density at the CE/RE.
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