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Abstract: Use of a reference electrode (RE) in Li-ion batteries (LIBs) aims to enable quantitative
evaluation of various electrochemical aspects of operation such as: (i) the distinct contribution of
each cell component to the overall battery performance, (ii) correct interpretation of current and
voltage data with respect to the components, and (iii) the study of reaction mechanisms of individual
electrodes. However, care needs to be taken to ensure the presence of the RE does not perturb the
normal operation of the cell. Furthermore, if not properly controlled, geometrical and chemical
features of the RE can have a significant influence on the measured response. Here, we present a
comprehensive review of the range of RE types and configurations reported in the literature, with a
focus on critical aspects such as electrochemical methods of analysis, cell geometry, and chemical
composition of the RE and influence of the electrolyte. Some of the more controversial issues reported
in the literature are highlighted and the benefits and drawbacks of the use of REs as an in situ
diagnostic tool in LIBs are discussed.

Keywords: reference electrode; lithium-ion battery; batteries; impedance; EIS; two-electrode;
three-electrode; geometry; composition; electrolyte

1. Introduction

The increasing demand for Li-ion battery (LIB) energy storage systems, from portable electronics
to electric vehicles, and their potential to accelerate the transition from a finite fuel-based to a more
sustainable and renewable energy production model have intensified research into the development
of improved components for high energy density LIBs [1-5]. The key components of a LIB, apart
from the non-aqueous electrolyte [6,7] and the separator [8], are the two electrodes: (i) a negative
electrode [9,10] (also called the anode) where the Li* ions are stored during battery charging and
released during discharge and (ii) a positive electrode [11] (also called the cathode), which acts as a
solid reservoir for Li* ions when the battery is discharged and as a source of Li* ions during charging
(Figure 1) [12]. In commercial cells the negative electrode is typically graphite, while a wide range of
positive electrode materials have been developed over the years, based on lithium salts containing
transition metals such as nickel, cobalt, or iron.
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Figure 1. Schematic representation of a Li-ion battery (LIB) during the discharge process. Reproduced
with permission from [1].

The specific capacity (i.e., the total amount of charge that can be stored per unit of volume or
mass) of a commercial battery, which together with the cell voltage determines its practical specific
energy [13], is routinely measured in a two-electrode configuration during discharge of the battery from
the fully charged state (Figure 1). However, this configuration does not distinguish the contribution
of each individual electrode to the overall battery performance [14,15]. Incorporation of a third
electrode into the cell to act as a reference electrode (RE) is one obvious means of separating these
contributions [16,17]. Although several patents report the implementation of an RE in practical
rechargeable batteries [18-23], to the best of our knowledge no commercially available LIB is currently
equipped with a dedicated RE and therefore no information related to the identification of limiting
processes and individual cell components can be directly acquired [24]. On the other hand, the use
of REs in battery research and development is relatively widespread, providing a useful in situ
diagnostic tool that can enable characterization of the various processes occurring in a LIB under
operando conditions.

In the context of LIBs, the term “electrode” describes the solid, conducting components of the
cell consisting of either a purely electron-conducting phase (e.g., graphite) or an ion-conducting
phase (e.g., a Li-ion hosting active material) in close contact with an electron-conducting additive
(e.g., disordered conductive carbon). The electron conductors are in electrical contact with a current
collector (e.g., Al and Cu foil for positive and negative electrodes, respectively); all electrode phases
are in contact with an electrolyte (e.g., a non-aqueous liquid solution comprising a Li-containing salt
and an organic-based solvent) [25]. In electrochemical testing, the electrode under study is known by
convention as the “working” electrode (WE) and the other electrode is termed the “counter” electrode
(CE) [25]. When an electrode provides a constant, stable reference potential against which the potential
of the WE can be measured, it is defined as a “reference” electrode [26]. In a two-electrode cell
configuration (Figure 2a), the CE also acts as RE. However, this configuration provides reliable results
only if the passage of current does not significantly affect the potential of the CE. For this reason,
a three-electrode cell configuration, where the CE and RE are physically different electrodes, is usually
preferred. In this case, the current is passed between WE and CE and as a result the RE is not polarized
by the flow of current so long as it is located outside the main current path (Figure 2b) [26].
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Figure 2. Schematic representation of (a) two-electrode and (b) three-electrode cell configurations for a
Li-ion battery during the charging process.

