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Broader context and thesis outline

Broader context and thesis outline

o From global warming to battery advent

The Paris Agreement on climate change was adopted by consensus (195 states) on 12
December 2015. Its aim is to strengthen the global response to the threat of climate change
by keeping a global temperature rise this century well below 2 degrees Celsius above pre-
industrial (the mid-19t century) levels and to pursue efforts to limit the temperature increase
even further to 1.5 degrees Celsius.! Climate change is caused by natural processes such as
volcanic eruptions, variations in Earth’s orbit or changes in the solar radiation. However,
human activities also have an impact on the average Earth temperature. Measurements show
that averaged over the globe, the surface has warmed by about 0.95 °C since 1850, making
2019 the second warmest year.?? If the world continues along its present path, without any
additional changes in policy, energy demand will rise by 2.1% each year until 2040, particularly
driven by the strong growth of developing economies.* To respond to this rising demand,
historical and current energy systems, which are dominated by fossil fuels combustion (coal,
oil and gas), cannot be relied upon. These hydrocarbon deposits represent around 85 % of the
energy consumed in the world and it is the fundamental driver of global climate change by
producing carbon dioxide (CO2) and other greenhouse gases.>® An energy sector
transformation is required to curtail CO; emission and global warming. It depends upon
fundamental changes in to the way energy is produced and consumed: transition towards
renewables in the energy supply, reduce energy consumption and improve the efficiency of
our energy systems, electrify the transportation sector, as well as innovate on carbon capture,

utilization and storage (CCUS) technologies (Figure 1a).
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Figure 1: (a) CO; emissions reductions by measure in the Sustainable Development Scenario
relative to the present path. (b) Current and future installed power generation capacity by
source. Adapted from: IEA World Energy Outlook 2019.%

By 2040, low-carbon sources like wind and solar PV provide more than half of total
electricity generation (Figure 1b). These sources are “unlimited” and available everywhere,
but they suffer from intermittence. Their democratization nests in the development of energy
storage technologies uncoupling the electricity production and its utilization, along with
enabling flexibility to the electrical network. Energy storage technologies are many and varied
and they can be divided into electrical, electrochemical, thermal and mechanical. Among
these, electrochemical technologies, such as batteries, fuel cells and supercapacitors, have

experienced major research and innovation in the recent years.
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O Battery market and applications

In 2018, rechargeable batteries represent 81 billion U.S. S with a growth comprised
between 7 and 9 % compared with the previous year and increasing since 1990.” The Figure
2b shows that the Lead-acid technology is dominating the battery market, used as Start Light
and Ignition batteries (SLI) in combustion engine vehicles, owing to its low cost and long cycle
life. Nevertheless, the Lithium ion technology has gained more and more market shares since
the last decade with the highest growth and the major part of the investments. This
technology has the advantage of higher gravimetric and volumetric energy densities enabling

the development of portable electronics and power tools (Figure 2b).
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Figure 2: Market share of the worldwide rechargeable battery market from 1990 to 2018 in
terms of (a) technologies and (b) applications. Adapted from: Avicenne Energy 2019.’

Within the last decade, batteries have become about four-times cheaper and can now
store up to three-times more energy within the same volume.” These progress have been
enabled thanks to innovations in battery chemistry, cell engineering and optimization and
growth of manufacturing volume (mass production). At this pace, battery prices are projected
to drop below U.S. $100 per kWh by 2025. This price target, which allows electric vehicles to
achieve price parity with gasoline cars without any subsidies® will be reached in 2020 by Tesla
according to Elon Musk. The current strategy is to develop new electrode materials to improve
the Li-ion battery performances such as the energy densities (i.e. higher range) and the rate
capability (i.e. faster charge), in concert with cost reducing. However, such an approach only
based on Li-ion technology improvements by material science is limited by the chemistry and
the abundancy of the suitable elements. Another figure of merit is to explore the essential
role played by the electrode-electrolyte interface (EEI) and its impact on the physicochemical

properties of ion intercalation as the interface is known to control the battery lifetime and
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reliability. Moreover, such a study can bring new insights to post Li-ion technologies. As the
battery applications are not limited to mobility but also to stationary Energy Storage System:s,

the emergence of new chemistries — safer, cheaper and more abundant —is predictable.

o Thesis outline

The aim of this thesis is to contribute to the better understanding of the role played by
the electrode-electrolyte interface in the battery field and especially in the case of “beyond
lithium-ion” chemistries. Advanced electrogravimetry techniques were specifically developed
and employed for this purpose. Electrochemical characterization techniques and X-ray

spectroscopies completed the panel of experimental tools.
It is structured into the following five chapters:

Chapter | begins with an introduction to the key steps, which led to the development of
today’s Li-ion batteries before focusing to central topic of this Ph.D. manuscript: the
mechanisms taking place at the electrode-electrolyte interface and especially the insertion

mechanism.

Chapter Il proposes an in-depth presentation of the QCM fundamentals and the available
toolbox of QCM-based techniques. Moreover, a comprehensive analysis of the current
literature gathering QCM-based techniques to the battery field is provided and the strategies
developed during this Ph.D. thesis to characterize in the insertion/extraction mechanism are

described.

Chapter lll presents a package to prepare and to perform electrogravimetric studies on battery
active materials in the suitable conditions to obtain reliable data. First results on the solvation
shell of lithium ions at the electrode-electrolyte interface during insertion in LiFePO4 phase

are depicted.

Chapter IV further investigates the role of the desolvation step on the rate capability
discrepancy between aqueous and non-aqueous electrolytes by moving to the study of the

potassium ion insertion in Prussian Blue phase. A rationalization in terms of number molecules

14
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pertaining to the solvation shell at the EEIl in both electrolytes is proposed to explain the rate

capability discrepancy.

Chapter V is dedicated to determine the water molecules role in the interfacial transfer
process and their influence on the overall kinetics of a proton-based battery. Moreover, the
potential-dependent mechanism involving different reacting species in the proton insertion is

demonstrated.

Altogether, we hope this work will help in a wider acceptance of EQCM techniques by
the battery community to study a wide panel of active electrode materials but also a broad
variety of electrode-electrolyte interface phenomena such as ion solvation and transport for

instance.
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Chapter | — The battery technology: State of the art

I.1 — Today’s battery to post Li-ion technologies

|.1.a — Concept discoveries and fundamentals

The first electrochemical storage device was Volta’s cell (1800) that is built of
alternating discs of zinc and copper separated by cardboard and using a brine solution as the
electrolyte.® This is the same cell that we build with young scientists during science fairs using
a lemon as the electrolyte. The Volta cell evolved first into the Daniell cell (1836) constituted
of two electrolytes, and then into the Leclanché cell (1866) that used a zinc anode and a
manganese dioxide cathode.® Today’s small dry cell using an alkaline electrolyte, a zinc anode,
and a manganese oxide cathode was not invented until 1949 by Union Carbide. These are all
primary cells, and not usually rechargeable. Rechargeable, also known as secondary, batteries
have evolved over the years from lead acid (Gaston Planté in 1859) through nickel-cadmium
(1899) and nickel-metal hydride, NiMH, (mid-1980s) to Li-ion (1977).1! To compare them,
some metrics need to be introduced: the amount of electrical energy that a battery is able to
deliver in total. It is expressed either per unit of weight (Wh.kg™) or per unit of volume (Wh.L
1) or in terms of power density (W.kg™ or W.L). The energy density is a function of the cell
potential (V) and capacity (Ah.kg™?), both of which are linked directly to the chemistry of the
system. The Figure |-1 compares these different chemistries of battery as a function of the
previously defined measures. Last criterion of importance is to compare these technologies
on the same level, along the battery value chain.? Here, they are calculated at cell-level, which
permits an intrinsic comparison of the different chemistries before their integration in a pack

for practical application.
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Figure |-1: Today’s battery technologies compared in terms of volumetric and gravimetric

energy density. Originally reported in 2001 by Tarascon and Armand®® and completed with
more recent references.*#1>

Na and K-ion batteries, contrary to the Li-ion technology, are nowadays under
development and are not yet commercialized; their concepts will be described in more details
later in this chapter. Lastly, with the exception of Ni-Cd batteries that are banned by the
European Union, all the others technologies listed in the Figure I-1 are still currently produced
and employed in different applications depending on their intrinsic performances and cost.
However, as shown in the Figure I-1, the lithium technology offers attractive performances in
terms of volumetric and gravimetric energy density that explain its supremacy on the market

sales.

[.1.b — From Li batteries to Li-ion batteries

The high energy density of a battery technology based on Li metal as anode relied

initially on the fact that lithium is the lightest metal (M = 6.94 g.mol?) and it has a low redox
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potential (-3.04 V vs. SHE) as well as a high theoretical capacity (3862 mAh.g!), thus facilitating
the design of storage systems with high energy density. In the 1970s, the discovery of the
reversible reaction of chalcogenides!®!’ (TiS,, MoS,, ...) with alkali metals, called the concept
of intercalation, led to the development of the first Li metal secondary batteries. TiS; with its
favorable layered-type structure was selected in 1972 by Exxon and M. Stanley
Whittingham'81° as the positive electrode for the first Li metal system. Then, in 1986, the
company Moli Energy commercialized the first lithium battery using MoS; and Li metal as
positive (cathode) and negative (anode) electrodes, respectively. Regardless of the positive

electrode material, the Li metal battery follows these redox reactions:
Li=Li*t+e” Equation I-1

MA, + Lit + e~ = LiMA, Equation I-2

with M = transition metal and A = O or S

As depicted in the Figure I-2a, the positive (cathode) and negative (anode) electrodes
are separated by a thin electron-insulating layer, the separator, soaked with the electrolyte
composed of a lithium salt and an organic solvent. During discharge, the reactions given by
Equation I-1 and Equation I-2 take place and the lithium ions move from the negative to the
positive electrode creating a flux of electrons in external circuit, the source of electrical

energy.
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Figure 1-2: Schematic representation of Li batteries. The ionic and electronic flows are
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However, some unresolved safety issues remained in Li metal battery technology,
among others, the reactivity of the flammable organic electrolyte with metallic Li and the
dendritic growth of Li (Figure 1-2b) on the anode upon successive plating/stripping are
underlined. These filaments can eventually lead to short circuits and a possible inflammation
of the cell?® and are therefore detrimental to the commercial development. To circumvent
these issues, the organic electrolyte has been replaced by a solid polymer electrolyte, which
can prevent the formation of dendrites. Until August 2018, this technology could have been
found in Parisian electric car sharing service called “Autolib”, which were developed by the
company Bolloré under the name Bluecar. To improve the Li* diffusion within the polymer
membrane and to prevent the dendritic growth, the cells needed to be continuously heated

at around 60 °C.

The second idea forged ahead was the use of two intercalation materials of different
potentials as the two electrodes, which is often called a rocking chair battery because of the
flow of lithium ions back and forward between the two electrodes (Figure 1-2c).?! However,
the first attempts have given rise to cells with low potential range and capacity due to the high
molecular weights of the electrode materials employed (i.e. Sulfur-based positive electrodes).

This issue was overcome by John B. Goodenough in 1980 by orienting the choice of positive
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electrode from LixTiSz to Li1xCoO3, which demonstrated that the oxide electrodes offered an
increase of positive electrode potential due to higher electronegativity of oxygen than sulfur.??
When it comes to the negative electrode, finding a material with a Li insertion potential low
enough to achieve decent cell voltages was somewhat more complicated. The lithium
intercalation into graphite electrodes was demonstrated in the work of Yazami from
University of Grenoble?® and in the patent of Bell Laboratories.?* Nevertheless, these former
studies did not take into account the co-intercalation of solvent molecules causing the
disruption of the carbon structure, rendering infeasible for practical batteries. Akira Yoshino
from Asahi Kasei corporation, in a seminal patent, described the benefits of lower
temperature carbons such as petroleum coke in terms of resistance to solvent co-intercalation
and reduction.?® In 1983, Yoshino assembled a viable full rechargeable battery combining the
petroleum coke anode with Goodenough’s LiCoO; cathode, which was later commercialized
by Sony in 1991 (80 Wh.kg?, 200 Wh.L!).26 The finding of Sanyo’s researchers?’ and the Jeff
Dahn’s laboratory?® with Ethylene Carbonate (EC) as co-solvent, instead of Propylene
Carbonate (PC), paved the way for the development of Li-ion batteries with a graphite anode
without solvent co-intercalation. Graphite still remains to be the most widely used anode
material owing to its theoretical specific capacity (372 mAh.g?, LiCe), its high Coulombic
efficiency and its better cycle performance.!? In 1993, Dominique Guyomard and Jean-Marie
Tarascon reported a new electrolyte formulation, LiPFs in EC/DMC, for its improved oxidation
stability, which remains one of the popular electrolytes until today.?? All these improvements
led to LiCoO»-based Li-ion batteries with three times higher energy densities (250 Wh.kg™%, 600

Wh.L1) than that of the first generation devices by Sony.3%3!

Li-ion batteries have revolutionized our lives since they first entered the market in
1991. They have laid the foundation of a mobile, fossil fuel-free society, and are of the greatest
benefit to humankind. Therefore, the works of Whittingham, Goodenough and Yoshino, which
resulted in a lightweight and reliable cell, giving birth to the current Li-ion battery, have been

rewarded the Nobel Prize in Chemistry in 2019.32
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I.1.c — Post Li-ion battery technologies and their promises

o Alkali metal-ion batteries

As depicted in the Figure I-1, the Li-ion technology presents the highest performances
in terms of energy density. Therefore, the worldwide demand for Li-ion batteries has been
growing, engendering an increase in the price of lithium resources.33 Even if lithium is widely
distributed in the Earth’s crust and sea, its abundance is less than 20 ppm in the Earth’s crust
as shown in the Figure 1-3.3% Thus, the current production sites of lithium are restricted in
South America, Australia, China and United States.'>3> In comparison, sodium and potassium
are evenly distributed worldwide and are the most abundant elements on the Earth. Since no
alloy is electrochemically formed between aluminum and potassium or sodium; aluminum foil
can be used as a bipolar current collector for both negative and positive electrodes, which is
not possible for Li-ion batteries. Na-ion and K-ion technologies are expected to be more
sustainable3®37 and cost-effective, as they are free of rare and expensive 3d-metal elements,

such as Co or Cu.
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Figure I-3: Elemental abundance in the Earth’s Crust. Adapted from references.

Sodium based systems have followed a parallel path to the Li-ion batteries, the study

of insertion compounds has been evolved from sulfides to oxides compounds like NaCo0,.%°

22



Chapter |

Conversely, the studies on potassium-based systems are relatively more recent and dated

from 2004.40

To be able to assess the potential of Na and K-ion batteries over Li-ion technology,
physical properties and economic indicators for lithium, sodium and potassium as charge
carriers are gathered in Table I-1. Sodium and potassium present a heavier atomic mass and a
larger ionic radius compared with lithium ion explaining their lower attractiveness. Moreover,
lithium has the lowest standard potential of the alkali metals that leads to high voltage
batteries. Additionally, sodium and potassium exhibit higher reactivity to ambient moisture.
Despite these drawbacks, geopolitical and environmental concerns as well as the niche
markets make Na and K-ion batteries worth considering technologies, and stimulated the

research on new host materials and their insertion mechanisms.

Table I-1: Comparison of physical properties and economic indicators for lithium, sodium and
potassium as charge carriers for rechargeable batteries.?>#!

Li* Na* K*
Relative atomic mass (g.mol?) 6.94 22.99 39.10
Standard potential (V vs. SHE) -3.04 -2.71 -2.93
Melting point (°C) 180.5 97.7 63.4
Cost of carbonate (U.S. S.ton™!) 6 500 200 1000
Cost of industrial grade metals
100 000 3000 13 000
(U.S. S.ton?)
Theoretical capacity of metal
3861 1166 685
electrode (mAh.g?)
Theoretical capacity of ACoO;
274 235 206
(mAh.gt)
Octahedral and Octahedral and
Coordination preference Prismatic

tetrahedral prismatic

As a brief comparison to Li-ion cell, electrochemical insertion of Na* into graphite is
negligible, whereas K* is electrochemically and reversibly inserted into graphite.*?** The
reversible capacity of 244 mAh.g? is obtained for K-ion cell, which corresponds to 87.5 % of
the theoretical capacity of 279 mAh.g* by assuming reversible KCg formation.*? In contrast to
Li* and K*, Na* can solely be electrochemically inserted into non-graphitizable carbons,*#
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with a reversible capacity of sodium insertion reaching 300 mAh.g™. This latter value is higher
than those of lithium and potassium cells and approaching that of graphite in Li-ion batteries.
Two types of positive materials either layered oxide, NaxMO;, or polyanion compound,
NasV2(POas)2Fs (NVPF), have emerged and are presently being pursued for Na-ion battery
commercialization.*®*° Layered oxides and polyanion compounds are also under
consideration for K-ion batteries, in addition to Prussian Blue Analogs which permit to reach
higher working potential.*>° However, K-ion battery research is still at its early stage,

compared with other alkali metal-ion batteries.

Na and K-ion chemistries will be soon on the verge to be complementary solutions to
the Li-ion cells that are over dominating the battery market for the last twenty years.>? Yet,
key parameters for their optimization still need to be addressed, especially the
physicochemical properties of cations governing the intercalation at the interface (Refer to

last section of .2.b.).

O Pseudocapacitors

Unlike batteries that confer a high energy, supercapacitors exhibit high power delivery
capability, long cycle lifespan and rapid charge/discharge kinetics.®> Both of these energy
storage systems rely on electrochemical processes. Nonetheless, the cation insertion in
batteries that enables redox reactions in bulk electrode materials is diffusion-controlled. On
the other hand, supercapacitors store charge by electroadsorption of electrolyte ions onto the
surface of the electrode, in the double-layer region, no redox reactions are required.
Therefore, this difference in terms of electrochemical processes give rise to their different

charge storage properties.

Midway between these two technologies, pseudocapacitive electrode materials store
charge via Faradaic processes, like batteries, that involve fast, reversible redox reactions. In
addition, they present electrochemical signatures similar to capacitive processes like
supercapacitors.>® This similarity is explained by the community to be due to a series of
faradaic redox couples with a distribution of potentials; however, this was recently contested

and explained with concentration-dependent activity coefficients resulting from interactions
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between reactants.>*>> Nonetheless, with these features, pseudocapacitors aim to bridge the
gap between the batteries and supercapacitors, gathering their respective benefits: battery-
level energy density combined with the cycle life and power density of supercapacitors, as
depicted in the Figure I-4a. The term pseudocapacitance was firstly introduced by David C.
Grahame in 1941°¢ and then used in the studies of Conway and Gileadi in the 1960s to describe
electrochemical charge transfer reactions associated with surface adsorption.>”8 Trasatti and
coworkers were the first to report pseudocapacitive behavior in transition metal oxides on
ruthenium oxide thin film in sulfuric acid, RuO;.”° Since then, other materials were introduced
to exhibit pseudocapacitance, such as hydrated Ru02%° (RuO, -0.5H,0), amorphous
hydrated MnO, - xH,0°!, conducting polymers®? (polyaniline (PANI), polypyrrole (PPY) or
derivatives of polythiophenes (like PEDOT)), Li* intercalation in T-Nb,0s®3 or two-dimensional

transition metal carbides, nitrides and carbonitrides (MXenes).%*
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Even though these materials present pseudocapacitive behavior, they feature different
Faradaic mechanisms, which can further be generalized into three distinct electrochemical
processes. Underpotential deposition (Figure I-4b) occurs when ions are deposited on a 2D
metal-electrolyte interface at potentials more positive than their reversible redox potentials
(e.g. H* on Pt or Pd?* on Au). The Figure I-4c displays redox pseudocapacitance where a redox
species is electrochemically adsorbed onto the surface or near surface of the material in a
Faradaic redox system (e.g. RuO; or MnQ3). Lastly, intercalation pseudocapacitance (Figure
I-4d) occurs when ions are inserted into a redox-active material with no crystallographic phase
change and in a short time scale (e.g. Nb;Os). To identify the origin of ion intercalation
pseudocapacitance, two cases need to be distinguished: “intrinsic” and “extrinsic”
pseudocapacitive materials.>3®® For intrinsic ones, charge-storage properties are not related
to their crystalline grain sizes or morphologies. Whereas, some battery materials (such as
LiCo02%” or V,0s), that only show diffusion-controlled capacity in the bulk state, can
demonstrate a pseudocapacitive behavior upon decreasing the particle dimensions to

nanosize or to thin films, i.e. the so-called extrinsic pseudocapacitance.

Intercalation pseudocapacitive materials has the potential to bridge the two worlds of
power and energy electrochemical storage i.e. supercapacitors and batteries. As these
materials do not suffer from drastic structural changes during ion intercalation, the electrode-
electrolyte interface kinetically governs the electrochemical process. Therefore, this family of
materials is a perfect playground for interface studies, with the aim of improving their

performances and battery’s ones.

O Battery chemistries on an upward trend

Secondary Zn-O; batteries were first demonstrated in the 1970s.%%%° Then, twenty
years later, Li-O; batteries were developed by Abraham and coworkers.” This cell chemistry
utilizes O, molecules from the air as an indefinite active material, instead of solid materials,
therefore drastically increasing the energy density. However, metal-oxygen cells suffer from
poor reversibility and limited cycling due to the irreversible discharge products, electrolyte
evaporation, as well as from the attack of water and oxygen at the metal surface. Despite the

hype around this high energy density chemistry, owing to unsolved issues both at the material

26



Chapter |

and cell levels, metal-oxygen batteries are unlikely to have a significant commercial impact in

the near future.”!

The popular Zn-MnO; system has enjoyed a revival for the last five years moving from
primary to rechargeable battery. This transition was made possible thanks to advances in
electrolyte formulations. The classical alkaline electrolyte generates side-products like
Zn(OH)2 or ZnO, which prevents the reversibility of the system.’>73 The utilization of a mild
acidic electrolyte composed of zinc and manganese sulfate salts permits to obtain long
cyclability at high C-rate. However, no performances are reported as a function of either high
temperatures or low C-rate where side reactions are intensified. Moreover, the reactional
mechanism is far from being fully resolved and remains highly controversial. The earliest
reports described a mechanism based on reversible Zn?* insertion/extraction into/from the
tunnels of a-Mn0,.”47> Then, a mechanism based on conversion between a-MnO, and H*
without zinc intercalation was proposed.’® The simultaneity of both processes was also
proposed with the successive H* and Zn?* insertion/extraction in the MnO; cathode.”” More
recently, dissolution/deposition mechanism of MnO; was also proposed with different
scenarios: without any insertion of H* or Zn?* 78, with their insertion’® or with a conversion
reaction between MnO; and MnOOH.8% As depicted here, the proposed mechanisms do not
seem to intersect. Nevertheless, studies are converging on one point: the formation of a zinc

hydroxy-sulfate phase Zn4(SO4)(OH)s on the cathode electrode due to pH change.?.-8?

Solid electrolytes (SE) are envisaged to replace liquid electrolytes, to circumvent the
security related drawbacks such as flammability. If only a SE replaces the liquid electrolyte,
the volumetric energy density remains unchanged, however, the gravimetric energy density
decreases. SEs may counterbalance this disadvantage, by enabling the utilization of high-
voltage cathodes, from 4.2 to 5 V vs. Li*/Li, permitting an increase of 20 % in energy density.%3
As their polymer counterparts, SEs may enable high capacity lithium-metal anodes, as their
mechanical strength may prevent dendrite growth. The successful integration of SEs would
offer an increase of up to 70 % in energy density. All-solid-state batteries have experienced
fast growing interest. Nevertheless, they currently suffer from engineering issues: poor
interfacial kinetics between SE and active materials, lack of mechanical integrity and Li
dendrite growth.8*2 At the moment, these challenges render this technology immature for

an eventual commercialization, despite the claims of several EV manufacturers.
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.2 — In the quest of better batteries

|.2.a — Higher energy materials

o Transition metal substitution and commercial cathode materials

According to various surveys’, one third of the commercial batteries sold in the world
in 2014 used LiCoO; (LCO) as cathode materials, owing to its reversible capacity of 140 mAh.g
!, The difficulty to remove more than 0.5 Li* without damaging the LCO crystalline structure
makes the theoretical capacity of 275 mAh.g? unachievable. To circumvent its capacity
limitation along with the high cost and ethical issues associated with the use of cobalt, it was
substituted for low-cost and more abundant transition metals, such as nickel and manganese
by ion exchange from a-NaMnO,. However, pure LiNiO; cathodes are not favorable because
the Ni%* ions have a tendency to substitute Li* sites during synthesis and delithiation, blocking
the Li diffusion pathways.®” The cycling performance of LiMnO; is not satisfactory either, due
to the several issues including the tendency of the layered structure to change into spinel

during Li ion extraction®, as well as leaching out Mn during cycling.®

Mixed partial substitution of Ni with Co was demonstrated to stabilize the layered
structure by reducing the cationic disorder.® Therefore, the LiNio.sC00.15Al0.0s02 (NCA, = 200
mAh.g?) cathode with a small addition of Al, which improves both thermal stability and
electrochemical performance®!, has experienced a widespread commercialization thanks to
Panasonic for Tesla EVs. During the course of uninterrupted research to reduce Co content
and so the cost, Li(Nio.sMnos)O2 (NMO) was proposed for its similar energy density to LCO.
However, cation mixing can cause low Li diffusivity and may result in unappealing rate
capability.?? Against the economical flow, adding Co into NMO was found to be an effective
way to enhance the structure stability further.®® LiNixCo,Mn,0, (NMC) has comparable or
higher specific capacity than LCO and similar operating voltage while having lower cost since
the Co content is reduced. LiNio.33C00.33Mno.3302, also called NMC 111 or NMC 333, was the
most common form of NMC; however, the actual trend is to increase the Ni content (Ni-rich
layered oxide) for higher energy/power density and lower Co content, like NMC 622 or NMC
811.
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Figure I-5: Typical discharge profiles of commercial intercalation cathodes. Adapted from: Nitta
et al %

Together with transition metal oxides, other families of cathode compounds were
explored. Polyanion compounds are composed of large (X04)*> (X =S, P, Si, As, Mo, W), which
increase cathode redox potential against pure oxide (e.g. inductive effect) while also
stabilizing its structure.®® The most representative material is the olivine structure is LiFePO4
(LFP), known for its thermal stability and high power capability. The major weaknesses of the
LFP cathode are its relatively low average potential and low electrical and ionic conductivity.
Reduction in particle size in combination with carbon coating®® permits to increase its rate
performance. For sake of comparison, the discharge profiles of the different cathode
compounds mentioned previously are reported in the Figure I-5. Interestingly, while LCO was
the most popular until 2014, it now accounts for solely one tenth of the sale market; while
NMC and LFP constitutes two fifths and one third, respectively, due to the higher performance

for the former and the low cost for the latter.”

O Li substitution and anionic redox

To push further the energy density limit of the previously presented cathodes, layered
oxides with a larger content of Li compared to the LiIMO; family were investigated.?”*® Li,MO3

type materials present a similar structure; however, some transition metals from the metallic
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layer are substituted by Li. They can be described by the following formula Li(Li1/3M2/3)02 and
are called Li-rich materials. These compounds have the ability to remove more than one

lithium from their structure, leading to an increase of their specific capacity.

Kalyani et al. were the first to explore the electrochemical properties of Li-rich
materials with 3d transition metals. Li was removed from Li,MnQOs when charged above 4.5V,
that they attributed to the Mn>*/Mn** redox couple.?® Nevertheless, such electrochemical
activity is abnormal, as the octahedral Mn* cannot be further oxidized to release Li* during
charge. Dahn and coworkers provided more insights on charge compensation process by
studying the Li-rich system: Li(Li1/3-2¢/3NixMn2/3x/3)02 with x between 1/6 and 1/2. The
materials can reversibly cycle over 225 mAh.g? with an oxygen loss upon Li removal between
4.5 and 4.7 V vs. Li*/Li.1% Eventually, specific capacity of the NMC family was improved by this
strategy giving rise to the promising Li-rich NMC for the Li-ion market'°! and to an abundant

literature.

These high energy density cathode materials have several drawbacks, the reason
behind their non-commercialization. They need to be charged to high potential on the first
cycle before demonstrating a reversible cycling behavior on the next cycles. The charge
compensation process can be partially attributed to the redox of metal cations; therefore, the
release of oxygen from the material was proposed?? and proved by measuring O, gas release
using differential electrochemical mass spectroscopy (DEMS).1%3 Besides, CO; gas is produced
due to high reactivity of this type of materials, especially in the case of Ni-rich counterparts,
with carbonate-based electrolytes at high potentials.'%* In addition, they suffer from voltage
decay and hysteresis upon cycling which complicate their integration in industrial

applications.1%

The previous section focused on the strategies to obtain cathode materials with higher
energy densities as they are still the capacity-limiting electrode in a full cell. However, the
negative side is not disregarded. If their large volume expansion and irreversible capacity at
the first cycle are controlled, Li-alloy based anode materials (Silicon, Tin, ...) has the potential
to be a worthy option to replace the widely used graphite anode, because of their relatively
large specific capacity and abundancy.'%6197 Nonetheless, energy density is not the only key
parameter to take into account. Reliability and power density play a major part in the

development of better battery cells.
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l.2.b — Improve the lifetime, the reliability and the power density

O Electrolytes and Solid Electrolyte Interphase

Sandwiched between the positive and negative electrodes, the electrolyte permits the
Li* diffusion and migration in Li-ion batteries. Typical liquid electrolyte is composed of a lithium
salt dissolved in an organic aprotic solvent. The ideal electrolyte should fulfill the following
requirements:'%8 . Dissolution of lithium salt to a sufficient concentration, i.e. a high dielectric
constant (&g). ii. Fluid enough to permit a facile ion transport, i.e. a low viscosity (n). iii. Liquid
in a wide temperature range, i.e. a low melting point (Tm) and a high boiling point (Tp). iv. Wide

electrochemical stability window. v. Safe, economical and environmentally benign.

The Table I-2 summarizes the physicochemical properties of the typical electrolyte
solvents for Li-ion batteries. Among these solvents, cyclic carbonate esters attracted the
research attention earned by their high dielectric constant and, hence, their ability to dissolve
a wide variety of lithium salts. PC was initially used for its wide liquid range and because
lithium can be electrodeposited from a solution of LiClO4 in PC.1%° However, when PC is utilized
as the main solvent with a graphite anode, only poor cycling performance is attained. Dahn
and coworkers established the reason behind this drastic loss of capacity, which originated
from co-intercalation of PC in graphite anode, causing its exfoliation.?® In comparison, EC does
not exhibit this unpleasant feature. EC has comparable viscosity and slightly higher dielectric
constant than PC. Besides, its dielectric constant is even higher than the most common
solvent: water (er = 79). However, EC presents a high melting point (36 °C), unfavorable
feature for an ambient temperature electrolyte. When mixed with other co-solvents (e.g.
those proposed in the Table I-2), its melting point can be sufficiently decreased and the liquid
range can be extended.'?? Since the work of Tarascon and Guyomard?® in 1993, EC has become
the core component of modern Li-ion battery electrolytes when mixed with linear carbonates
like DMC, EMC or DEC (Table I-2). These co-solvents permit to reduce the viscosity and
promote ion transport. A synergetic effect is achieved when cyclic and linear carbonates are
mixed, benefiting from the high solvation power of lithium salts by cyclic carbonates and low
viscosity of linear carbonates.'°® Moreover, these mixed electrolytes remain electrochemically

stable on a wide potential range.
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Concerning the lithium salts, few are chemically stable under such conditions. The
majority of commercial cells uses lithium hexafluorophosphate (LiPFs) salt due to its overall
well-balanced properties. However, LiPFs suffers from chemical and thermal instability;
especially in the presence of traces of water, HF is formed. Other lithium salts are available
mainly for research purposes (due to their intrinsic drawbacks) such as lithium perchlorate
LiClO4 (safety hazard), lithium bis(trifluoromethanesulfonyl)imide LiTFSI (instable above 4 V

vs. Li*/Li) or lithium bis(oxalate)borate LiBOB (poor performance below 0 °C).
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Table I-2: Physicochemical properties of typical organic solvent for Li-ion batteries.1%®

Molar mass pI
Solvent Tm/Tb (°C) ER ni (mPa.s)
(g.mol?) (g.cm™3)

Ethylene carbonate (EC)

i’

C)§ 88 1321  36.4/248 89.78

Propylene carbonate

(PC)

Dimethyl carbonate

102 1.200 -48.8/242 64.92 2.53

(DMC)

/::::jfzz::x

Ethyl methyl carbonate

90 1.063 4.6/91 3.107 0.59

(EMC)

Diethyl carbonate (DEC)

104 1.006 -53/110 2.958 0.65

WT\_/’ 118 0.969  -74.3/126  2.805 0.75

Although the carbonate-based electrolytes have been selected partly due to their wide
electrochemical window, some high voltage cathode materials like Ni-rich compounds and
especially graphite anode operate outside their thermodynamic stability window. In the latter
case, the electrolyte molecules are reduced at the surface of the negative electrode forming
a new phase composed of solvent and salt by-products at the interface between the electrode
and the electrolyte. This new phase called Solid Electrolyte Interphase (SEl), without which Li-

ion batteries could not function, was first introduced by Peled''>112 for the alkali metals, and
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later on extended to carbon materials by Dahn et al.?® This electrolyte reduction due to
thermodynamic instability versus the anode potential should normally be detrimental to the
proper battery operation. However, the formed phase acts as a barrier preventing the
electrolyte from further degradation, which enables the utilization of low potential negative
electrodes, leading to higher energy density batteries. A similar passivation film on the

cathode surface or Cathode Electrolyte Interface (CEl) was also evidenced.13-11>
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Figure I-6: Energy diagram of the SEl and CEl formation at the surface of negative and positive
electrodes during the battery charge. Adapted from references. 1611/

The Figure I-6 depicts the energetic levels of the electrodes (e.g. Fermi level) with
respect to the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the solvent to explain the formation of both SEI and CEl at the negative and
positive electrodes of a Li-ion battery, respectively. The energy levels of HOMO and LUMO of
the solvent to signify the redox potentials where the electrolyte oxidation/reduction take
place were consciously not employed here to explain the SEI/CEl formation.'” HOMO and
LUMO are calculated on isolated molecules, which are not participating in redox reactions.
While redox potentials are directly related to the Gibbs free energy difference of the reactants
and products. In the case of water, it has a band gap of 8.9 eV!!® while its thermodynamic
potential window is only 1.23 V.1*®* Moreover, presence of salts and other molecules

significantly affect the redox potentials. Therefore, potential of electrolyte reduction at
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negative potentials and potential of electrolyte oxidation at positive potentials are more

accurate.