In general, an RE should exhibit a reversible, ideally non-polarizable, stable, and reproducible
potential under all conditions experienced during electrochemical measurements [17,24,27]. Selection
and design of REs for LIBs are very sensitive to experimental conditions, including chemical
composition of the electrolyte and cell geometry [25]. While REs have been successfully applied
to other electrochemical technologies such as fuel cells [28,29] and electrolyzers [30], their application
to LIBs is somewhat more challenging due to safety considerations associated with the risk of short
circuits and the combustible nature of the electrolyte. The aim of this review paper is to report the
state of the art in the application of REs to LIBs, addressing in particular the most controversial points
reported in the literature and clearly indicating the benefits and drawbacks of the use of REs as an in
situ diagnostic tool for practical LIB applications.

2. Electrochemical Methods of Analysis

2.1. Controlled-Potential and Controlled-Current Techniques

Various electrochemical techniques are routinely applied to investigate the behavior of LIBs.
Controlled-potential (e.g., cyclic voltammetry) and controlled-current (e.g., galvanostatic cycling)
techniques enable the study of reactions at battery electrodes and measurement of battery capacity
by applying large perturbations that drive the electrodes far from equilibrium [26]. In the former
technique, by making use of a potentiostat, the current between WE and CE is adjusted in order to
achieve the desired potential difference between WE and RE; the resulting current flowing between WE
and CE is recorded as a function of time or potential (Figure 3a). In the latter technique, by making use
of a galvanostat, a constant current is applied between WE and CE; the resulting potential difference
between WE and RE is recorded as a function of time or current (Figure 3b) [26].
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Figure 3. Schematic representation of (a) controlled-potential and (b) controlled-current experiments.
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Controlled-potential experiments can be an extremely useful and versatile tool for fundamental
electrochemical studies, e.g., reaction kinetics at single electrodes or electrolyte electrochemical stability.
These experiments rely on the use of a well-characterized RE; however, since such techniques are
not generally employed in practical LIB testing we will not discuss them in more depth in this
review [13,26].

A widely used controlled-current technique in the LIB field is galvanostatic cycling with potential
limits. With this technique, the use of an RE enables the simultaneous acquisition of potential profiles
of both positive and negative electrodes, in addition to that of the full cell, which is not possible in a
two-electrode cell configuration (Figure 4) [24,31-42].
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Figure 4. Typical examples of potential profiles obtained from galvanostatic cycling in three-electrode
cell configuration.

The three-electrode configuration also facilitates tailoring of specific test protocols to avoid the Li
plating effect on the commonly used graphite electrode, by monitoring under charging conditions the
potential at which the negative electrode potential falls below 0 V vs Li* /Li. Operando monitoring of
individual electrode potentials allows for the analysis of different operational effects on each electrode,
such as temperature and rate of charge/discharge, as well as balancing of the specific capacity of each
electrode for optimum performance of the battery [23,32,40,43—45].

2.2. Electrochemical Impedance-Based Techniques

Another useful and widely adopted technique is electrochemical impedance spectroscopy
(EIS) [26], which is based on the concept of the opposition to flow of current produced by the
various battery components when the cell is operated under an alternating current (ac) signal. The
impedance is measured as a function of the frequency of the ac signal, which facilitates separation of
processes occurring with different time constants within the cell. In contrast to controlled-current and
controlled-potential techniques, EIS generally makes use of a perturbation signal of small magnitude
to avoid any non-linear response from the system under study [16]. Two-electrode configurations are
most common in the literature, although three-electrode configurations are often employed to isolate
impedance spectra for individual electrodes. Although EIS is a non-destructive technique that provides
useful time-dependent information on material properties and electrochemical processes within a
battery, its analysis is rather complex and extraction of quantitative data is generally a time-consuming
and challenging task [46—49]. It is generally used to extract empirical parameters indirectly related to
battery performance using equivalent circuit models comprising electrical elements such as resistors
and capacitors [26].

In 1981, Goodenough et al. [50] used a Li metal RE to demonstrate for the first time the
topotactic electrochemical extraction of Li from a defined ternary transition-metal oxide. By applying
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galvanostatic cycling with potential limits to a three-electrode cell, in which LiCoO, and Lig 1 V,Os5 were
the active materials for the positive and negative electrodes, respectively, the authors demonstrated
the reversible Li-ion storage behavior of LiCoO, at room temperature. A few years later, the same
research group applied a three-electrode cell configuration, using impedance measurements and
equivalent-circuit models (see Figure 5) to characterize the various processes occurring at the LiCoO,
electrode such as ionic diffusion, charge transfer and surface adsorption [51].
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Cdl = double-layer capacitance Z,y; Z'\y = Warburg diffusion

Figure 5. Experimental and fitted impedance response for a Co-containing positive LIB electrode (left).
Equivalent circuit used to fit the experimental data (right). Figure adapted with permission from [51].