A suitable SEI should act as an electronic insulator to avoid further electrolyte
oxidation/reduction but enable a fast transfer of lithium ions.!'® The formation kinetics
pertaining to the SEl formation should be fast and rapidly self-limiting to reduce the
irreversible losses. Besides, it should display a uniform morphology and composition. Finally,
it should be flexible and elastic to accommodate the volume changes of the active material
upon repeated charge/discharge cycles. Two models were proposed in the 1990s to describe
the morphology of the SEI. The mosaic model, in which different interphase components are
deposited in a three dimensional heterogeneous SEl, was introduced by Peled et al.11%112
Aurbach and coworkers proposed a bilayer morphology for the SEl where inorganic compound
is found at the surface of the active particles while polymeric species form a porous shell

around them.120

The initial formation of the SEI for commercial cells is performed at the end of the cell
assembly under carefully controlled conditions as the main part of the SEI establishment
occurs during the first cycles.’?® These steps are vital to ensure long cycle life, good rate
capability and improved safety of the Li-ion batteries. However, the SEl stability is still not fully
controlled at long-term, its thickening contributes to the overall aging of today’s Li-ion

batteries.1??

o Influence of the solvation shell on the electrolyte physicochemical properties

and cation intercalation

It is widely admitted by the battery community that rate capability of alkali metal-ion
batteries are influenced by the transport properties of these alkali metal ions in the bulk of
the electrolyte, e.g. ionic conductivity and transference number.1?® K* ions are weaker acids
than Na*, which are even weaker than Li*, this difference of Lewis acidity results in smaller

124 radii and

Stokes’ radii in various solvents. The Figure I-7a depicts their Shannon’s ionic
Stokes’ radii in propylene carbonate. According to Matsuda et al., their Stokes’ radii in PC

increase in the opposite direction of their Shannon’s ionic radii.1?> Lithium ion charge is more
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localized leading to a stronger interaction with solvent molecules and therefore a bigger

solvation sheath. Then, the conventional vehicle-type mechanism in dilute electrolytes

explains the better ion transport properties of Na* and K* compared to Li*.
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Figure I-7: Physicochemical properties of alkali metal ions in the bulk of the electrolyte. (a)
Comparison of their Shannon’s ionic radius and Stokes radius in propylene carbonate.
Concentration dependence of (b) the ionic conductivities and (c) the viscosity of alkali metal
ions salts in PC at room temperature. Adapted from: Kubota et al.*>1%

The better ionic transport properties are shown

for a specific example in the Figure

I-7b and c. Kubota et al. compared the ionic conductivity and viscosity values for a

concentration range of bis(fluorosulfonyl)amide salts for the three different alkali metal ions

in PC.> lonic conductivity values present the following order of LiFSA < NaFSA < KFSA in PC.

Moreover, KFSA then NFSA exhibit lower viscosity than LiFSA. However, potassium salts

usually have poorer solubility than Na and Li salts due to their lower charge density, which

narrows the spectrum of the solvent candidates.
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As stated earlier, the battery community have been using the electrolyte transport
properties as the indicator parameter to explain the rate capability differences occurring in
Na and K-ion batteries. However, limiting the cation intercalation mechanism solely to the
process of the cation diffusion in the bulk of the electrolyte may not be sufficient. As depicted
in the Figure |-8, the mentioned mechanism can be broken down into the following steps: i.
The transport of the cation escorted by its solvation shell from the bulk of the electrolyte to
the electrode interface. ii. The desolvation of the cation at the SEl-electrolyte interface or
electrode-electrolyte interface. iii. The cation transport through the possibly existing SEI/CEI.
iv. The intercalation of the bare cation in the host material, accepting an electron from the

external circuit. v. The diffusion of the cation in the bulk of the material.

Diffusion of solvated Li* diffusion
Li* in bulk electrolyte through SEI film
o
7\ '
‘70 — J o Q

\ <
- P Breakup of Li* Li* diffusion in
solvation shell graphite bulk

A

Energy

Reaction coordinate

Figure I-8: The journey of a solvated Li* from the bulk of the electrolyte to the graphite negative
electrode and its related energy diagram. Adapted from: Xu and Cresce.?’

The charge-transfer stage is a critical step, as the cation needs to lose it solvation shell
to transfer from a liquid phase into a solid phase and at the same time an electron is
transferred into the solid phase.’?®12° From a theory point of view, an intermediate exists
between the solvated stage and the intercalated stage, forming a transient step. The
difference of energy between these two stages is the activation energy for charge transfer

during intercalation (Ea), as shown in the Figure I-8. It can be related to the charge transfer
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resistance (Rcr), obtained by temperature-dependent Electrochemical Impedance

Spectroscopy (EIS), thanks to the Arrhenius equation.

Xu et al. studied thoroughly the intercalation mechanism of lithium ion in graphite
using Nuclear Magnetic Resonance spectroscopy (NMR), ElectroSpray lonization Mass
Spectroscopy (ESI-MS) and EIS.1?7:130.131 The authors proposed that the solvation sheath
structure of Li* plays a directing role in the interfacial chemistry; the molecules in the primary
shell serve as the primary precursors for the SEI formation. Therefore, the preferential
solvation of Li* by certain solvent molecules, as described in the previous subsection, can drive
the composition and the quality of the formed SEI. Another significant consequence of Li*
preferential solvation is that it governs the rate of lithiation process, how fast a Li* can be
transported at the electrode-electrolyte interface. The stripping of the solvation shell —
desolvation — is an energy-consuming step; therefore, it will affect the energy barrier of
intercalation. EIS studies3%'32 have demonstrated the significant participation of the
desolvation process and the electrolyte composition dependence in the charge transfer
component, the main impedance of a Li-ion cell. Complementary studies of the insertion
mechanisms in cathode materials proposed a two-step process for the charge transfer, the so-
called “adatom model”.1337136 Splvated ions are partially desolvated at the vicinity of the
electrode resulting in the formation of an atom adsorbed on the electrode surface and the
electron transfer from the electrode. Then, this adatom diffuses on the surface to an insertion
site. Meanwhile, the adatom loses the remaining solvent molecules to be inserted into the
electrode material. This model adds a new possible rate-limiting step: the surface conduction
of adatoms and an electrode surface dependence in terms of active sites. The solvation was
confirmed to be of primary importance to describe the rate capability of Li-ion battery;
however, very few studies are brought to a conclusion concerning the interplay between the

solvation shell (desolvation energy) and alkali metal-ion battery performance.

|.3 — Chapter conclusions

This first chapter intended to provide the key steps leading to the development of
today’s Li-ion batteries. The concept discovery is not recent; however, the Li-ion chemistry,

which permits to obtain the best performance in terms of gravimetric and volumetric capacity
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so far, has known a fast takeoff over the last decades to now lead the battery market.
Promising chemistries, such as alkali metal-ion or all-solid-state batteries, are on the verge to

be complementary solutions to Li-ion batteries.

To meet the continuous demand from the growing markets, the batteries can be
improved at least along the two axes: the energy density on one side and the
reliability/lifetime on the other side. Thanks to cationic substitution strategies, the energy
density was increased improving today’s batteries and extensive research is still ongoing in
this direction. The dynamic nature of the passivation layer (SEl) which is formed mainly at the
negative electrode-electrolyte interface during cycling was demonstrated to be the main
cause of the performance drop or failure of current batteries. In addition, the solvation shell
of alkali metal ions at the interface seems to play a major role in the SEI formation and the
rate capability. Therefore, understanding the mechanisms taking place at the electrode-
electrolyte interface (EEI) and overall interactions of ions with electrode is a prerequisite to
achieve any sort of optimization but requires appropriate tools. The term “electrode” is used

II'

in the rest of this manuscript instead of “active material” by abuse of language and therefore

it is not referring to the composition electrode.

Therefore, the aim of this thesis is to explore the essential role played by the
electrode-electrolyte interface (EEI) and its impact on the physicochemical properties of ion
intercalation, which are of paramount importance to enhance battery lifetime and reliability.
As the aforementioned mechanisms are mainly correlated to a mass change, operando
methods pairing electrochemistry with simultaneous mass variation are expected to provide
new insights. Therefore, during this Ph.D. thesis, the electrogravimetric-based techniques
derived from electrochemical quartz crystal microbalance (EQCM) have been developed and
adapted to accompany EEl characterization in battery research. Then, the technical
developments and experimental strategies have been applied to model materials like LiFePOa,
Prussian Blue analogs and as well as new protonic iridate phase HxlrOs to study the EEI
behavior and insertion mechanisms of lithium and potassium ions, as well as protons,
depending on their solvation shell —in organic and aqueous electrolytes. The next chapter will
be focused on the introduction of the EQCM derived electrogravimetric and

electromechanical methods, from theoretical background to the literature already gathering
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them with the field of battery, as well as the technical developments and experimental

strategies that are developed during this PhD thesis.
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Chapterll- An overview of the electrogravimetric,
hydrodynamic and viscoelastic techniques

[1.1 — Introduction

As presented in the previous chapter, the electrode-electrolyte interface is of main
importance on the electrochemical performance of the battery, regardless of the considered
metal-ion chemistry. However, appropriate tools giving fruitful insights on the processes
occurring at this interface are scarce. To this end, the Electrochemical Quartz Crystal
Microbalance (EQCM) based methods could meet the high standards to study this critical
interface, especially when necessary developments are realized to make it compatible with

today’s battery tooling.

Therefore, this chapter will provide a detailed presentation of the theoretical
background and techniques based on Quartz Crystal Microbalance and its coupling with
electrochemical methods. Then, we propose a comprehensive analysis of the literature
gathering battery studies employing QCM as gravimetric, hydrodynamic and viscoelastic
indicators. This chapter ends by the strategies developed and employed throughout this Ph.D.
thesis to make the QCM based techniques compatible for the battery electrode-electrolyte

interface characterization.

I1.2 — Quartz Crystal Microbalance theory and associated techniques

Il.2.a — Quartz Crystal Microbalance fundamentals

O Piezoelectricity

The core principle behind Quartz Crystal Microbalance (QCM) is nested in the
piezoelectricity effect. Its discovery dates back to the research of René Just Haliy; however, its
study and interpretation are ascribed to the work of Pierre and Jacques Curie brothers (1880)

on tourmaline, quartz and Rochelle salt.*3” They demonstrated the appearance of an electrical
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field, which is proportional to the applied mechanical stress on these crystalline materials with
no inversion symmetry. The converse effect was mathematically deduced by Gabriel
Lippmann in 18813 and the Curie brothers confirmed its existence.'® The practical
applications of this phenomenon are several, starting by the development of sonar (sound
navigation ranging) by Paul Langevin during the World War | (1917) to detect submarines to

nowadays utilization in horology.

5P e e

Figure II-1: Schematic representation of the piezoelectric effect on an AT-cut quartz crystal
when an electric field is applied. Adapted from: Buttry and Ward .*4°

Quartz (Si0y) crystals were selected among the piezoelectric materials for its following
benefits. It offers a low resistance to the propagation of acoustic waves and a high shear
modulus. The conditions of synthesis are well controlled to obtain quartz with high purity and
crystallinity. Moreover, it presents a high chemical stability especially in contact with the
solutions.’ The vibration mode is dependent on the cut plane of the crystal. The AT-cut
(+35°15’ compared to the (ZOX) plane) of the a-quartz single crystal is the most common due
to its weak temperature dependence close to room temperature. This quartz slice is covered
on both sides by a conducting layer, commonly gold. These parallel electrodes permit to apply
an alternative potential difference, which keeps the quartz in its thickness shear vibration
mode (in the case of AT-cut quartz), a transverse acoustic wave propagates across the

thickness of the quartz crystal, as represented in the Figure II-1.

O Resonance frequency and Sauerbrey relationship

Thus, the assembled resonator vibrates at the characteristic frequency of the
transverse acoustic wave. On resonance, the deformation pattern is a standing wave with

antinodes at the surface, as depicted in the Figure Il-2a. For the fundamental wave, the
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wavelength of sound in the quartz (A,) is twice the thickness of the resonator. Therefore, the

resonant frequency of the fundamental, f;, can be deduced thanks to the following equation:

Hq
fo= C_q = C_q = ﬁ Equation II-1
Ao 2ty 2t

where ¢, is the transverse velocity in AT-cut quartz (3.34 10° cm.s?), tq is the thickness, pg is
the density of quartz (2.648 g.cm™) and p, is the shear modulus of the quartz crystal (2.947
10! g.cm™.s?). This relation demonstrates that the quartz crystal resonant frequency only
depends on its thickness. The thickness engineering of these AT-cut quartz permits to obtain
a wide range of fundamental frequencies from 0.5 to 100 MHz depending on the application

requirements.

a AWa\.relength (um) b

N =2(t,+Ab)

Deposited film

Electrode

Quartz 5

Bare QCM Loaded QCM

Figure Il-2: Schematic representation of the standing wave establishment in (a) bare and (b)
loaded QCMs. The resonance wavelength increases, so resonance frequency decreases with
film deposition on the resonator surface.

When a uniform layer of a foreign material is added on one side of the quartz crystal,
the layer then moves synchronously with the electrode. The acoustic wave can cross the
crystal/foreign material interface and propagate through the foreign layer, as depicted in the
Figure II-2b. The thickness change causes the modification of the standing wave parameters
and therefore a frequency change. The following equation links the thickness change (4t) to

the frequency change (4f) as an extension of the Equation II-1.
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Af -4t —2fyAt

fo tq Hq Equation II-2
Pq

If the foreign layer is assumed to have the same physical properties as the quartz
resonator, then the thickness change can be substituted into the previous equation leading to
the Sauerbrey relationship (1959).142

A/ Pqliq

Am = —————Af = —CeAf Equation 1I-3
2fo

where Am is the mass change (ng), A is the piezoelectrically active area (cm?) and Cy is the
sensitivity factor or calibration factor (ng/Hz). The Sauerbrey relationship is the key equation
to convert the frequency change to mass change and explains the utilized terms to define
these resonators: Quartz Crystal Microbalance (QCM). However, the Sauerbrey relationship is
solely valid under certain conditions concerning the deposited layer. It has to be an ideal rigid
film attached to the quartz crystal where the mass of the film should not exceed the 2 % of
that of the crystal. In addition, the film is expected to be evenly distributed over the active
area of the crystal. The Equation II-3 demonstrates the relationship between the resonant
frequency change and the mass change of a quartz resonator, where an increase in mass
induces a decrease in the resonant frequency, as depicted in the Figure II-2. The relationship
between the wavelength of sound in the quartz and its resonant frequency was already given

in Equation II-1.

The QCMs and the Sauerbrey relationship were firstly exploited to measure the
thickness of films deposited under vacuum or gaseous environments. Since Nomura and
Okuhara showed that a crystal completely immersed in a liquid could also be excited to stable
oscillation, the QCM has become an analytical tool in electrochemistry.'*® This principle was
exported to electrochemical applications, as the metallic substrates can be used as electrodes,
giving rise to Electrochemical Quartz Crystal Microbalance (EQCM). The in situ studies
following the copper and silver electrodeposition are pertinent examples, which are then also

used for the calibration of the QCM devices (see Ill.3.c).
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O Frequency response in a liquid medium — Kanazawa and Gordon equation

The emergence of QCM measurements in the liquid media has stimulated the studies
investigating the influence of liquid on the resonant frequency of a resonator, which, later on,

have also found implications in QCMs coupled to electrochemical methods.

When the quartz surface is immersed in a liquid, the shear wave propagates from the
quartz into the liquid volume in its vicinity. However, the wave is dampened and its amplitude
decays moving away from the quartz. Importantly, the presence of the liquid introduces a new
“layer” to the system resulting in a shift in resonant frequency, leading to a new baseline, by
an amount corresponding to the mass of viscously coupled fluid layer.}41% The effect of
immersing the QCM in liquid results in a decrease in frequency, which can be estimated thanks

to the Kanazawa and Gordon equation (1985):146

3| pm
Af = —fo2 —_—
0 TPqlq Equation II-4

where p; and n; are the density (g.cm3) and viscosity of the liquid (Pa.s), respectively.

O Overtones and penetration depth

Contrary to the descriptions given in the previous sections, here the quartz resonance
is not restricted to the fundamental vibration mode; but overtones (harmonics) are also
reachable. The antinodes at the surface condition for the establishment of a deformation
imposes only odd overtones to be excited (Figure 11-3a). The previous equations remain valid,
so that the Sauerbrey relationship can be generalized to different overtones (1 < n < 13):
_Apakqsf . Af

n

Zfoz - f7 Equation II-5

Am =
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Figure 1I-3: (a) Schematic representation of the standing wave establishment for different
overtones. (b) Acoustic wave propagation of a QCM sensor in contact with a stiff non-porous
coating and an electrolyte.

In contrast to the situation in air, the transverse acoustic wave propagates for a short
distance from the crystal surface to the liquid layer (Figure 1I-3b). This distance of the
propagation is of the order of the penetration depth §,, (decay length). It depends on the
viscosity and density of the liquid, the fundamental resonance frequency, of course, but also
on the overtone, as shown by:

. M

5. = i ;
n mfep, Equation II-6

For aqueous electrolytes with a 9 MHz resonator, the range of §,, is approximately between
189 (n = 1) and 52 nm (n = 13). At a fixed viscosity/density ratio (same electrolyte), the
penetration depth can be used as an in situ hydrodynamic probe using multiple overtone
orders to characterize the morphology of the deposited film on the QCM sensor. This

particular point is more precisely described later in this chapter (see I1.4.b).
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O Species determination during electrochemical processes

As pointed out earlier, one metallic side of the quartz resonator can be used as a
working electrode to perform electrochemical experiment, giving rise to Electrochemical
Quartz Crystal Microbalance (EQCM). The coupling of electrochemistry to the mass change
permits to attain mechanistic information on electrochemical processes with solid reaction

products by calculating the following value:
= E = _FCfE Equation II-7

where M is the molar mass of the involved species (g.mol) and z is the number of electrons
of the supposed electrochemical reaction. F is the Faraday constant (96485 C.mol) and 4Q
is the charge change (C) measured during the electrochemical process. This value is the
combination of the Sauerbrey relationship and the Faraday law and permits the determination

of the involved species.

The studies using QCMs have a common element: the resonator. The fundamental
frequency, the surface area or the electrode metal can differ from one study to another but
the resonance principle is always the same. However, different equipment and operation
methods exist with their very own capabilities; they are introduced and described in the

following section.

Il.2.b — Gravimetric and viscoelastic read-out methods
O Oscillator circuit and QCM with motional resistance monitoring

An electrical equivalent circuit composed of equivalent circuit elements that represent
its physical parameters under oscillation can model the quartz resonance. The so-called
Butterworth-Van Dyke (BVD) equivalent circuit is used to describe an unperturbed (without
additional film or electrolyte) quartz resonator, as represented in the Figure ll-4a. In the series
branch, the inductor, L1 represents the inertial component related to the mass displaced

during oscillation, the capacitor, C; represents the energy stored during oscillation and the
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resistance, R1 represents the energy dissipated during oscillation, which is also called the
motional resistance. This series branch is referred as the motional branch as it defines the
electromechanical characteristics of the quartz resonator. The parallel branch, referred as
electrical branch, is composed of a capacitor, Co, which arises from the electrical capacitance
of the dielectric medium, i.e. the quartz, sandwiched between the two electrodes on both side

of the quartz.

QCM experiments, however, involve quartz crystal surface that are either immersed in
liguid media, coated with films, or both, giving rise to a more complex electrical equivalent
circuit (Figure 11-4b). First, the liquid film has an influence on the resonant frequency as noted
by the Kanazawa and Gordon equation (Equation 1I-4), which depends on its density, p; and
viscosity, 17;. It can be described as the addition of a mass loading density component, L. and
a resistive viscosity component, R, of the liquid. Concerning the coatings that are deposited
on the conducting electrode of the resonators, two cases can be distinguished. If the coating
is “acoustically thin” and rigid, then it will vibrate in phase with the oscillator following the
Sauerbrey equation and causing the addition of a mass loading, Lr and a dissipation of energy,
Rr. Apart from this ideal case, the coating can be viscoelastic, defined with its own physical
properties: viscosity (loss modulus), density and elasticity (storage modulus). This will result
in the addition of an extra mass loading, Ly, a dissipation of energy, Ry and a stored energy
arising from the elasticity, Cv to the circuit. Nonetheless, the electrical equivalent circuit of the

practical assembly can be generalized to a classical BVD circuit (Figure 1l-4c).
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Figure II-4: (a) Butterworth-Van Dyke (BVD) equivalent circuit for an unperturbed QCM. (b)
Modified BVD equivalent circuit for a QCM in contact with a viscoelastic film and an electrolyte.

(c) Simplified electrical circuit of the QCM with motional resistance monitoring. Adapted from

references.40.147,148

When energy in a system is exchanged periodically between two forms, then
resonance occurs at a characteristic resonant frequency. An electrical circuit with a capacitor
and an inductor is the perfect example of the resonance phenomenon between electrical and
magnetic energies. The fact that this phenomenon is also found between the energy stored in
the quartz and the inertia of the displaced mass at the surface during oscillation explains the
analogy between mechanical and electrical systems with the electrical equivalent circuit.*” A
common and mature method to obtain resonance of the system is based on an oscillator
circuit, which consists of an amplifier and a quartz crystal resonator with a feedback loop, as
depicted in the Figure ll-4c. If the Barkhausen condition is fulfilled (the product of impedances
of the amplifier and the resonator is equal to unity), a self-sustained oscillation occurs. The
gain of the amplifier must compensate the losses in the feedback loop especially the energy
dissipated during oscillation (motional resistance). The oscillator circuit is associated to a
frequency counter, which directly measures the frequency in MHz. Alternatively, the output
of the circuit can be mixed with a reference oscillator to count more precisely the frequency

difference in kHz or less. In addition to resonant frequency, the motional resistance can also
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be measured (QCM-R) by introducing an additional resistance R, into the oscillator circuit and
measuring the ohmic drop through this latter. However, to this purpose, the parasitic
capacitance Co has to be canceled (ieb = 0, see Figure ll-4a) to obtain a measured current

proportional to motional resistance (it = imb).

The motional resistance carries information about acoustic energy dissipation in the
coating and the surrounding medium. This information is different from the frequency shift,
which is related to acoustic energy storage. The motional resistance measurement in gaseous
environment is optional but it is of prior importance for QCM applications dealing with liquid
environment or a foreign film. In such cases, monitoring both frequency and motional

resistance, QCM-R, allows for a much more assured data interpretation.'4’

o Impedance analysis — Network analyzer

Contrary to QCM-R, impedance analysis (QCM-I) passively interrogates the resonator
by a frequency-sweeping signal around its resonance frequency to analyze its electrical
impedance/admittance behavior. Electrical admittance (inverse of impedance) can be
expressed as a complex number Y = G + iB, with the real part, the conductance ¢ and the
imaginary part, the susceptance B. The Figure Il-5a represents classical conductance and
susceptance of a bare AT-cut quartz resonator in air. If the fixed dielectric capacitance of the
resonator is compensated, the admittance of a generalized Butterworth-Van Dyke can be

expressed as follows:

Y(f) =

i _ L Equation II-8
R+i (27TfL 27rfC>

and its modulus by

1
lY(F) = 1

2\2 Equation 11-9
(RZ + (anL _ _27I1fC> ) duation

The modulus presents a maximum at the resonant frequency, f,., where:
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- 2VLC Equation 1I-10

and

1
Y(f) = 7 Equation I1-11
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Figure II-5: Admittance analysis of QCM sensor by a network analyzer. (a) Classical conductance
and susceptance for a QCM-sensor. (b) Frequency and half-bandwidth shifts displayed by
conductance measurement on loaded and bare quartz resonators. Adapted from: Arnau.**’
At the resonant frequency, the admittance is only real component, so the susceptance
admits a zero-crossing point. From the conductance representation, several key parameters
can be extracted: the resonant frequency, f,, the electrical components involved in the BVD
circuit and the half-bandwidth I (half of the bandwidth at half maximum of the resonance
peak) (Figure 1I-5b). The impedance of the quartz crystal sensor can be measured using a
network analyzer to accurately determine the changes in frequency and half-bandwidth. The
Figure II-5b shows these changes when passing from a bare quartz to a quartz loaded with a
film and/or a liquid. The added layer causes a negative shift of the resonant frequency and a

damping, i.e. increase of the half-bandwidth, due to energy dissipation.

In addition, the changes in frequency and half-bandwidth (bandwidth is W = 2I') can
be correlated to the dissipation factor D of the deposited film or to the quality factor Q, thanks

to the following relationship:

I 1 .
Qn = 2r, - w, - D, Equation 1I-12
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These factors quantify the resonator damping and can be related to the sample’s viscoelastic
properties coated on the resonator. These measurements can be conducted at fundamental
mode and on harmonics, providing possibilities to explore viscoelastic properties of the

materials.

O QCM with dissipation monitoring at different overtones

In addition to previous read-out systems, a relatively recent method to access the key
parameters of the resonance is to excite the resonator with a narrow radio frequency pulse
having a frequency matching the expected resonance frequency (Figure 1l-6a). The excitation
is intermittently turned off and resonance decays freely, also called the ring-down method or
“pinging”. The Figure II-6b demonstrates that the resonance frequency and the dissipation
factor (half-bandwidth) can be obtained from the fitting of the current-versus-time trace with
a decaying cosine. It can be noted that the obtained signal is linked to the Figure IlI-5a
presented in the previous subsection by a Fourier transform, passing from the time to the
frequency domain. This approach was developed by Rodahl et al.}4>1>° This measurement
methodology is the basis of the QCM-D where D is for “Dissipation monitoring” and the term
QCM-D is a trademark owned by Q-Sense (Biolin Scientific). In addition, the different

overtones can be excited successively.
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Figure II-6: (a) Schematic representation of the ring-down method. (b) Measurement of the
dampened oscillation allowing the determination of the resonant frequency and the dissipation
factor. Adapted from: Rodahl et al .

The ring-down process is faster than impedance analysis, the excitation of the quartz

crystal, recording and fitting of the decay curve occurs on the millisecond timescale (I'~! for
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the order of magnitude). Thus, the QCM-D approach has the capability to provide real-time
data acquisition. This can be used to decouple rigid from soft materials that show differences
in terms of decay time constant when adsorbed on the crystal surface. Rigid materials, such
as metal films for example, couple well with the oscillating quartz, and, when the driving
voltage is turned off in a QCM-D experiment, the oscillation takes longer to decay. On the
other hand, if the deposited mass is soft and viscoelastic, the coupling with the oscillating
quartz is poor. The flexible viscoelastic mass dampens the crystal oscillation causing it to decay

faster.

II.2.c — Comparison of the different QCM-based read-out methods

The three methods presented in 11.2.b are well developed and offer unique information
on gravimetric, hydrodynamic or viscoelastic changes (or their combination). However,
besides their common feature of the resonant frequency change measurement, these
methods differ on other criteria causing a trade-off between associated benefits and

drawbacks (Table II-1).
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Table lI-1: Fair comparison of the QCM-based read-out methods

Advantages

Disadvantages

QCM with motional
resistance monitoring

(QCM-R)

o Affordable

o More stable frequency
measurement?®!

° Real-time data acquisition
o Easily extendable to

electrochemical measurement

o Optimized for one particular
overtone

> Motional resistance not
directly related to half-
bandwidth

Impedance analysis —
Network analyzer

(QCm-I)

o Graphical representation

o Controlled data acquisition

o Multiple overtones

o Resonant frequency, half-
bandwidth and electrical
equivalent circuit components

acquisition

° One overtone at once
° No real-time data acquisition

° Time consuming

Multiharmonic QCM
with dissipation

monitoring (QCM-D)

o Multiple overtones

o Real-time data acquisition

o Resonant frequency change
and dissipation factor
acquisition

o Integrated software for

viscoelastic data analysis

° Expensive
o Extendable to battery
material analysis with difficulty

o “Black box” effect

Impedance analysis, QCM-I and QCM-D have the benefit over QCM-R to point out the

viscoelastic properties of the deposited film on the QCM sensor, for instance, when immersed

in an electrolyte and during electrochemical cycling. Nevertheless, in certain well-defined

conditions, QCM-R is the method of choice to obtain reliable data with a higher stability and

precision. This is what motivate our strategy to acquire new insights on the battery electrode-

electrolyte interface by QCM with motional resistance coupled with electrochemical methods,

e.g. cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD), as it will be developed

later in this chapter (see 1l.4.a). Beforehand, a comprehensive analysis of the literature using

QCM-based techniques to study battery related phenomena is proposed in the next section.
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II.3 — Electrogravimetric, hydrodynamic and viscoelastic inputs to the
battery field so far

II.3.a — EQCM-based methods for the study of Solid Electrolyte Interphase

The use of EQCM-based methods for the characterization of batteries is mainly rooted
in the better understanding of the Solid Electrolyte Interphase (SEI). As previously introduced
(see 1.2.b), the SEl is a new phase mainly formed at the surface of the negative electrode due
to electrochemical instability of the electrolyte at such negative potentials. The understanding
of the physical properties of this newly formed phase and its evolution are of prior importance

for the good performance and enhanced safety of the battery.

Aurbach et al. were the first researchers to use the real-time assessment of mass
variation provided by EQCM and the Sauerbrey equation (Equation 1I-3) in 1995, to study the
surface film formation over a bare gold electrode in LiPFs and LiAsFs in propylene carbonate
(PC).1>2 The M /z value (Equation 1I-7) was calculated during a negative sweep of potentials in
PC-based electrolytes containing different salts and contaminants as water or carbon dioxide.
Thanks to this procedure, they could demonstrate the potential-dependent formation
mechanism of the SEl, with the solvent reduction at low potentials and the LiF film formation
at higher potentials creating an inner inorganic layer covered by a polymeric layer. Then, SEI
studies have moved to systems that are more realistic, starting by PVD-prepared carbon.
Unlike previously employed model electrodes, the mass change appearing during the
potential sweep turned out to be also dependent on the lithium ion insertion/extraction,
which needs to be untangled from the mass change caused by solely SEI formation. In this
context, Kwon and Evans managed to determine the SEl average density proving its mixed
organic and inorganic composition with the initial formation of Li,O in fluorine-free
electrolytes.’>3'>4 Such a methodology has been expanded to other active materials as
electrodeposited Sn film®> and recently drop-cast graphite®® on the surface of EQCM
resonators, leading to similar results but dependent on the electrolyte composition: salt and
solvent. In the framework of this Ph.D. thesis, a similar strategy has been applied to prove the

formation of a passivating layer composed of fluorinated products induced by the water
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reduction in the trendy “Water-in-Salt” electrolyte!>” system but this study will not be

described in this manuscript.

Although limited number of studies exist so far, the development of EQCM with
dissipation monitoring has contributed to assessing viscoelastic properties of the SEl and
changes in electrolyte viscosity, which were unreachable (or entangled) with classical EQCM
measurements. Yang et al.1>1>° attested the beneficial addition of fluoroethylene carbonate
to the ethylene carbonate/ethyl methyl carbonate-based electrolyte for the cycling of tin
anode. It gave rise to a stiffer and more homogeneous SEl, corroborating the observed better
capacity retention. This type of methodology has been applied by the group of Levi and
Aurbach to prove the better quality of SEl in LiTFSI than that formed using LiPFs + vinylene
carbonate on high potential LisTisO12 (LTO) anodes.'° Going further in this process, this study
opened up the possibility of using EQCM-D to screen different electrolyte compositions
leading to a more efficient SEl, and to access to the predictive information for the practical
applications in a short time. Kitz and co-workers adopted an analogous strategy, to model bare
electrodes, except that, Electrochemical Impedance Spectroscopy (EIS) and Online
Electrochemical Mass Spectrometry (OEMS) were added to the tool panel in order to reveal
the SEI formation mechanism. In agreement with the literature, the formation of a rigid LiF-
rich interphase was shown to occur prior the emergence of a less rigid film of reduced solvent
products during a negative sweep of potentials, demonstrating the highly dynamic nature of
this interphase, in terms of both mechanical and electrochemical properties.'®* The same
experiments in presence of water demonstrated that the SEI becomes thicker and more rigid
and this was explained by the formation of Li;COs-rich early interphase preventing the
formation of a soft reduced solvent-based film.'2 The contribution of VC and FEC additives on
SEl were also investigated. Both additives change the SEI composition causing an increase of
the SEI shear modulus. However, the Li-ion conductivity in the SEl is increased in the case of
VC and hindered for FEC.%®3 Searching for complementary compositional information, EQCM-
D coupled with surface-enhanced Raman spectroscopy evidenced the charging of an electric
double layer composed mainly of accumulated Li* solvated by EC molecules before the SEI

formation explaining the SEI mainly composed of products coming from the EC reduction.®
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I1.3.b — Mechanical properties of the electrodes during cycling

Mechanical and viscoelastic studies are not restricted to the evaluation of the SEI
formation. It has also been extended to study the behavior of composite electrodes under
battery operation conditions. EQCM-D has the benefit of simultaneous monitoring of
dissipation at multiharmonics, over the manual operation of network analyzers at different
overtones. Performing experiments of dissipation monitoring by EQCM-D or NAs proved its
utility in distinguishing the gravimetric cases (where Sauerbrey equation applies) from those
deviate from the “dense and rigid thin layer assumption”. The group of Levi and Aurbach
developed the experimental and theoretical background permitting the extraction of the
desired features; however, the literature is scarce and almost monopolized. Classical
composite electrodes for battery application are multicomponent: the active material, a
conductive agent e.g. carbon black and a binder to mechanically hold the different particles.
Therefore, deviations from the idyllic “dense and rigid thin layer” condition may occur for the
electrodes with different porous geometry and binders, contributing to the Af of the
resonators in contact with electrolyte by hydrodynamic and viscoelastic effects, respectively.
Consequently, in addition to the gravimetric EQCM, two non-gravimetric cases, which involve
the hydrodynamic effects (the behavior of porous and rough surface electrode in the
electrolyte) and the viscoelastic effects (softening/stiffening of the electrode in the
electrolyte) during charge/discharge, enabled the wuse of EQCM-D as a

structural/morphological and mechanical/viscoelastic probe, respectively.

The examined aspect granted by EQCM-D is the particle-binder interaction. Shpigel et
al. in 2015, firstly investigated the influence of the polymeric binder nature and electrolyte
solvent on the elastic properties of the composite electrodes. The authors compared the Na
Carboxymethyl cellulose (NaCMC) and PVDF binders in aqueous and organic electrolytes and
demonstrated that NaCMC acted as a soft binder in aqueous but rigid in organic electrolyte,
which was the opposite for the PVDF mainly due to solvent-dependent swelling behavior.%°
Later, they confirmed the mentioned arguments using fluid mechanic and viscoelastic
modeling to untangle solid-liquid hydrodynamic interactions from the film viscoelastic
properties.'®6167 On the basis of this methodology, binders can be screened to find the

“stellar” one having the optimized properties, i.e. moderately high elastic modulus to allow

57



Chapter I

reversible intercalation-induced volume changes of the composite electrode but not too soft
to prevent the deterioration of the electronic conductivity. In recent studies, the strain
accommodation enabled by the binder in a composite electrode was pushed to their limit
under harsher conditions. The particle-binder interactions were also evaluated during the
insertion of bigger cations like sodium ion in FeP04®® or during the fast charging of a model
material like LiFePO4'®°, further demonstrating the importance of the binder properties on the
battery cycling performance. These findings shows the richness of information that EQCM-D

can provide to the battery field and a more exhaustive list can be found in references.’%-172

[I.3.c — Characterization of the cation insertion in battery compounds

In addition to the previous capabilities, EQCM has the ability to measure in operando
the cation insertion/extraction into the battery material structure. This technique has been
implemented for the study of several active Li-host electrode materials. Firstly, in 1997, Yang
et al. demonstrated a two-step process for the Li* insertion in LiMn204.173 This was found to
contrast with V205 which shows a scan rate dependent mechanism, in which lithium
intercalates without and with solvent molecules (acetonitrile) at low and high rates,
respectively.’* Solvent molecules, especially water have also been evidenced to participate
in the lithium ion insertion by co-intercalating in WO3'7>176, Nb,0s'”” and Mn0,78, In certain
cases, the solvent co-intercalation was corroborated by the abnormal increase in the
interlayer distance measured by XRD.'’4 The benefit of the gravimetric methods in those cases
was to verify the reversibility of the mass changes in electrochemical processes and the
possible co-intercalation of solvent molecules. Such analyses have contributed to the
understanding of the ion (de)-intercalation mechanisms, and have stimulated new studies
using other charge carriers. The feasible magnesium ions intercalation in MnO; thanks to the
shielding of magnesium charge by water molecules in organic electrolyte has been
demonstrated by an EQCM study.'”® A similar behavior was found in the case of dual-ions
batteries where EMC solvent molecules act as a lubricant for the fluent transport of anion
inside the graphite electrode.'8% These gravimetric measurements are the direct fingerprint of

the interactions between the solvent molecules and the cations while being inserted at the
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electrode-electrolyte interface, dictating the battery performances as described in the

previous chapter (see I.2.b).