Interpretation of impedance measurements in terms of equivalent circuits for Li* diffusion in
WOj; thin films had been investigated previously by Huggins et al. [52] Moreover, during the same
period, Owen et al. [53] reported the development of a model describing the performance of composite
electrodes in solid-state Li batteries by means of galvanostatic cycling and impedance measurements.

In general, EIS measurements in three-electrode cell configuration are carried out under steady
state conditions at open circuit potential (to avoid any complications related to electrode polarization)
at intermittent stages during galvanostatic cycling tests. As mentioned above, EIS is the method of
choice to study the electrochemical properties of various battery electrodes as a function of cycling
or state of charge [54]. Positive electrode active materials including V¢Oi3 [14,55], LiMny,Oy [56,57],
LiCOOz [16,17,31,37,58—64] , LiNio_gCO().zoz [58,65], LiNi0.8C00_15A10.0502 [35,66,67], LiNi0.85COO_1A10.0502 [68] ,
Li(Lig 1Nip3C003Mng3)O; [68], Li(Nig3Mng3C003)O; [15,38,69-71], LiFePOy [72,73], LiNigsMny 504 [74],
LiNi 5Mng3Co020; [36,75], and LiNiggMng Cop20; [76], as well as negative electrode active materials,
such as carbons [35,60,68,77-80], graphite [16,31,36-38,57,62-75,81,82], Sn-containing composites [82,83],
LiTip(POy)s [15], LisTisO42 [61], and Si-containing composites [34,84,85] have been extensively investigated
in the literature.

Various research works have reported the application of EIS using either a potential
perturbation (i.e., potentiostatic EIS or PEIS) or a current perturbation (i.e., galvanostatic EIS or
GEIS) [17,33,42,73,75,77,78,81,86-94]. Novak et al. [17] compared these two EIS techniques and
concluded that stability against a potential perturbation does not necessarily indicate the suitability
of a material as an RE. Interestingly, the authors reported that hysteresis between the lithiation and
delithiation of a battery material (e.g., magnitudes of 2 mV for Li and 17.5 mV for Li,Bi) is always
present even at low current densities and therefore an activation overpotential needs to be overcome
for the electrochemical reaction to occur. Thus, if the RE potential is forced to change when a PEIS
measurement is carried out, the current response will be zero until the overpotential of the RE is
reached. This effect delays the response of the RE and adds a phase shift to the EIS measurement if the
magnitude of the potential perturbation is too low (see Figure 6a). In contrast, the current perturbation
applied during GEIS leads to an instantaneous potential response that can overcome this overpotential,
yielding a more accurate measurement (see Figure 6b) [17].
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Figure 6. Electrochemical impedance spectra measured using a LiCoO; electrode at 4 V vs. Li* /Li with
(a) sinusoidal potential perturbation with amplitude of 5 mV and (b) sinusoidal current perturbation
with amplitude of 300 pA. Figure adapted with permission from [17].

However, Aurbach et al. [78] pointed out that PEIS measurements have the intrinsic advantage of
allowing direct control of the potential of the WE, which is of critical importance for electrochemical
studies in terms of elucidation of the phenomena occurring at the negative and positive electrodes.
Gasteiger et al. [73], by implementing a three-electrode lab-scale LIB with a Li-Au micro-RE,
demonstrated conclusively that correct use of the RE is essential for the acquisition of reliable and
unbiased impedance spectra. Furthermore, in this work the authors obtained identical impedance
results with PEIS and GEIS measurements (Figure 7).

Recently, Notten et al. [75] proposed a method to compensate EIS artefacts when using a micro-RE
by averaging two individual three-electrode measurements. They claimed that, by applying this
method, both PEIS and GEIS measurements on three-electrode battery systems could be accurately
analyzed. The disadvantages of this method are its time-consuming nature and potential issues
with reproducibility.
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Figure 7. Comparison of the impedance response (100 kHz-0.1 Hz) of graphite and LiFePOy electrodes
using potentiostatic electrochemical impedance spectroscopy (PEIS) (5 mV amplitude, straight lines)
and galvanostatic electrochemical impedance spectroscopy (GEIS) (0.5 mA amplitude, dotted lines).
Reproduced with permission from [73].

An alternative technique to EIS is the measurement of area-specific impedance (ASI) by
hybrid pulse power characterization [66,68,95-97] or galvanostatic cycling with intermittent current
interruption [98]. The ASI is time-dependent and is affected by the same processes that affect the EIS
measurement (e.g., ohmic drop, Li-ion diffusion through the electrolyte, and solid-state diffusion within
the electrode), although they cannot be individually analyzed. However, since ASI measures the cell
with instantaneous non-uniformity of concentration and electric field, it could be more representative
than data from EIS in terms of evaluation of the total cell resistance during cycling, without the need
to reach equilibrium conditions as in the case of EIS. The ASI value is obtained by dividing the change
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in voltage measured during the relaxation period by the current density applied before the current

interruption (Figure 8).
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Figure 8. Example of area-specific impedance (ASI) plot for a Li-ion cell equipped with an RE.

Reproduced with permission from [95].

In general, the use of an RE for EIS measurements enables separation of the various contributions
from the individual cell components (i.e., separator, electrolyte, current collectors, and electrodes) [99].
Usually, EIS measurements in commercial cells (i.e., two-electrode cell configuration) are carried out by
applying perturbations in the frequency range 100 kHz-100 mHz. Various published research studies
have proposed that: (i) at high frequency the ionic resistance of the electrolyte can be identified, (ii)
in the mid-frequency range various contributions of the positive and negative electrodes appear,
and (iii) at low frequencies the diffusion of Li-ions into the porous electrode structures can be
studied [46,100,101]. Outside of this frequency range, distortions related to the cell geometry and the
inductive effect of connecting cables can impair the measurements (Figure 9) [78].
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Figure 9. Example of impedance spectrum and fitted equivalent circuit of commercial LIB. Circuit
elements are as follows: L, Ry, inductance and resistance of battery leads and connector cables; Rg,
Rg, resistance of electrolyte, and SEI; CPEF, constant phase element of SEI; Ry, Rc, charge transfer
resistance of anode and cathode; CPE,, CPEc, constant phase element of anode and cathode surface;
and Zy, Warburg diffusion through porous electrode structures. Figure adapted with permission

from [54].
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However, a more recent study by Tatara et al. [102] investigated the effect of electrode-electrolyte
interface on the electrochemical impedance spectra for a LIB positive electrode in half-cell configuration
using a mesh LiyTi5O;, reference electrode placed between the positive and negative electrode.
In contrast to what is generally reported for two-electrode cells or in the case of artefactual EIS
response from three-electrode cells with asymmetric cell configurations, the authors claimed that: (i)
at high frequencies, the impedance response is related to adsorption/desorption of lithium ions on
the surface of the composite pore structure coupled with lithium ion migration in the pore, (ii) the
low-frequency impedance response reflects the combination of charge transfer resistance of lithium
de-solvation/solvation, lithium intercalation/deintercalation to/from the active particle surface of
the electrode, and (iii) lithium migration through the electrode-electrolyte interface layer during
charge transfer.

For EIS measurements, the amplitude of the perturbation of the applied potential (or current)
must be high enough to ensure an adequate signal-to-noise ratio. However, it should also be low
enough that the induced current (or potential) shows a linear response (i.e., the current and potential
amplitudes must be proportional to one another). In the case of PEIS, a strong linearity generally
requires a potential perturbation of the order of 5 mV-10 mV [25].

In LIBs, the impedance contributions of the positive and negative electrodes can be summed and
matched with the full cell impedance (Figure 10) [16,31,35,60,66,71,72,76-78,81,103,104]. This criterion
is widely applied with the intention of validating the cell set-up used for the EIS measurements.
However, it cannot yield new information about the quality of the cell set-up because by definition the
two single electrode impedances sum to the full cell impedance, since they are measured with respect
to the same reference electrode potential.

3
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Figure 10. Example of three-electrode EIS measurements for positive and negative electrodes (a);
comparison between two-electrode measurement and the sum of three-electrode measurements (b).
Reproduced with permission from [16].

In general, three-electrode measurements have shown that the main contribution to the impedance
of a LIB cell originates from the positive electrode [37,63,71,73,81]. The negative electrode, which
generally comprises a graphitic active material, commonly exhibits a stable impedance contribution
independent of the state of charge of the battery [63,71,73]. Its magnitude is generally lower than
that of the positive electrode and mainly represents the ohmic contribution due to the formation
of a stable solid electrolyte interphase (SEI) derived from partial electrolyte degradation at low
potentials [105]. It has also been reported that overcharge conditions produce a high impedance
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at the positive electrode, while over discharge of the battery results in a higher impedance at the
negative electrode [72]. Interestingly, when metallic Li is used as the negative electrode instead of a
carbon-based electrode (as in the case of Li-metal batteries), the main source of impedance appears
to be the anode [56,103]. This could be due either to the slower kinetics of Li stripping and plating
compared to lithiation/delithiation at a carbon-based electrode or the formation of a more resistant
SEI layer on Li [14,32,106].