Such benefits go well beyond the battery field since both EQCM and EQCM-D have
provided highly relevant results on the interfacial properties of supercapacitor electrodes,
evidencing for instance the permselectivity behavior and the electroadsorption of partially

solvated cations, depending on the pore size of the carbon electrode.81.182

I1.4 — EQCM-based strategies developed and employed in this Ph.D.
thesis

II.4.a — Classical EQCM-R measurements adapted to battery electrode
characterization

The current literature described in the previous sections demonstrates that EQCM with
dissipation monitoring is the technique of choice for battery electrode characterization, as it
can be extended beyond the solely gravimetric measurement for characterizing the
hydrodynamic and viscoelastic changes of the composite electrodes. Unfortunately, this
technique suffers from certain inconveniences, especially in the data analysis/comprehension
due to heavy set of equations. Moreover, this tool and the data analysis/modelling is
expensive in time and budget to make it practical and compatible with the particular setup in
the battery field. Therefore, this Ph.D. thesis aims at the development and adaptation of the
classical EQCM-R technique to the battery electrode characterization. EQCM-R permits the
resonance frequency change and the motional resistance (R) to be simultaneously
monitored. As discussed and compared earlier, EQCM-D ad EQCM-R both have their
advantageous and disadvantageous and are not free from improvements. Here, EQCM-R will
be privileged and exploited for its capacity in providing cheaper and more stable

measurements compared to EQCM-D (see Table II-1 for the comparison).

In this work, AT-cut 9 MHz quartz resonators (Figure llI-7a) patterned with gold
electrodes on both sides were used as EQCM electrodes (8.95 MHz + 50 kHz, QA-A9M-AU(M)).

The electroactive geometric surface area was equal to 0.196 cm?. The quartz resonator was
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mounted between two perfluoro-elastomer O-rings known for their non-swelling behavior in
organic electrolyte. Then, it was inserted in a labmade cell, designed specifically for EQCM
measurements with its unique role of being used either with aqueous or organic electrolyte.
This cell was developed conjointly by CSE lab and Sphere ENERGY, during this Ph.D. thesis. The
characteristics of the cell and its design are precisely described in the Chapter Ill. The cell was
kept at 25 °C during the experiment thanks to a temperature-controlled oven. A commercial
SEIKO QCM922A microbalance (Figure 1l-7b) was connected to the cell through a BNC cable to
monitor the resonance frequency change (Af) along with the motional resistance (R) during
the electrochemical processes. The microbalance was coupled with a SP-200 potentiostat
(BioLogic) in the “WE to ground” configuration, which permitted the simultaneous recording
of microbalance outputs and the realization of simultaneous electrochemical measurements,
as depicted in the Figure II-7c. Finally, a computer centralized the control over the

electrochemical and gravimetric measurements.

c Temperature-controlled oven

EQCM cell

CE/REF

Potentiostat

Microbalance

Oscillator

Figure 1I-7: (a) EQCM electrode and (b) SEIKO QCM922A microbalance used during this Ph.D.
thesis, (c) schematic representation of the electrical circuit for frequency and electrochemical
monitoring.

Since the principle goal of this Ph.D. thesis is to study phenomena taking place at the
electrode-electrolyte interface of battery materials, a critical steps consists in the deposit of
active particles on the gold electrode surface of the quartz resonators. The process to prepare
composite electrode coatings on the QCM resonators are critical for performing EQCM-based
measurements and will be described in the next chapter (see Ill.2). Meanwhile, in the next
sub-section, the developed methodology to evaluate the characteristics of the resulting

coatings (surface roughness, rigidity and porosity (revealing indications about the
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hydrodynamic solid/electrolyte interactions and viscoelastic properties)) are depicted and the
conditions where Sauerbrey equation can be conveniently used for frequency change analysis

are detailed.

Il.4.b — Determination of the film hydrodynamic and viscoelastic properties

Two criteria are of main importance to fulfill the gravimetric case and the Sauerbrey
relationship (Equation 1I-5):
i. the electrode coating needs to be stiff and rigidly attached to the quartz resonator both in
air and in the electrolyte under Open-Circuit Potential and polarization.
ii. the hydrodynamic solid-liquid interactions should not cause any dissipation in contact with
the electrolyte, which is fulfilled in the case of a film with a moderate vertical and lateral non-

homogeneity.}’1,172

The steadiness of the resonant frequency and the dissipation factor over time when
immersed in an electrolyte can prove that the condition i. is successfully fulfilled. Concerning
the hydrodynamic solid-liquid interactions ii., the characteristic lateral geometric parameter
of the porous electrode coating (dp,re) should be compared to the penetration length of the
acoustic wave presented earlier (Equation 11-6). As represented in the Figure 1I-8, if the average
lateral size of the pores between the particles is lower than the penetration depth, §,,, then
the electrolyte inside the pores is trapped i.e. the liquid moves synchronously with the film
hence with the quartz resonator. Such a behavior does not show any change in the dissipation
factor. In other words, the composite film behaves as an extension of a flat uncoated crystal
and in that case, the Kanazawa and Gordon equation (Equation 1l-4) defines the hydrodynamic
solid-liquid interactions. Using QCM-D, the film is probed with smaller penetration depths as
the overtone increases defining the in situ hydrodynamic spectroscopy of the coating on a

QCM resonator.171172
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Figure 11-8: In situ hydrodynamic spectroscopy of a quartz crystal resonator coated with an ideal
film of particles. (a) Evolution of the dissipation factor as a function of the penetration depth,
(b) Comparison between §,, and the average lateral size of the pores (“trapped electrolyte” at
lower overtone numbers become “moveable electrolyte” at the higher overtone numbers).

Practically, the resonant frequency, f, and the absolute dissipation factor, D, of the
bare and loaded resonator in air were recorded at the different overtones with an Agilent
4294A impedance analyzer. The resonant frequency was obtained from the maximum of the
electroacoustic admittance and the typical Butterworth-Van Dyke (BVD) equivalent circuit was
used to fit this admittance to extract the values of the different component, defined in the
Figure 1l-4a and Equation 1I-8. Then, the absolute dissipation factor was estimated thanks to

the following equation:

R
D=L Equation II-13

The absolute dissipation factor has been replaced by the resonant width thanks to the
Equation [I-12. Then the resonant frequency and the resonant width of the loaded resonator
in electrolyte was recorded at the different overtones with an AWS A20 Platform (Advanced
Wave Sensors S.L., Spain) to be compared with their analogous values of the loaded resonator

in air.

We can then define a shift of the complex resonance frequency f148 as:
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~ AW .
Af=Af+iAF=Af+iT Equation 11-14

This equation can be generalized in the case of a multi-harmonic measurement where

different overtones (n) of the resonant frequency are used:

ﬂ = ﬂ + iﬂ Equation [I-15

n n 2n

Kanazawa and Gordon equation (Equation 1l-4), introduced in the subsection 11.2.a, describes
the hydrodynamic interaction between a rigid and flat surface with an electrolyte and proves
the validity of the Sauerbrey equation for EQCM measurement in electrolyte and but also for

different overtone orders, also known as the Gordon-Kanazawa-Mason equation:42

~ 3 1

2 2

af _ —(1- i)}l:( Py ) Fquation II-16
n TthqPq

nz

Through normalization of this equation by plfoz, it can be demonstrated that % depends

solely on the quartz properties and the penetration depth (Equation 1I-6). The Kanazawa and

Gordon equation can therefore be simplified by the following equation:148172,183

Af 1-046 ! 41 +1i aldd E ion [I-17
=—1-1 = l quation II-
npifo” Jiabq  npife® 2npife’
with:
Af 5 1
5 = = Equation II-18
npifo’ JHaPq
And
AW 1
Equation II-19

=6
2npify® \[HqPq

This simplification demonstrates the linear relationship of the normalized resonant
frequency and the normalized frequency width with the penetration depth. This linear

relationship proves the flat behavior of the deposited film on the resonator when immersed
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in an electrolyte under Open-Circuit Potential. Shift of frequency in the Kanazawa and Gordon
equation is expressed between the bare resonator in air and immersed in a liquid. To be
accurate, as the aim is to evidence the rigidity and the flatness of the film, shifts of frequency
and resonance widths are calculated against that of the coating in air rather than to the bare

quartz crystal.

This methodology based on in situ hydrodynamic spectroscopy has been used to
demonstrate the appropriate properties of the composite electrodes made of the different
active materials and binder studied during this Ph.D. thesis. However, these spectroscopic
studies were performed without any polarization; this was counterbalanced by the
measurement of the motional resistance by EQCM-R during cycling of the active material.
Small variation of the motional resistance indicates the retention of the film rigid properties
upon cycling. To go further in the analyses, the motional resistance can be converted to

resonance width, W, thanks to the following equation:14®

324e,:20,% 1,3
W = zqufoR

Ty :“qpq3

where e,¢ is the piezoelectric stress coefficient (9.65 102 A.s.m? for AT-cut quartz). In

Equation [I-20

comparison to R, W has the unit of frequency (Hz) so it can be related to the resonance
frequency change. This constant value was calculated in our case to be equal to 13.6 Hz/Q.
The condition of the gravimetric sensing is defined as: [AW| « |Af /n|, with n the overtone

equals to 1 in the present case.

Once all of these conditions are satisfied, the gravimetric regime applies and the
measured resonant frequency can be directly translated into mass change occurring at the
electrode-electrolyte interface. Gravimetric measurements can in that case give rise to in-
depth studies on the species involved in the charge compensation process and/or any
irreversible mass accumulation on electrodes. Nonetheless, EQCM measurements coupled to
cyclic voltammetry (CV) or galvanostatic charge/discharge (GCD) cannot discriminate in a
straightforward way, between different species pertaining to the same potential region. To
overcome this drawback, a complementary method, QCM coupled with EIS (the so-called ac-
electrogravimetry) has also been employed to battery electrodes characterization. This

method, highly promising to distinguish among the involved species according to their
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respective kinetics of interfacial transfer (insertion, intercalation, electroadsorption, etc.) is

detailed in the next sub-section.

Il.4.c — Dynamic characterization of the electrode-electrolyte interface

Ac-electrogravimetry (electrogravimetric impedance) is the coupling between the
QCM and electrochemical impedance spectroscopy (EIS) which has been invented and further
developed at the Laboratoire Interfaces et Systemes Electrochimiques (LISE-UMR 8235,
Sorbonne University, CNRS).184 This technique is a pertinent method to study the interfacial
transfer mechanisms of different species (anions, cations or solvent molecules) directly or
indirectly involved in the charge compensation process associated to an electrochemical
process. With a basic description, species transferred at the interfaces with different kinetics
can be separated (thanks to EIS coupling) and can be identified by their atomic weight (by
virtue of QCM coupling), as well as their concentration variation in the electrode can be

estimated.

Ac-electrogravimetry measurements were carried out by using a four-channel
frequency response analyzer (Solartron 1254 FRA) and a lab-made potentiostat and QCM. The
QCM was used under dynamic regime, working electrode (gold patterned quartz resonator)
was polarized at a selected potential, and a small-amplitude potential perturbation (40 mV
rms) was superimposed. The frequency range was between 63 kHz and 10 mHz. The
microbalance frequency change, A4f,,, corresponding to the mass response, Am, of the
working electrode was measured simultaneously with the AC response, 4I, of the
electrochemical system. The resulting signals were sent to the four-channel Frequency
Response Analyzer (FRA), which allowed the electrogravimetric transfer function (4m/
AE)(w) and the classical electrochemical impedance (4E/AI)(w) to be obtained
simultaneously at a given potential. Then the experimental (4q/AE)(w) was calculated from

electrochemical impedance thanks to the Equation 11-33 and Equation 1I-34.

A model that involves the transfer of one cation, one anion and one free solvent at the
electrode-electrolyte interface has been selected to explain the theory behind this non-

classical EQCM methodology. This model is the basis for the fitting of the experimental data
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of this Ph.D. thesis. A schematic of a deposited film on a gold electrode of a QCM resonator in
contact with an electrolyte is represented in the Figure 1I-9. lonic transfer occurs at the
interface between the active material and the electrolyte. The flux of species i (c: cation, a:

anion, s: solvent), J;, is considered positive if the species is expulsed from the active material:

Ji>0forx>0

ions

X
f f >
Electrode  Active material Electrolyte

Figure 11-9: Schematic of the EQCM electrode / Active material / Electrolyte stacking, defining
electrode modified with the active material/electrolyte interface.

If both cations (c), anions (a) and solvent (s) are involved in the charge compensation process
directly or indirectly, the associated mass variation per surface unit, Am, and the charge
variation per surface unit, 4q, which flows through the interface between the gold electrode

and the active material, are equal to:

Am = M AS + Mg AS, + MAS Equation 1I-21

Aq = —F(4¢, — AE,) Equation 11-22

where M; and §; are the molar mass and the number of moles of species i exchanged per
surface unit, respectively. Concerning the particular case of solvents molecules, they can
participate in the charge compensation process and therefore contribute in the mass change;
however as they are not charged, they do not participate in the charge variation. The
generalized mechanism for insertion or electroadsorption by a cation or an anion in a free site

( ) can be described by the following reactions:

kc kig
(Y+e + C+k:(C+) and ( )+ A‘%’(A‘) +e” Equation 11-23
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. . d . .
Consequently, the molar flux of species (c, a ors)is J; = d—i and the concentration of species,

i, in the active material film of thickness, df can be written in the form:

_Si

C=g

Equation II-24

The species transfer at the electrode-electrolyte interface are only taken into account as rate-
limiting steps, since the species transports inside the active material and in the solution are
supposed to be fast enough. This assumption needs to be verified by diffusion coefficient
determination in the liquid phase and especially in the solid phase. By using the laws of

heterogeneous kinetics and reaction formulae, the flux of cations and anions are:

dcC , |
dta = ka(Ca - Ca,min) —k a(Ca,max - Ca)Ca,sol Equation [1-25

dc
]C(df) = _df d_tc = k’c(cc - Cc,min) - kc(Cc,max - Cc)Cc,sol

]a(df) = —dy

Equation II-26

By using the Hillman solvation model'®, the same relationship can be used for the solvent

flux:
dCs , _
]S(df) = —ds At =k S(Cs - Cs_min) - kS(CS_max - CS) Equation II-27

where:

C; is the concentration of species i in the film, C; ;,; is the concentration of species i in the

solution by assuming that the diffusion of the ions in solution does not limit the global kinetics.

(Ci,max - Ci) is the concentration in free sites for species i at time t, with C; 4, is the

maximum concentration of the free sites in the film for species i.

(Ci - Ci,min) is the concentration of species i in the film, where C;,;; is the minimum

concentration of species i in the film.
The two kinetic constants can be defined as:

ki = ki elPiEEDl and k'; = k'; elbiE=ED] Equation 11-28

Where E is the potential, E°; is the apparent normal potential, (E — E°;) is the overvoltage,

! !
ki, k'i,, b; and b’; are constants.
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Under the effect of a sinusoidal potential perturbation with low amplitude, 4E, imposed to
the gold surface/film/electrolyte system, sinusoidal fluctuations of concentration, AC;, and

flux, 4];, are observed such as:

dcC; :
4]; = _dfd_tl = —jwd;AC; Equation 11-29
The expression of the global insertion/expulsion flux, 4/;, which depends on the concentration

and potential perturbations, at the film/electrolyte interface is:

dJ;
4=,
L

al:
ACi + a—‘g|c AE = KlACl(df) + GlAE Equation [1-30
E i

where w is the angular frequency equal to 2rf, f is the perturbation frequency and K; and G;
are the partial derivatives of the flux, J;, with respect to the concentration and the potential,

aJ; aJ; . - . .
K; = (a_él) and G; = (a—i_‘) . K; is the kinetic rate of transfer and G; is the inverse of the
i’ F Ci

. . . . 1
transfer resistance, Rt;, of the species at the film/electrolyte interface: Rt; = o For each
i

transferred species, the ionic transfer resistance is a good estimation of the ease of the

transfer.