3. Cell Configuration and Geometry

Where practical, the use of a three-electrode configuration (i.e., WE, CE, and RE) for the study
of electrochemical energy storage devices is always recommended. As mentioned previously, when
only two electrodes are physically available, the CE can also be used as RE. However, although this
practice is widely used in the LIB research field, it does not guarantee the stability of the RE when a
large perturbation (in terms of either current or potential) is applied to the cell.

Various types of electrochemical cell configuration are available for battery assembly and testing.
The most common laboratory-scale cells used in research laboratories are coin cells [107] (generally
two-electrode cells) and Swagelok cells [73] (generally three-electrode cells) where the electrodes
are single-side coated and the cells have a plane-parallel electrode geometry (Figure 11). These are
typically used to investigate the electrochemical performance of component materials.

(a) Reference (b)

Casing Top (Negative Terminal)

Gasket

Disk Spring

Stainless Steel Spacer
Counter/Reference Electrode
Separator

Working Electrode

Glassfiber separator
with electrolyte

Anode (@ 11 mm)

Anode current collector

reference (@ 6 mm)
Cathode (@ 11 mm)
Cathode
current Spring
collector

g Casing Bottom (Positive Terminal) |
S T Insulation tube

Figure 11. Schematic representation of a two-electrode coin cell (a) and three-electrode T-shape
Swagelok cell (b). Figure adapted with permission from [73,107].

Larger electrochemical cells, such as cylindrical, prismatic, and pouch cells, where the electrodes
are usually double-side coated and rolled or folded, are produced as two-electrode cells and are
mostly used for practical applications (Figure 12) [108]. Specific lab-scale cells, designed to improve,
for example, the reproducibility of EIS measurements [109] or to perform operando studies of electrode
expansion during cycling [110], have been implemented in recent years by commercial companies [111].
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a Cylindrical b Prismatic

Separators

Separators

Anode

o— I n stacks of
Cathode \ anode—-separator—cathode
Separator
———Te Anode
Can 3 Pouch

Figure 12. Schematic representation of cylindrical (a), prismatic (b), and pouch (c) cell configurations.
Reproduced with permission from [108].
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Various research works have described modification of cells by adding an internal
RE [24,35,37,38,64,73,78,95,99] and optimization of the RE location within the cell to avoid
measurement artefacts [61,62,76,78,96,99,112-115]. In particular, good alignment of the electrodes
is critical to avoid any distortion of the electric field probed by the RE near the edges of the CE and
WE (Figure 13) [78]. Errors due to the size and surface resistance of reference electrode wires can also
be quantified [116].

@ d (misalignment)
st

w-dependent i (separator

@ thickness)

Figure 13. Example of misalignment, d, between the positions of WE and CE. When d is comparable
with the separator thickness, 1, this results in a frequency (w)-dependent change in the position of the
equipotential surface probed by the RE. Reproduced with permission from [78].

Although implementation and optimization of the RE in small lab-scale cells is relatively
straightforward, this is not the case for larger commercially available cells. Indeed, although several
papers [24,35,38,72,95,112] and patents [18-23] have reported the implementation of REs in pouch and
cylindrical cells, they have yet to be applied in commercial cells, which is mainly due to performance
and safety constraints. The procedure for RE insertion requires an alteration of the battery design
that could eventually impact on cell lifetime, due to the presence of gas into the cell or to the amount
and concentration of electrolyte available for battery cycling. Furthermore, if these modifications
are performed after the fabrication process, even if carried out in an inert atmosphere, they can be
hazardous in terms of cell short-circuiting which could eventually lead to thermal runaway [117-119]
conditions that could result in a battery explosion [24].

4. RE Materials and Geometry

4.1. RE Active Materials

Conventional REs operate on the principle of maintaining a stable equilibrium potential by
controlling the concentration of the various reacting chemical species at the electrode/electrolyte
interface [25,26]. For laboratory REs based on sparingly soluble salts, such as the silver/silver chloride
(Ag/AgCl) electrode [26,27,120], this is achieved by maintaining a constant activity of chloride ions,
acj-, in the RE electrolyte, since the potential, E, of the Ag/AgCl RE is given by the Nernst equation:

p—p - KT Inag- 1)