Then, the change of the concentration, AC;, of each species with potential AE can be

calculated using Equation 11-29 and Equation 11-30, leading to the concentration/potential TF:

— (W) =——— : Equation II-31

Using the concentration/potential TF, the charge/potential transfer function can be
calculated:

AC,

A AC,
(W) = —Fd, (E () -2 (w))

Equation [I-32

— _pa,(—Cc__,_ Ca
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The Faradaic impedance relative to the global ionic transfer of charged species involved in the

charge compensation is:

AE 1
Z =— =
AE
1 Equation [I-33

. G, G,

Finally, the classical electrochemical impedance can be estimated incorporating the

electrolyte resistance R,; and the interfacial capacitance Cg;:

4E | _p
] dl ZF(CU)

1

. . G, G,

Equation [I-34

:Rel+

The second main transfer function can be calculated theoretically taking also into account the

charged and uncharged species:

Am AC, AC, AC,
E(w) =ds MCE((‘)) + Maﬁ(w) + MSE(O))
Equation 1I-35

- —d (m,—C g, —C oy G
s C](L)df"‘KC a](,l)df"‘Ka S](l)df+KS

To illustrate what the experimental ac-electrogravimetry data may look like,

the A4q/AE (w) and Am/AE (w) transfer functions are shown schematically in Figure 11-10.
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-Im(Am/AE)

R
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Figure 11-10: Representation of the possible experimental transfer functions for (a) 4q/AE (w)
and (b) Am/AE (w) in the case of two charged species.

For a single ion transfer at the electrode-electrolyte interface, a typical cation and anion
contribution appear characteristically on the 3™ and 15t quadrant (Cartesian system) of the
mass/potential TF, respectively. It is important to note that the mass/potential TF is the only
TF that can discriminate between the cations or anions and identify them by their molar mass
(M; in Equation 1I-35). In a more complex electrochemical process, where a multi-ion transfer
occurs, the above mentioned TFs may look like as shown in Figure II-10. The contribution of
two charged species may translate into two loops in 4q/AE(w) (Figure 1I-10a), if the
respective time constants of the participating ions are different enough. However, the four
different configuration given in the Figure II-10a result in the same response in terms of
Aq/AE(w) TF. The strength of the mass/potential TF is more evident in the Figure 11-10b,
where four possibilities of ionic transfers (two anions, an anion/cation, two cations and a
cation/anion) can be distinguished, with further kinetic resolution depending on the dynamics
of interfacial transfer. For sake of clarity, the solvent contribution was not taken into account,
which can participate in charge compensation: i. in the free form with the same direction of a
cation flux i.e. an additional negative loop, or an anion flux i.e. an additional positive loop in
the Am/AE (w) TF, ii. in the solvation shell of a cation or an anion. It should stressed that the
solvent molecules do not contribute to the 4q/AE (w) TF (uncharged species), explaining the
advantage of ac-electrogravimetry over classical EIS where only the 4q/AE(w) can be

measured for the latter and solvent molecules role cannot be investigated.
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Partial mass/potential TF can be also estimated by removing the cation contribution,

calculating Am/AE**(w).

Am®™® Am M. Aq .
— N — L — Equation [I-36
2F @ =z @+ ap©@)
Am®S AC, AC Equation 11-37
5 @=d <(M + M) T (@) + M, Es(w)> o

This TF acts as a cross-check procedure to discriminate between two possible cations or to
amplify the anion contribution as its apparent molar mass is M, + M.. A partial
mass/potential TF can be also estimated for an anion Am/AE“’(w) but not in the case of a

solvent molecule.

The derivative of the concentration for each species with respect to the potential can

be calculated by considering the low frequency limit of AC;/AE (w).

—G; G; .
_( ) —m - _E Equation 1I-38
l

Then AC; is obtained by integrating —% with respect to the potential. To finish, Am; is
l

acquired by multiplying AC; by the volume of active material. The global mass variation at
each potential can therefore be calculated with the sum of each Am; in order to be compared
with the classical EQCM measurement, as a cross-check calculation to verify the fitting

procedure and the adequacy of the selected model.

Overall, the strong asset of ac-electrogravimetry compared to conventional EQCM-
based methods is nested in its capability to assess the dynamic aspect of the mass/charge
transfer and the exact identification of the different species contributing to the
(electro)chemical processes. This coupled methodology stands far from the limitations of
EQCM by allowing the precise deconvolution of the global mass variation (under gravimetric
regime) during faradaic and/or capacitive processes to give access to unique information such
as: i. the kinetics of the species transferred to the electrode-electrolyte interfaces, ii.
identification of species by their molecular weight with a clear distinction between ions,
anions/cations, solvated ions (number of solvates) and solvent contributions and iii. the
relative changes in concentration of these species within the electrode. Until now, ac-

electrogravimetry has been employed to study the influence of the solvation shell on the
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lithium insertion into model materials by the LISE, but it was mostly applied to pseudo-
capacitive process analyses.’®178 Within this Ph.D. thesis, it has been extended to battery-like
systems, with various materials and electrolyte compositions, especially in organic-based

electrolytes.

11.5 — Chapter conclusions

This chapter proposed an in-depth presentation of the QCM basics and of the
associated theoretical foundation, together with various QCM-based techniques currently
available and their coupling to electrochemical methods. Although using the same
piezoelectric quartz crystal resonators, these techniques differ by their measurement
principle and read-out methods. The oscillator circuit is the basics of the resonant frequency
measurement. The (un)loaded quartz oscillation can be modelled by the BVD equivalent
circuit in which the electronic components represent its physical parameters permitting the
resonant frequency and the motional resistance to be determined (QCM-R). The latter is
related to the energy dissipated during oscillations. Network analyzers (impedance analysis)
propose a more accurate and complete measurement of these physical parameters and can
be easily extended to the study at different overtones (QCM-I). Contrary to impedance
analysis, QCM with dissipation monitoring (QCM-D) permits the simultaneous recording of
both resonant frequency and dissipation factor. These techniques have their own advantages
and disadvantages; and one should carefully choose one/or a combination of these methods

and get the maximum of their benefits, depending on the targeted study.

Then, a comprehensive analysis of the current literature gathering QCM-based
techniques applicable to the battery field has been given. Historically, QCM coupled to
electrochemistry (EQCM) was firstly used to study the SEI formation on a model electrode
(Au). Recently, microbalance studies of SEI have enjoyed a revival thanks to the development
of EQCM with dissipation monitoring in the battery domain, which permits the
characterization of viscoelastic layer at the surface of the resonator. This new inclination of
the EQCM has been extended towards a better understanding of the composite electrode

behavior under cycling. In addition, gravimetric measurements have also been performed to
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assess the reversibility of particle lithiation and the contribution of solvent molecules in the

insertion process.

With this perspective, the scope of this Ph.D. was to gather the advantages of QCM-
based techniques for a practical use in the battery domain to give better insights on the
insertion/extraction mechanism of alkali metal ions in electrode materials, associated to ions
desolvation/solvation processes. The study was also extended to proton insertion and the
importance of water in assisting the charge carrier in such systems. However, obtaining
reliable and artifact-free information from QCM-based techniques is not an easy task. To this
end, appropriate strategies are developed to get the best of the each methodology. EQCM
with motional resistance monitoring (EQCM-R) over EQCM-D has been selected for its ease of
application to battery material study. Nevertheless, the deposited film of active material
needs to follow certain rules to fulfill the gravimetric regime, which is of paramount
importance for further analyses. A methodology based on in situ hydrodynamic spectroscopy
was therefore employed to prove its stiffness and its rigid bond with the quartz, as well as its
homogeneity. Another novelty of our approach is to use ac-electrogravimetry to characterize
the cation and its solvation shell at the interface before its insertion and its associated kinetics.
As a conclusion of the literature analysis, the first milestone, which need to be mastered, is
the deposition of the composite electrode without lateral or vertical inhomogeneity
permitting to validate the gravimetric conditions. Moreover, a suitable EQCM-cell
development was missing in the field, one of the bottleneck for the EQCM studies in the

battery domain.
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Chapter lll = Making advanced electrogravimetry as an
affordable analytical tool for the battery interface
characterization

[11.1 — Introduction

As introduced in the previous chapter, EQCM with motional resistance monitoring was
privileged as an operando analytical method because it is more comprehensible, more user-
friendly and more compatible with todays’ battery tooling. Rather than quantitatively
measuring the viscoelastic properties of the deposited composite electrode upon cycling,
EQCM-R assesses the motional resistance as a viscoelastic indicator. However, it is also
suggested that a proper analytical approach (classical EQCM, multiharmonic EQCM-D or
proposed EQCM-R) has to be defined or be used complementarily, suitable to the field of study
(i.e. here for batteries). A fair comparison, pros and cons of different types of EQCM based

methods are provided in the Chapter II.

To widen the spectrum of EQCM measurements applicable to battery materials
characterization, we propose herein a strategy that combines thin film preparation on QCM
specific substrates, design of EQCM cells, and suitable measurements protocols. This includes
an optimized spray coating technique to elaborate routinely and reliably composite electrode
deposits at the surface of EQCM resonators, with the technique being tunable according to
the physicochemical properties of the components (active material, binder, etc.). A major
development is on the design of hermetically sealed and versatile EQCM cell to mimic battery
conditions that can be used either with aqueous or non-aqueous electrolytes. Moreover, our
designed EQCM cell can be coupled to lab-made and commercial microbalances to assess the
nature of the electrode material (stiff, soft) and its interaction with the electrolyte. For proof
of concept, we demonstrated the reliability and reproducibility of our electrochemical and

gravimetric measurements made by EQCM-R on a model battery material, LiFePOa.

To convey such a new tooling and a comprehensive strategy, this chapter will be
structured as follows. The importance of mastering the thin film deposition on the QCM

substrate is first described prior to addressing the design of new EQCM cells for operating in
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both aqueous and organic media. Secondly, we present how to ensure conformity of the
hydrodynamic and viscoelastic properties of the coating with gravimetric regime
requirements prior to showing the implementation into the EQCM-R in studying model
LiFePO4 electrodes. Lastly, the outcome of both the proposed methodology and new tooling
are used to propose new insights on insertion mechanism in aqueous and organic electrolyte

Li-ion battery, with respect to the state of the art of the field.

[1l.2 — Optimization of the electrode preparation on EQCM resonators

[1l.2.a — Description of the preparation protocol

Previous EQCM-D studies clearly indicate that when the electrode surface is rough or
the electrode itself is porous, additional contribution to frequency changes may occur
depending on the pore width, i.e. the hydrodynamic effect of the trapped or mobile liquid in
the pores (see 11.4.b).17%172 Therefore, the deposition of the composite layer without lateral or
vertical inhomogeneity should be one of the primary concern in the good practice of the EQCM
analyses. Guided by this idea, a considerable amount of effort has been devoted in this thesis
towards the development of the most suitable protocol leading to a homogeneous film rigidly
attached on the surface of the QCM resonator. To this end, a deposition process based on
spray coating was elaborated. Other techniques, enlisting physical vapor deposition®>314,

electrodeposition’®17%18 and sol-gel processes'’3-17>177

offer the benefit of fabricating thin,
rigid, dense and fairly smooth surface layer on the QCM resonator. However, they are limited
to a few battery materials due to the limited temperature range of metal coated-quartz
resonator stability (< 300 °C). Therefore, an important asset of the spray-coating based
deposition process is its feasible implementation to various active materials that can be
synthetized beforehand and deposited under “soft conditions” without any perturbation to
the resonator properties. If necessary, there are options for working at higher electrode
preparation temperatures by using GaPOas as resonator material with the possibility of
reaching up to 600°C.*®” We should recall that spray coating was firstly introduced by Levi et

al.*®8 in 2009 to characterize the ionic fluxes in microporous carbons as supercapacitor

electrodes. However, the procedure was succinctly described, and in certain cases leads to
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non-continuous coatings, depending on the active materials particle size and the nature of the
binder.1’? Therefore, revisiting the essential steps of EQCM electrode preparation was crucial

to get full benefit from EQCM-based methods in the battery field.

To mimic the electrode used in practical batteries, composite electrodes made of an
active material, a conductive agent and a binder were targeted. For this specific study,
commercial LiFePO4 (LFP) having sub-micrometer particles (=~ 200 nm) were employed as
active material to obtain a thin, compact and multi-layered coating. Polyvinylidene fluoride
(PVDF) has been chosen as a binder because of its high chemical inertness, its good mechanical
properties and its less hydrophobic nature compared to Polytetrafluoroethylene (PTFE) for
aqueous cycling. To facilitate the composite film preparation under softer conditions, the
copolymer Poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP) was selected due to
its lower melting temperature compared to that of classical PVDF. The outlines of the protocol

are depicted in the Figure IlI-1.
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O Multi-step process O
1
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Figure IlI-1: Outlines of the different steps permitting a composite electrode on the surface of
a QCM resonator to be obtained. First, the selected materials — active material (AM),
conductive agent (Csp) and binder (PVDF-HFP) — are mixed and solubilized in the case of the
binder in 1-Methyl-2-pyrrolidinone (NMP) by using an ultrasonication horn. NMP is not prone
to evaporation which is a good point considering the elevation of temperature during the
ultrasonication step. The vial can also be cooled down with an ice bath. The 9 MHz Au-coated
quartz resonator is mounted into a designed mask leaving uncovered only the desired electrode
heated at a temperature of 140 °C. A small volume (300 uL) of the homogeneous slurry is
sprayed on the surface of the electrode. The film is exposed to a heating treatment at 200 °C
to permit the spreading of the PVDF-HFP binder from the agglomerates. To conclude the multi-
step process, the film is kept at 120 °C under vacuum to displace the evaporation equilibrium
of the non-volatile solvent. Further details are given in the Materials & Methods.

However, the fine-tuning of the process is rooted in mastering a few details through
the various steps. The ultrasonication step for instance permits to obtain a homogeneous
slurry with different PVDF-HFP/LFP weight concentrations. The combination of the proper
heating temperature and the small droplets created by the spray enables the fast evaporation
of the solvent. Here, air has been used as the spray gas vector but it can be replaced by argon
or nitrogen depending upon the nature of the active material. At this stage, for the sake of
comparison, exactly the same protocol was applied by replacing the spray coating by the

classical drop casting.
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Drop casting Vs. Spray casting

s

Figure I11-2: Macroscopic results and visual inspection of the QCM resonators coated with the
composite electrode — comparison between the drop casting and spray coating techniques.
The Figure IlI-2 shows the morphology differences between the coatings obtained by
those two deposition techniques that is in favor of spray coating. The drop casting
demonstrates the coffee-ring effect'® compared to the macroscopic homogeneous layer
obtained by the spray coating method. However, at the microscopic scale, agglomerates of
materials can be found at the surface of the electrode, even for the spray-coated electrode

(Figure 111-3a).

Heat
treatment

Figure lll-3: SEM images of the composite LFP electrode just after the spray coating step (a) and
after the heating treatment (b).

To circumvent this issue, the film is exposed to a heating treatment at 200 °C to enable
the spreading of the PVDF-HFP thermoplastic binder (Tmeiting = 150 °C*°) and minimizing its
coating roughness so that a laterally homogeneous and flat film as revealed by SEM images
(Figure 111-3b) is observed. Such a heating treatment should not affect the resonator
properties, which are reported to be maintained until 573 °C at which the a- phase transition
in quartz occurs.'®® The resonant frequency of a bare quartz, like the motional resistance,
remains constant before and after the heating treatment, confirming the absence of an effect

on piezoelectric properties.
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Recently, a vacuum filtration-and-transfer (VFT) technique was described for the same

192 with in this case the active material been filtered through a cellulose membrane

purpose,
then transferred to surface of the resonator by dissolving the cellulose with acetone. The
authors claimed that this method overqualified spray drying for obtaining homogeneous
coatings with relative ease and reproducibility. However, this protocol does not permit the
use of common binders of the battery field and especially PVDF, which are soluble in polar
solvent as is the case for cellulose, in the preparation process. The presence of a suitable
binder is an important factor to obtain rigidly attached films at the surface of the QCM
resonator,'®’ therefore, being applicable to only certain binders is a drawback of the VFT
method. To counteract this absence, a film of PVDF can be deposited on the top of the

prepared electrode; however, it is at the expense of the composite electrode permeability and

hydrodynamic.

[11.2.b — Evaluation of the suitable conditions for electrode preparation by EQCM-
R

The resonant frequencies of the bare and loaded resonator (by drop casting or spray
coating) were measured in air at room temperature to obtain the frequency change and the
expected mass of the composite electrode thanks to the Sauerbrey equation (Equation 1I-5),
and therefore the loading. The same measurements were done to get the motional resistance
(R) change of the resonator after the coating. Putting aside the macroscopic aspect of the
composite electrode, its frequency change and motional resistance (R) obtained by spray
coating and drop casting have been compared as a function of slurry concentration in material
as depicted in Figure lll-4. It is noted that the resonators have been prepared using rigorously
the same conditions, i.e. especially the cast and sprayed volume of 300 uL. The Figure lll-4a
shows the as expected quasi-linear behavior between the frequency change and the slurry
concentration for the spray coating method. As for the drop casting, it demonstrates a linear
behavior for concentration below 1 mg/mL then the frequency change seems to stagnate. In
the linear region, for the same concentration, the frequency changes obtained by spray
coating are lower than by drop casting. Consequently, based on the LiFePO4 sample specimen

used, the spray coating is a more suitable option to obtain a wide range of predictable
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frequency change, therefore loading and the presented figure can be used as a calibration

curve (Figure llI-4a).
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Figure Ill-4: (a) Frequency changes, expected loadings and (b) motional resistances of
composite films measured in air prepared by drop casting or spray coating techniques as a
function of the slurry concentration (the cast and sprayed volume are kept at a constant value
of 300 pL). To obtain the error bars, the experiments have been replicated three times.

The motional resistance (R) values are used to evaluate the coating quality obtained
by the two methods. The R values for the drop cast coatings (Figure Ill-4b) show a linear
behavior as the slurry concentration increases and a plateau at values exceeding 1.5 mg.mL™.
This saturation coincides roughly with frequency change saturation observed in Figure Ill-4a.
Significantly lower R values were observed for the spray coated resonators, however they also
exhibit a threshold and substantially increase for concentration values higher than 1 mg.mL™.
Considering the high R values for high slurry concentrations, we can assert the deviation from
the gravimetric conditions, especially significant for drop-cast coatings. Therefore, the
respective loadings given at the high end of the Figure lll-4a are only estimated and may
deviate from the genuine values, due to the energy dissipation. However, even when the
loading is higher, the spray coating results in relatively lower motional resistance. Before the

threshold, the R values are low (< 150 Q) compared to that of the bare electrode (10 Q).

81



Chapter llI

Smaller error bars in the case of spray coating are also noted. The full resonance width change
(AW) was also calculated thanks to a procedure described in the Chapter Il (Equation I-20).
The condition of the gravimetric sensing, i.e. |AW| < |Af| was found only in the case of spray
coating for slurry concentration strictly below 1.5 mg/mL (Figure IlI-5), for the electrode

composition of this study.

—=— Drop casting
—e— Spray coating ]

1 'l L 1 1 1
00 05 10 15 20 25 30 35
Slurry Concentration (mg/mL)

Figure I1I-5: AW /Af ratio of composite LFP films measured in air prepared by drop casting or
spray coating techniques as a function of the slurry concentration.

Therefore, the spray coating has been selected to obtain composite LFP films with
higher reproducibility and lower motional resistance. A slurry concentration of 1 mg/mL has
been chosen as uppermost point to obtain loadings in a range between 20 and 60 pg.cm™ and
employed in the electrogravimetric investigations, thereafter. It is noted that these conditions
are specific to LFP nanoparticles and the PVDF-HFP binder employed here and should be
redefined using the methodology described above depending on the active material and/or

binder.

l1l.3 — Design and validation of airtight EQCM cell testing workbench

[11.3.a — Cell presentation

Past and present cells to perform EQCM measurements suffer, among others, from
lack of airtightness, incompatibility with battery-like architecture (small volume of electrolyte,
electrode geometry and positioning) and/or a cumbersome assembly. These drawbacks can

hinder the wider exploitation of EQCM in the battery field. Therefore, we designed and built
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a dedicated tooling with required cell characteristics. Specific cell designs are represented in

the Figure llI-6.
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Figure IllI-6: Graphical representation of the EQCM cell designed for battery electrode testing
in (a) organic and (b) aqueous electrolytes.

The assembly is convenient to be manipulated in a glovebox, during the loading of air
sensitive components into the cell (e.g. metallic Li electrodes, electrolytes, etc.), but it is
designed to be used for performing electrochemical tests outside the glovebox thanks to its
hermetic closing mechanism. Polypropylene (PP) has been selected as the core cell material
because of its numerous advantages: good resistance to fatigue, chemical resistance to almost
all organic solvents, low density and hydrophobic property, which makes it easier to dry when
switching from aqueous to organic electrolytes. Within this new design, the oscillator is
connected to the cell thanks to a BNC connector as represented in the Figure Ill-7 and to the

potentiostat via 2 mm banana plugs to obtain reliable connections.
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Figure IlI-7: 3D rendering of the versatile EQCM cell developed for battery electrode testing in
(a) organic and (b) aqueous electrolytes.

Using such standard connections, this cell can be easily interrogated by different lab-
made or commercial methods of read-out: EQCM, EQCM-R or Network analyzer and it can be
made compatible with available EQCM-D apparatus. We have a pending patent entitled: “Test

cell for the EQCM characterization of electrochemical systems” to protect our designs.

[11.3.b — Cell evaluation

The designed cell has undergone a battery of tests to confirm the desired features:
impedance, battery-like configuration and airtightness as well as the temperature influence
on the resonant frequency. The cell impedance, as deduced by impedance spectroscopy
(Figure 111-8), presents a negative straight-line characteristic of an inductance in series with a
resistance which values were calculated as 308 nH and 35.6 mQ, respectively. The smallness
of these values demonstrates only minor influence of the cell impedance to the
electrochemical impedance spectroscopy (EIS) measurements, which expands the versatility
of EQCM cell to other coupled methods, e.g. QCM coupled to EIS, the already presented ac-

electrogravimetry (see Il.4.c).
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Figure 111-8: Impedance response of the developed EQCM cell fitted with an L-R equivalent
circuit.

The required specifications for development of an EQCM cell hosting an organic
electrolyte were to mimic the configuration used in a practical Li-based battery. Therefore,
the counter electrode faces the resonator with the same surface. The distance between them
has been minimized to obtain a volume of electrolyte comprised between 300 and 500 pL.
Additionally, the cell can host a reference electrode through a lateral opening. In this chapter,
we used a piece of lithium metal placed at the tip of a stainless steel rod as reference electrode
to obtain a more realistic measurement of the different potentials, working and counter
electrodes. To avoid leakage of the electrolyte, perfluoroelastomer O-rings known for their
non-swelling behavior in organic electrolyte were used in conjunction with four screws to
impose pressure and provide the complete airtightness to the cell. The efficacy of the cell
against water uptake upon time has been monitored by Karl Fischer titration (Figure 11I-9) and
after two weeks, a water contamination by less than 60 ppm was measured. Therefore, the
electrochemical measurements in organic electrolyte can be performed in a non-inert
atmosphere without the risk of water or oxygen contamination. Moreover, this EQCM cell has
a compact geometry that facilitates the transfer in and out of the glovebox through a small
antechamber. Last and worth mentioning is the versatility of our cell setup that enables to
perform battery testing in aqueous electrolyte by replacing the top part of the cell (Figure
[1I-6b and Figure IlI-7b) to increase the electrolyte volume for enabling the use of commercial

counter and reference electrodes (aqueous-based).
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Figure I11-9: Water content in the EQCM cell filled with an organic electrolyte, monitored by Karl
Fischer titration after different time of exposure to the atmosphere.

At this stage, it was mandatory to check any eventual perturbation of the quartz
resonant frequency by our new cell confinement. Bearing in mind that AT-cut quartz crystals
are typically used due to their low sensitivity to temperature®®3, we have inspected the
temperature dependence of the resonant frequency, f, in this specific cell design. Intervals of
different temperature has been applied to the EQCM cell equipped with a bare resonator and

its Af value has been monitored over time, represented in the Figure 11I-10.
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Figure IlI-10: Resonant frequency response of the resonator to temperature stimuli.

A drastic decrease of the f values appears synchronously with the temperature rise.
However, the f stabilization is much slower than that of temperature. Thus, the temperature
is an important factor to take into account during long cycling and makes f measurement
practically incompatible with glovebox conditions. Therefore, it is recommend to launch
experiments after sitting the EQCM cell at Open-Circuit Potential (OCP) for 4 h to obtain the
frequency stability before performing battery cycling tests at 25 °C. Pleasantly, it can be noted

that the frequency change is totally reversible with the temperature.
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[11.3.c — Calibration factor estimation

The calibration or sensitivity factor Cr from the Sauerbrey equation (Equation II-5) that
is also an essential input parameter, has been estimated experimentally thanks to the classical
Cu electrodeposition on the gold electrode of the quartz resonators. For the sake of
comparison, both galvanostatic electrogeneration and cyclic voltammetry were employed and

the results are presented in the Figure Ill-11.
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Figure I1I-11: Electrodeposition of copper in CuSO4 0.05 mol.L™t and H2S04 0.5 mol.L! by (a left)
galvanostatic method at-1 mA.cm™ (b left) cyclic voltammetry at 25 mV.s™ (a b right) Frequency
change as a function of the estimated mass.

The slope between the Af and the Am (estimated by the Faraday’s law) provides the
experimental Cr value. To obtain good statistics, the experiments were performed several

times with different applied current densities and scan rates represented in the Table IlI-1.
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Table Ill-1: Sensitivity factors obtained during copper electrodeposition by galvanostatic (left)
and cyclic voltammetry (right) techniques

j (mA.cm=) Cr (ng.Hz!) vb (MV.s?) Cr (ng.Hz")
1.26 1.18
5
1.14 1.19
-1 1.16 1.19
10
1.22 1.20
1.22 1.24
25
1.21 1.23
1.20 1.24
50
-2.510°3 1.24 1.25
1.18
1.25

It leads to the experimental Cr value of 1.21 + 0.03 ng.Hz! that is used for the
electrogravimetric studies, thereafter, instead of the theoretical value of 1.08 ng.Hz1. This
difference has no explanation and can be found in the literature. Lastly, the motional
resistance (R) during the electrodeposition/stripping of copper was also recorded and it is

plotted in the Figure 111-12.
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Figure I1I-12: Motional resistance measurement during electrodeposition in CuSO4 0.05 mol.L?
and H2504 0.5 mol.L! (a) galvanostatic at -1 mA.cm™ and in (b) cyclic voltammetry at 25 mV.s
1

A AR value of 25 Q was measured for the electrodeposition by galvanostatic method,

while the cyclic voltammetry demonstrates a transient variation of solely 10 Q. Both processes
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(Figure 111-11 and Figure 111-12) lead to the high Af /AR ratios (or |AW| « |Af]), indicator for
the rigidity of the metallic layer.’® A slightly higher Af /AR ratio is noticed for the film
obtained by CV, which can be explained by an electrodeposition method-dependent

morphology leading to slight difference in hydrodynamic properties.

l11.4 — Verification of hydrodynamic and viscoelastic properties in
electrolyte

l1l.4.a — Rigidity assessment

At this stage, by combining optimized coating process and the new cell design
developed during this Ph.D. thesis, we have made part of the requirements towards the
development of an EQCM based research tool compatible with battery testing. However, to
conveniently interpret the EQCM results into exploitable mass change, another important
aspect has to be checked. When the coating is transferred to electrolyte, its hydrodynamic
and viscoelastic properties need to remain negligible, so that they do not intervene to the
microbalance functioning as explained in the previous chapter. The optimized coating
procedure of our work is expected to minimize the vertical and lateral inhomogeneity of the
LFP composite film and thus, minimize the oscillation energy dissipation originated from the
rough surface/electrolyte interactions. However, for a definite validation, QCM with
dissipation monitoring was performed following the protocol described in the previous

chapter (see 11.4.b).
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Figure I1I-13: Shifts of frequency Af /n (negative) and resonance width AW /n (positive) at
different overtones (n =3 to n = 11) as a function of time, when the composite film is
transferred from air to electrolyte. (a) in water and (b) in propylene carbonate.
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The resonant frequency, f, and the absolute dissipation factor, D, was recorded at the
different overtone orders, n, during the passage from air to the electrolyte solution (1 mol.L?
LiClO4 in water or propylene carbonate) under Open-Circuit Potential (OCP). The absolute
dissipation factor has been replaced by the resonant width thanks to the relation: W = f X D
(Equation 11-12). Such measurements are depicted in the Figure 1lI-13. Independently of the
solvent, Af /n and AW /n demonstrated a non-time-dependent behavior and an algebraically
decrease with the overtone order. The steadiness of the signals at each overtones manifests
the rigidity of the film and the rigid bonding between the coating and the quartz, in agreement

with the previous studies.!6.167.172

l1l.4.b — In situ hydrodynamic spectroscopy of the composite electrode

To obtain further insights on the solid-liquid interaction (the hydrodynamic
properties), Af /n and AW /2n normalized by plfoz (where p; is the density of the studied
liquid) are plotted as a function of the penetration depth of the shear wave (Equation 1I-6), §,

across the boundary layer between the resonator and the electrolyte in the Figure 11I-14.
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and resonance width AW /2n (red) as a function of the penetration depth. Shifts are referenced
to that of the film in air rather than to the bare crystal. The top (bottom) panel represents the
measurement performed in water (propylene carbonate).

This figure shows that the penetration depth values are smaller in the case of aqueous
electrolyte due to the lower density and viscosity of water. QCM-D is therefore more sensitive
in agqueous than in organic electrolyte, which may explain the slightly more scattered AW /2n
data, for the former. In both solvents, Af /n and AW /2n versus § data present straight lines
with a quite similar slope (in absolute value). The modified Kanazawa and Gordon equation,4
which describes the hydrodynamic interaction between a film with a flat surface and a
Newtonian liquid leads the normalized frequency and resonance width shifts to solely depend

on the penetration depth, §, according to the Equation II-18 and Equation 11-19.

These two values leads to a straight line as a function of the penetration depth of which
slope only depends on the intrinsic properties of the quartz, its density p, and shear modulus
Uq- Here, the straight lines with similar slopes depicted in the Figure Ill-14 are QCM-D
signature of the hydrodynamic interaction between liquid and stiff solid film with plane
surface. In conclusion, our coating process of the composite LFP film is optimized and fulfills
the gravimetric conditions under OCP and therefore, the Sauerbrey relationship can be

employed to treat microbalance data.
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l1l.5 — Electrochemical-gravimetric measurements of an intercalation
material

[11.5.a — Viscoelastic properties upon cycling

After validation of the metrics regarding the EQCM cell design and mastering the
coating attributes, the analytical approach has been implemented to battery testing. For proof
of concept, LiFePOs is particularly suitable as an active material due to its versatile cyclability
both in organic and aqueous electrolytes. As the redox potential nicely falls into the
thermodynamic stability of the electrolyte, it eliminates the risks of parasitic reactions'®>
(transition metal dissolution and growth of a Cathode-Electrolyte Interface). Frequency
change and absolute motional resistance were simultaneously measured on LFP-based
deposits during cyclic voltammetry at various scan rates in water or in propylene carbonate
based electrolyte in 1 mol.L? of LiClO4. The results for each electrolyte and each scan rate are

gathered in the Figure I1I-15.
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Figure IlI-15: Cyclic voltammetry of LFP composite electrodes at different scan rates, in 1 mol.L
L LiClO4 (a) in water and (b) in propylene carbonate. Current, frequency change and absolute
motional resistance were simultaneously measured. The frequency change was converted into
mass change and normalized by the active material loading. The fifth cycle is here represented
for each scan rate.

The small variation (less than 2 %) of the motional resistance in both electrolytes during
CV (Figure 11I-15, third row) reveals the rigidity retention!®® during the lithium
insertion/extraction. Such an EQCM-R testing protocol ensures that the Sauerbrey equation
applies for extracting the Am from the measured Af values, using Equation II-5 and the
experimental C; value determined previously in the subsection Ill.3.c In addition, it is
reinforced by the small full resonance width changes compared to the frequency changes
(JAW| «< |Af|) during cycling in both electrolytes (Figure I1l-16). As the measurements were
not performed on the same electrode with identical loading, the Am has been normalized to

be able to compare the electrogravimetric behavior in two different electrolytes (Figure IlI-15,

middle panel).
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Figure llI-16: Comparison of frequency and full resonance width changes during cyclic
voltammetry of LFP composite electrodes, in 1 mol.L™? LiClO4 (a) in water at a scan rate of 1
mV.stand (b) in propylene carbonate at 0.1 mV.s*. The fifth cycle is here represented.

[11.5.b — Direct outputs of EQCM-R on an intercalation compounds

Classical electrochemical response of LFP was observed in both organic and aqueous
electrolytes with redox peaks centered around 3.44 V vs. Li*/Li°. Aqueous electrolyte presents
sharper peaks than organic electrolyte even if it has been performed at faster scan rates. The
potential difference of the redox peaks is also smaller in agueous electrolyte as well as the
hysteresis in normalized Am responses. Since this hysteresis is more pronounced in organic
electrolyte, the mass variation spreads on a larger potential window. The difference between
the maximum and the minimum mass directly reflects the (de)lithiation stoichiometry in
LixFePOa. Its dependence on the scan rate can be correlated with the dynamic of lithium ions
insertion/extraction into the electrode material. In comparison to thick composite electrode
used in practical application, it must be stressed that coatings of limited masses provide a
facile accessibility of the electrolyte to the intercalation particles. This enables the full

lithiation/delithiation occurring in a shorter period of time.

Exploring further the differences between aqueous and non-aqueous electrolytes, we
note for the former an increase in the scan rate results in a slight decrease of the normalized
Am (Figure llI-15a, middle panel). This contrasts with the organic electrolyte, which shows a
substantially smaller normalized Am with increasing scan rate, in an extent that solely half of
the particles is delithiated at a 5 mV.s™! scan rate (Figure IlI-15b, middle panel). Therefore,
electrogravimetric measurements clearly prove a better rate capability of LFP in aqueous

rather than in organic electrolyte. Additionally, by performing electrogravimetric analyses on
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both aqueous and non-aqueous electrolytes over long cycling (more than 50 cycles) we note
a sustained synchronization between the redox peaks and the mass variation upon cycling

(Figure 111-17), indicative of the robustness of our measurements.
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Figure IlI-17: Electrochemical-gravimetric measurement of composite LFP electrode in cyclic
voltammetry at 1 mV.s! in 1 mol.L"? LiClO4 in water. (a) Current and (b) mass response,
simultaneously measured by EQCM.

Moreover, we intriguingly observed in both water and organic electrolytes a linear
drift of the Q versus time, which cannot be explained by a SEI formation especially in water
(Figure 111-18a). This drift was identified as intrinsic to our potentiostat and to all brands, with
presence of a brand-dependent slope (Figure IlI-18b). Having identified this problem, the Q
curve has been corrected by this slope coefficient, as represented in the Figure IlI-18a, before

being translated into theoretical Ampgrq4qy -
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Figure 111-18: (a) Raw and corrected charge measurement during the CV of LFP electrode at 1
mV/s in 1 mol/L LiClO4 in water. (b) Charge visualization of CVs performed on a dummy cell at
10 mV/s on 3 different commercial potentiostats.

l1l.5.c — New insights on the insertion mechanism at electrode-electrolyte
interface

Next, we compared (Figure 111-19a) the electrochemical mass variation, AMggrqday,
associated to the lithium ion insertion/extraction processed from the charge (Q) passing
through the system (thanks to the Faraday’s law) against the mass variation Amggcy
estimated by the Sauerbrey equation. A striking result is the large difference between the
AMpgraaay and the Amgoey that can be observed in aqueous electrolyte, but in propylene-
based electrolyte as well (Figure 1ll-19b) and of greater amplitude. In both cases Amggcy is
substantially higher than Amg,;.444, and this cannot be ascribed to the evolution upon cycling

of the hydrodynamic or viscoelastic property of the film as every parameters have previously

been verified.