F

where E is the standard thermodynamic electrode potential versus the hydrogen electrode, R is the
gas constant, and F is the Faraday constant [25]. However, the electrochemistry of RE materials that are
compatible with common Li-ion battery chemistries is somewhat more complex and generally exhibits
non-Nernstian kinetic behavior [26]. A wide range of electrochemically active materials have been
considered for application as REs for LIBs. Although Li metal has been the most commonly employed
material [14,16,24,31,35,36,38,39,41,46,50,51,55,56,61,62,67,69,70,72,82,91,95,100,112,121,122], it is far
from ideal as an RE due to the irreversibility of its reactions [16,123] (Figure 14) and the varying
influence of different electrolytes on the nature of the passivation layer on the Li surface [15,124].
Moreover, the relatively low melting point of Li metal (i.e., 180 °C) is also a limiting factor for
high-temperature applications [125]. Indeed, despite the critical effect of the electrolyte in terms
of high volatility, flammability, and ambient temperature flash point [126], research works have
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focused on using more stable materials for studies above 100 °C (e.g., LiFePOy) [127]. Use of
conventional pseudo-reference electrode materials [26], such as Ag or Pt wire, is not recommended due
to irreproducibility and drift of steady state potential, while alternative pseudo-reference electrodes
such as Na metal have been investigated with only limited success [128,129].

LFP
+ LTO
= Li-Bi
Li-Au
-
c
gof
>
© Li
Li-Al
B Li-Sn
1 N 1 A 1 2 ] L 1
0 1 2 3 4

Potential vs. Li*/Li

Figure 14. Comparison of typical polarization curves for various materials used in REs for LIBs.

A range of alloy materials such as Li-Sn [65,66,68,96], Li-Al [63,130], Li-Bi [17] and
Li-Au [73,74,103,131] have been investigated as alternative RE materials (Figure 14). Although
these alloys demonstrate relatively stable potentials (which vary from 0.1 V to 0.8 V vs Li/Li")
for reasonable lengths of time (i.e., in the order of weeks), they generally require additional lithiation
processes in order to maintain a stable chemical composition (and therefore a constant potential) over
longer periods (i.e., in the order of months) [66,73]. Moreover, the quality of the alloy (in terms of
chemical composition and surface morphology) is also strongly influenced by temperature and the
magnitude and duration of the applied current during the alloy formation process [66,73]. Other
research works have reported the use of intercalation compounds such as LiFePOy (LFP) [15,78] or
LigTisOq, (LTO) [15,16,37,59,76,93,94,102,132-134] as RE materials (Figure 14). These compounds are
ideal for use in REs, exhibiting distinctive plateaus at ~3.4 V vs Li/Li* for LFP [15,135,136] and ~1.5 V
vs Li/Li* for LTO [16] (Figure 15).

LTO LFP
2.0 4.0
> > J
=~ 15 4 - a8
1.0 T T T 3.0 T T T
0 20 40 60 80 0 10 20 30 40
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Figure 15. Charge/discharge profile of LisTisOq, (left) and LiFePOy (right) vs. Li*/Li during RE
preparation. Figure adapted with permission from [15].
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The presence of a flat plateau region, associated with a two-phase mechanism during the Li-ion
intercalation/deintercalation processes, acts as a buffer against the effect of small changes in chemical
composition of the RE during battery operation. In this way, the partially-lithiated material behaves
as an ideal non-polarizable electrode, whereby the potential does not vary even if a large current
perturbation is applied (Figure 14) [15]. The practical drawback of these materials is related to the fact
that they need to be first delithiated and then partially-lithiated in order to obtain phases which lie
in the middle of the plateau region (Figure 15) [15]. In addition, the material and potential should
be chosen carefully as the RE can be poisoned by reduction or oxidation of metal dissolved from the
WE [134].

4.2. RE Geometry

Independent of the type of active material used, various geometries and locations of the RE have
been explored for the three-electrode LIB cell configuration. These aspects are particularly important
for EIS measurements where the presence of non-uniform current densities can result in sampling of
various equipotential surfaces between the CE and WE for a large surface area RE, which eventually
leads to distortion of the impedance spectrum [78,137]. The coaxial cell geometry (Figure 16a), where
the CE and WE discs are surrounded by a concentric, ring-shaped RE placed at the separator border,
has been proposed to mitigate impedance artefacts due to, e.g., improper electrode positioning or stray
capacitances [87,138].

(a)
springat  electrode WE & CE N
fixed pitch plunger electrode stack .
Positiveelectrode | | | “ooees —
Reference electrode A / -
= nmm_.'lll‘r._
Wi lsile
| i separator ps i \ Ny
1 Negative electrod o —
i I . i egative electrode ﬁ
|
' 16mm i alignment sleeve coaxial Li RE

Figure 16. Coaxial (a) and reversed coaxial (b) cell configurations. Reproduced with permission
from [87,115].

A reversed coaxial cell geometry, where a small circular RE is placed at the center of WE and
CE ring electrodes, has been explored via finite element modelling (FEM), to determine the influence
of RE position and asymmetry [139]. This latter geometry was also experimentally investigated by
several research groups (Figure 16b) [61,115]. Although these geometries were shown to minimize
the presence of artefacts in EIS measurements, their construction is not straightforward, particularly
regarding precision in electrode alignment.

Coin cells have also been implemented using micro-REs where a Li annulus or a Li-containing
alloy is placed on a metallic wire (e.g., copper) and inserted into the cell [68,78,89,99,140,141].
Researchers at Argonne National Laboratory have systematically exploited this type of cell design with
the use of a Li-Sn alloy RE for the study of commercially available and next generation LIB electrodes
via EIS measurements. They also reported, for the same cell geometry, the use of a second Li metal RE
for the determination of individual electrode potentials [65,84,133,142-151]. However, the micro-RE
can probe only a specific and limited area of the cell. Moreover, its construction and placement is
not an easy task and disruption of the wire structure is not an isolated occurrence (Figure 17) [37,57].
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Electrode misalignment can easily occur, thereby generating artefacts during the EIS measurements,
and dealloying reactions can also shift the RE potential [68].

]
Jg 1
' 50760 mm
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........................................................ 0.5 mm
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(e)

Figure 17. Coin cell equipped with a third RE (a). Enlargement of the coin cell area containing the RE
wire connection (b). Two different shapes of RE used in coin cell configurations (c,d). Position of the
RE inside the three-electrode coin cell (e). Reproduced with permission from [37].

Swagelok “T-shape” cells, widely used in battery research laboratories, generally comprise a
plane-parallel WE, CE, and a perpendicular RE generally a Li metal disc, which is placed in contact with
the other electrodes through a separator containing the electrolyte (Figure 11b) [78,152,153]. Although
this cell configuration has been implemented, e.g., applying a probe-like micro-RE [73,74], Swagelok
“T-shape” cells are not artefact-free. Nevertheless, their use for EIS measurements is preferred over
coin cells equipped with wire REs, because of the location of the latter within the electrical current
path [78].

Significant efforts have also been made to implement cylindrical [24,35,38,43,72,154] and
pouch [31,36,63,64,70,71,75,94,98,155-157] cells with an RE (Figure 18a,b). Besides the practical
difficulties associated with positioning the RE, particularly in cylindrical cells where significant
modification of the cell is required, neither the location nor the geometry of the RE is optimal to obtain
artefact-free EIS measurements [36,72].
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Figure 18. Schematic representation of RE implementation for cylindrical (a) and pouch (b,c) cells.
Reproduced with permission from [36,38,112].

Nevertheless, minimally invasive insertion of an RE into commercial Li-ion pouch cells has been
reported in the literature (Figure 18c) [112]. This procedure facilitates measurement of WE and CE
potential profiles without impacting battery performance, at least for the initial 20 cycles, although no
EIS measurements were reported. Other configurations have also been explored, such as the Conflat
cell (which is similar to a coin cell and where a ring-shaped RE is employed), where an electrode
alignment chosen to enhance measurement reliability has been reported [158]. Some studies have
also reported analyses of cells with cylindrical geometry, where the body of the cell is immersed in an
electrolyte-containing vessel together with the RE, all in an inert atmosphere [97,159,160].

4.3. Effect of Electrolyte

Non-aqueous electrolytes are used in LIBs to facilitate ionic conduction of Li* between the
two electrodes. The volume of liquid electrolyte employed within the porous separator structure
plays a critical role in the battery performance and can have a significant impact on electrochemical
measurements [161]. The thickness and porosity of the separator are two of the key parameters that
determine the volume of electrolyte used, which can lead to problems when comparing lab-scale cells
with commercial cells. For example, the glass fiber separators generally used in small lab-scale cells
typically have thicknesses up to several hundred microns and are highly porous [48], which means that
a relatively large amount of electrolyte is required. Such cells are generally described as “flooded cells”.
Conversely, separators in commercial cells (e.g., pouch cells with thin polyolefin-based separators)
are only a few tens of microns in thickness and therefore a much lower amount of electrolyte is
added to the separator. These cells are described as “electrolyte-starved” cells [78]. In both cases,
the electrolyte strongly influences the capability of the RE to accurately probe the electric field between
the electrodes and artefacts can therefore arise, particularly during EIS measurements. In flooded cells,
the experimental conditions under which the electrodes are tested are not representative of those in
practical applications, which are better represented by electrolyte-starved cells. Furthermore, because
of the low ionic conductivity of the electrolyte used in LIBs, there is an additional requirement to
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minimize the distance between WE and CE. Satisfying this requirement is not an easy task, since
placement of the RE is often challenging because of space constraints [78]. For all of these reasons,
it is good practice to report the ratio of the volume of electrolyte to the mass of active material in
the electrode.

Some researchers have advised that in order to accurately study and verify the individual
impedance of a specific electrode, a symmetrical cell set-up with two identical electrodes [48]
(which should be completely artefact-free) should be adopted [78]. However, implementation of
this set-up is limited to uncycled electrodes since the assembly of symmetrical cells comprising cycled
electrodes implies disassembling and reconstruction procedures which could be detrimental in terms
of representativeness and reproducibility of the real electrochemical behavior of the electrode in the
battery [121,162-164].

Room temperature ionic liquids (RTILs), i.e., salts having a melting point at or below room
temperature [165], are being explored because they provide a safer alternative to the commonly
employed carbonate-based electrolytes. Although their high costs of production [166] and relatively
low ionic conductivity [167] hinder the use of RTILs in practical applications, recent work has
highlighted the possibility to use partially-lithiated LFP as an RE active material when an RTIL
is used as electrolyte [168]. The authors reported that a very stable and reproducible LFP potential
could be obtained even in the presence of oxidizing and reducing gases such as oxygen and hydrogen.
The development of this LFP-based RE is particularly important for research activities related to
the study of innovative RTIL-based electrolytes for LIBs since most of the electrochemical studies
in this field rely on the use of pseudo-REs (i.e., electrodes that maintain a given, but generally not
well-defined, potential during the course of electrochemical experiments) [25] such as Ag or Pt wires.

Solid-state electrolytes, either polymeric or inorganic, are also of great interest in the LIB field.
They act both as solid ionic conductors and separators and were widely investigated—particularly the
polymer varieties—during the late 70s and early 80s [169]. However, they never reached the stage of
large-scale commercial production, mainly due to concerns over the use of Li metal as the negative
electrode. On the other hand, polymer electrolytes are now in practical use in Li-metal polymer
batteries such as those produced by Bolloré [170,171]. The use of Li metal as RE in solid-state batteries
was reported in the early 1990s [14,172]. However, more recently Janek and co-workers [103] reported
the use of a Li-Au alloy deposited on a W wire as a stable micro-RE for a pouch cell comprising a
polymer-based electrolyte, which they claimed was capable of providing reliable measurement free
from artefacts (Figure 19a). With respect to solid-state LIBs with inorganic electrolytes, a recent study
reports the use of Lig 5In as RE material (Figure 19b) [173]. The same research work also investigated
the effect of RE geometry and position with respect to the thickness of the solid electrolyte [173].

(a) Nickel current collector tab I(b)

Polymer
electrolyte & 'RE
RE active
. —
material WE |
-
RE tab
-
cet 3
Lithium foil

Figure 19. Schematic representation of a lithium/lithium symmetric cell (a) all-solid-state Li-ion cell,
(b) each equipped with an RE. Reproduced with permission from [103,173].
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5. Summary and Outlook

The use of reference electrodes in LIBs provides a number of benefits that are intended to enable: (i)
correct interpretation of current and voltage data obtained during charge/discharge, (ii) identification
of the contribution of each cell component to the overall battery performance, in particular the
impedance response, and (iii) study of reaction mechanisms at the positive or negative electrode.
As summarized in this review paper, research scientists have proposed various cell configurations and
geometries to obtain reliable, reproducible, and representative experimental results. From our analysis
of the literature, we can conclude that particular attention needs to be paid to the chemical composition
of the RE, as well as its location and geometry with respect to the other cell components. Although
Li metal is the material of choice for most RE studies in the literature, its potential is not stable over
long periods and at high current densities, and also varies significantly with nature of the electrolyte.
Various Li alloys have been investigated as potential alternatives. However, partially delithiated
LiFePO, and partially lithiated LisTisOq show the most promise to date. Chemical composition,
volume and concentration of the electrolyte also have a major influence on reliable application
of the RE. Furthermore, emerging battery chemistries, such as Li-S [174], Na-ion [129,175-177],
Mg-ion [177,178], Ca-ion [177,179], and Na-O, [180], have also considered the use of REs for enhanced
electrochemical characterization.

Despite much progress in the field over several decades, a reliable, user-friendly, and fully
artefact-free cell configuration containing a chemically stable RE is far from being widely available.
The electrochemical energy storage research field should focus on further development and exploration
of novel architectures, cell geometries, and chemistries to achieve the ultimate goal of a practical RE
that behaves ideally under the widest possible range of operating conditions. The implementation of
REs in commercial LIBs appears to be even further from realization since: (i) the required change in cell
geometry is not cost-effective and would require sacrifice of part of the cell volume for the reference
electrode placement and (ii) additional costs related to the fabrication and placement of one or more
reference electrodes are commercially prohibitive.
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