96



Chapter Il

a 100 . :
Water

o
=]
=]

——Experimental | Propylene —Experimentlal
—— Faraday . Carbonate —— Faraday

{

-
£

- | !

0 10 20 30 40 50 0 150 300 450 600 750
Time (min) Time (min)

E’J

L
=}
S

Mas§ change (ng)
S
(=]

w
(=]
S

Figure IlI-19: Experimental (Ameacm) and electrochemical mass comparison (AMraraday), (@) CV
at 1 mV.stin water and (b) CV at 0.1 mV.s in propylene carbonate.

Tsionsky and co-workers proposed the formation of a “viscous layer” at the flat
electrode/electrolyte interface.'®® This increase of the local viscosity compared to the bulk of
the electrolyte is due to the accumulation of cations in the double layer region when the
electrode is negatively polarized and may contribute to frequency measurements. However,
this contribution can partly explain the phenomenon and is negligible in comparison with this
recorded mass difference. Since the incorporation of solvent molecules into LiFePQOs is
impossible from structural point of view, we hypothesize that the solvent molecules could play
a key role at the LFP-electrolyte interface. To elucidate the contribution of the solvent, the
data was processed for scan rates for which the full delithiation is possible in both electrolytes
(i.,e. for aqueous 1 mV.s? and organic 0.1 mV.s!). Supposing the involved complex
[Li, z Solvent]™, the number of solvent molecules associated to the Li* at the EEIl can be

determined thanks to the following equation:

_ Psowent _  My+  m—my Equation IlI-1

npi+ MSolvent mpi+

where n; and M; are the number of moles and the molar mass, respectively, of the lithium or
the solvent molecules (water or propylene carbonate). The entities, m and m;;+ are the
experimental mass and the electrochemical mass (calculated from the Faraday’s law),

respectively.
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Figure 11I-20: Determination of the number of solvents involved in the lithium
insertion/extraction process (a) in CV at 1 mV.stin water and (b) in CVat 0.1 mV.stin propylene

carbonate.

The results of these calculations are plotted in Figure 11I-20a and Figure 111-20b for H,0-
based and PC-based electrolytes, respectively. The number of solvent molecules involved in
the lithium insertion/extraction process of LiFePO4 in water media (Figure 11I-20a) averages at
0.35 with a decrease during the extraction and an increase during insertion. This value is lower
and equal to 0.15 in propylene carbonate-based electrolyte (Figure 111-20b) with however the
same “up and down” feature during lithium insertion and extraction. These results were found
in a reproducible way in at least three experiments. Altogether, these results provide
experimental evidence for the logical depletion and accumulation of solvent molecules at the
EEl when lithium ions are extracted and inserted, respectively, with the amplitude of this

feature been solvent dependent and the most pronounced in aqueous media.

l1l.6 — Simulation of the interface between the electrolyte and a
model electrode

lll.6.a — Interfacial density profiles of the different species involved

To obtain fruitful information on the interaction between Li cations and solvent
molecules at the interface, a model gold electrode in contact with our electrolytes was
simulated by classical Molecular Dynamics (MD). The computational details are given in the
Materials and Methods. The Figure IlI-21 shows the density profiles in the direction normal to

the Au (100) surface (z) for both 1 mol.L™ LiClO4 (a,c) in H20 and (b,d) in PC. By looking at the
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magnified zoom of the region close to the Au surface (Figure IlI-21c and d), one can
immediately appreciate the remarkable difference in the density profile of Li* ions (green) in
the aqueous and non-aqueous solvent. In water, a very intense and sharp peak is found at
about z = 2.5 A, followed by a less intense peak, while this is not the case in PC, where the

second peak has a higher intensity than the first one.
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Figure I1I-21: Density profiles in the direction normal to the Au (100) surface (z) for 1 mol.L*!
LiClO4 (a) in H20 and (b) in PC. In the case of PC, C2 refers to the carbon atom of the ring linked
to the methyl group, while C4 is the carbon atom of the carbonyl group. Magnified views of the
region close to the electrode surface are provided in panels (c) and (d).

In both solvents, the first peak corresponds to inner-sphere adsorption, where Li*
cations are solvated within the topmost solvent layer in contact with the metal surface. By
contrast, the second peak corresponds to outer-sphere adsorption, where Li* cations are
separated from the metal by one solvent layer. Therefore, we can conclude that inner-sphere
adsorption is preferred for Li* in water, while outer-sphere adsorption is more probable in

propylene carbonate.
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l1l.6.b — Energy landscape and solvation from the electrolyte bulk to the interface

From the Li* density profile, it is now possible to compute the potential of mean force

(PMF, free energy) through the following expression:
PMF = —kg T In(P(2)) Equation I1I-2

where P(z) is the probability to find the ion at a certain distance from the electrode (obtained
from the density profile of Figure Ill-21), kg the Boltzmann’s constant (1.38 102 J.K?!) and T

the temperature (K).

Note that a maximum in the density profile corresponds to a minimum in the PMF and
vice-versa. From right to left, the PMF provides an estimate of the energy required to bring
the ion from the bulk to a distance z from the interface. The results are shown in Figure 111-22a
and Figure IlI-22b for Li* in H,0 and Li* in PC, respectively. As already noted for the density
profiles, the Li* PMF in the aqueous and organic solvent are remarkably different. In both
cases, the most important feature is the highest free energy barrier, observed at z around 7
A. This is the barrier that Li* cations have to overcome to pass from outer- to inner-sphere
adsorption and thus arrive in direct contact with the surface. As it can be seen in the Figure
[lI-22a and Figure IlI-22b, a much higher barrier of about 185 meV is observed in PC versus
only 47 meV in water. Moreover, in case of PC, a second barrier (~*41 meV) is present at z =

10-12 A, suggesting that an energetic penalty also exists for Li* to access the interfacial region.
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Figure 111-22: Li* potential of mean force (PMF, free energy in meV) in the direction normal to
the Au (100) surface (z) for 1 mol.L't LiClO4 (a) in H20 and (b) in PC. Evolution of the Li-solvent
coordination number as a function of the distance z from the electrode surface (red line) (c) in
water and (d) in PC . A cut-off distance of 3 A (i.e. first minimum of the Li-O, with O the oxygen
atom of H,O or the carbonyl group oxygen atom of PC) radial distribution function has been
used. The density profiles of water and PC (blue), and Au (orange) are also plotted.

In order to complement the picture, we have then analyzed the evolution of the Li-
solvent coordination number as a function of the distance z from the electrode in the two
systems. A cut-off distance of 34, that corresponds to the first minimum of the Li-O (where O
is the oxygen atom of H,O or the carbonyl group oxygen atom of PC) radial distribution
function, has been chosen. In water (Figure 1ll-22c), the Li-H,0 coordination number shows
only small variations as a function of z (from 4.5 to 5), with an average coordination number
in the bulk region of 4.8. This number is in very good agreement with an experimental neutron
scattering study of 1 mol.L? LiCl in water, reporting that Li* is coordinated by 4-5 H,0
molecules with an average occupancy of 4.85.%°7 In particular, the coordination number in the
first water layer in contact with the Au surface (z = 2-3 A) is almost identical to the one in the
bulk, and the Li* hydration shell is stripped off only once the ion leaves this water layer and
reaches the metal surface (z < 2 A). Very different is the evolution of the Li-solvent

coordination number in propylene carbonate (Figure IlI-22d), which shows much larger
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fluctuations as a function of z, with numbers in between 1 and 6. This result indicates that the
Li-PC solvation shell is not very stable and it can be stripped off also far from the surface, at
variance with water. Inspection of snapshots extracted from the MD simulation (a
representative one is provided in the Figure 11I-23), reveals that these fluctuations are
connected to strong Li*-ClO4™ ion pairing, with the formation of clusters of ion pairs. However,
when approaching a distance z from the surface of less than = 10 A, the size of the clusters is
reduced and some Li* are not involved in ion-pairs. The energy barrier in the PMF at z = 10 A
to access the interfacial region, which exists only for Li* in PC, can be explained by a change in

the Li* coordination.

Figure 111-23: Representative snapshot extracted from the MD simulation of 1 mol.L™ LiClO4 in
PC between two planar Au (100) electrodes at a fixed difference potential of O V. Li* cations are
represented in pink, ClO4~ anions in cyan/red and PC solvent with grey points. The green
rectangles highlight the interfacial region up to a distance of 10 A from the Au surface.

l1l.7 — Chapter conclusions

We have reported a comprehensive new protocol that combines a multi-step coating
process, the design of a new hardware and verification steps to securely interpret the EQCM
results into exploitable mass changes, hence facilitating the ingress of this user-friendly
characterization tool in battery research. Regarding our coating process, it includes multi-
steps offering reproducible film deposits with a lateral and vertical homogeneity that can be
tuned depending on the characteristics of the active material and/or binder. For proof of
concept, we have used the well-known LiFePO4 phase as a model material and the quality of
the films obtained for gravimetric measurements was secured via QCM-D measurements at
multiharmonic that successfully revealed the hydrodynamic behavior of a flat surface film,

rigidly attached to the resonator in both agueous and non-aqueous electrolytes.
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Most of the publications employing EQCM in organic media, describe measurements
performed in a glovebox or restricted to one brand of frequency read-out. To alleviate these
burdens we have developed a new cell dedicated to EQCM measurement for battery, and also
supercapacitor testing. It offers several advantages: mimic the battery configuration, ensure
airtightness (no exposure to any contaminant) while having low impedance and being
reproducible. Moreover, besides its versatility of hosting either aqueous or non-aqueous
electrolyte, it is compatible with the complementary techniques comprised in the QCM

toolbox: EQCM, EQCM-R, network analyzer and EQCM-D.

Additionally, the practicality of our approach, mainly for analyzing active materials that
can suffer from the larger constraints during cycling is rooted in the dual monitoring of
motional resistance and frequency. Hence, our suggestion is of using EQCM-R as a convenient
qualitative viscoelastic indicator, which can be completed by EQCM-D if viscoelasticity is
predominant. Let us reiterate that a small variation of the motional resistance during cycling
attests that the rigidity of the composite LFP films is preserved during (de)insertion of Li*.
Checking these properties is essential to avoid a large dissipation of energy when modified
QCM resonators are immersed in an electrolyte, which may result in an over/under estimation

of the real mass change.

New trends in the battery field, such as the use of agqueous electrolytes as alternatives
to organic counterparts, brings the necessity to revisit even the model materials behavior,
under the new operation conditions, hence the ever-increasing interest for the EQCM
technique. For example, the higher rate capability of LFP particles in aqueous electrolytes
compared with organic counterparts, even in practical batteries!®®, has been demonstrated
but underlying reasons are poorly understood. Addressing this question by our EQCM-R
based strategy led us to directly assess the partial or total LFP delithiation conditions,
depending on the potential scan rate, in two different media. We unambiguously proved that
the Li* insertion/extraction mechanism in LiFePOs is solvent-dependent. Moreover, by
comparing the experimental Ameqcv and theoretical Ameraraday mass changes accompanying
the insertion and extraction of Li* ions in both electrolytes, we provide evidence for a solvent-
assisted insertion process with the number of solvent molecules pertaining to the solvation
shell being markedly greater for water than for propylene carbonate-based electrolytes. This

higher concentration variation of water molecules at the EEl of composite LFP electrode
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enables a faster insertion/extraction at the vicinity of the active material particle. Song et al.1*°
reported similar conclusions based on EQCM studies performed with binder-free coatings.
However, they solely obtained an approximate estimation of the number of solvent molecules
involved the interfacial mechanism, because of gravimetric curves presenting unexpected
profiles. We believe that the reason is rooted in the absence of binder in their coatings, hence
re-insisting that binders are essential to accommodate the strain caused by the Li* insertion in

LFP, avoiding its viscoelastic evolution.16816°

Such findings are independently supported by our Molecular Dynamics and ab initio
calculations?® that show the formation of a chemisorbed H,0 molecules at the interface with
LiFePO4 which facilitates the lithium desolvation process near the surface and therefore
accelerates the Li-ion transport across the EEI. This scenario do not occur in presence of big
organic molecules alike propylene carbonate owing to steric hindrance and the higher free
energy cost to bring the Li* close to the electrode. These calculations, combined with our
experimental findings regarding the depletion/increase of the solvent concentration during
the lithium insertion/extraction demonstrate the lithium desolvation from its water shell near
the active material surface while in organic media the removal of the organic solvation shell
happens further apart from the interface. This implies a higher energy of desolvation in non-
aqueous rather than in aqueous electrolyte, hence accounting for the solvent-dependent rate
capability trends observed with LFP. The strong interaction between Li* and ClO4™ (ion pairing)

especially in organic electrolyte can also be an explanation.

This chapter was limited to LiFePO4; however, our developments of the EQCM tooling
for battery research together with means of getting insights on the behavior of solvated Li*
ions at EEIl can be extended to other charge carriers (Na*, K*, ...) and electrode materials, in
view of screening/predicting in which electrolyte composition, optimum performance can be
reached. To this end, we aimed to rationalize the peculiar solvent-dependent EEl behavior of
lithium insertion by the particular case of the K-ion chemistry in the next chapter. In addition
to the EQCM based methods employed here for EEl study, we proposed a better quantification
of interfacial insertion kinetics of intervening species (i.e. K* and solvent molecules) by

performing EQCM and EIS coupling, ac-electrogravimetry.
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Chapter IV — Probing the electrode-electrolyte interface of
potassium-ion battery - Aqueous vs. Non-aqueous
electrolytes

IV.1 - Introduction

The previous chapter evidenced that the insertion process in Li-ion host material
(shown for LFP) is assisted by solvent molecules at the electrode-electrolyte interface (EEI). In
addition, this solvent-assisted mechanism seems to govern the rate capability difference
found between the organic and aqueous electrolytes, attributed to a higher desolvation
energy of Li ions at the organic electrolyte interface than that occurs in aqueous analogue. In
conformity with this result, a part of the literature (see I.2.b) expressed the importance of the
solvation shell on the alkali metal cation intercalation in the host material. However, it is still
widely admitted by the battery community that rate capability of alkali metal-ion batteries are
only influenced by the ions’ transport properties in the bulk of the electrolyte. The better ionic
transport properties when moving from lithium to potassium ions is rationalized by the
weaker Lewis acidity of the latter.? This results in a smaller Stockes radius, i.e. cation and its
solvation shell, and therefore an easier vehicle-type displacement in the bulk of the electrolyte
when a concentration gradient is imposed (Figure I-7). Another parameter, not to be
disregarded, is the desolvation energy of the cation in the bulk of the electrolyte, which is
modified in moving from Li* to Cs* within the alkali metal column. Regardless of the nature of
the electrolyte (non-aqueous or aqueous), the desolvation energy decreases when moving
from lithium to potassium ion. It can be noted that the dehydration energy is yet always higher

than desolvation energy in an organic electrolyte.>1%¢

To strengthen the results obtained with the Li-ion host in the previous chapter
concerning the solvent-assisted insertion mechanism and the prominence of the solvation
shell on the rate capability, other alkali metal-ion batteries should be investigated. With
potassium ions, featuring a smaller and weaker solvation shell in the bulk of the electrolyte,
the K-ion chemistry should be the ideal candidate to untangle the different steps taking place
during the cation insertion and to confirm the significance of the desolvation stage. In this
regard, a K-ion host, Prussian Blue (PB) has been selected as a model compound, fulfilling the
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same criteria as LFP in the previous chapter. Potassium ions can be inserted in the PB phase
either in aqueous and non-aqueous electrolytes. Another benefit is that this phase can be
electrodeposited, enabling an easy thickness and morphology control, thanks to
electrochemistry. It can be noted that FePOs is also known as K-ion host; however, K* can only
be inserted in the amorphous and porous phase, which isincompatible with purely gravimetric

measurement.2°1

To conduct such EEI study, this chapter will be structured as follows. After the
electrodeposition of the Prussian Blue phase, the structure and morphology of the resulting
films are characterized to evidence their “unambiguous controlled deposition” and conformity
for an operando EQCM study. Then, electrochemical and electrochemical-gravimetric analyses
are performed to demonstrate the prominence of the ions’ desolvation step on the battery
kinetics. To clearly identify the species involved in the interfacial processes and to estimate
their respective insertion kinetics, EIS and EQCM coupling, ac-electrogravimetry is employed.
The electrochemical-gravimetric analyses results are integrated to propose a clear grasp of

the dynamic electrode-electrolyte interface during the insertion process.

IV.2 — Phase preparation and characterization

IV.2.a — Morphological and structural description

The Prussian Blue phase was prepared by electrodeposition at the surface of gold
patterned quartz resonators in an acidic solution containing ferric and ferricyanide ions.
Experimental details of the electrodeposition protocol are provided in the Materials &
Methods section. A constant -40 pA.cm cathodic current was applied during different period
of time (tgzp): 150, 300, 450 and 600 s, to obtain theoretical thicknesses of 100, 200, 300 and
400 nm, respectively. The electrochemical curves for electrodeposition procedure are plotted
in the Figure IV-1a. It shows a plateau of potential, which is independent of the deposition
time, characteristic of the Fe4”1 [Fe''(CN)g]; electrodeposition (Prussian Blue) following this

equation:

3Fe(CN)s"™ + 4 Fe3* +3 e = Fe,''[Fe(CN)4]s Equation V-1
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Figure IV-1: Electrodeposition of Prussian Blue films. (a) Chronopotentiometry at -40 pA.cm™in
HCl 0.01 mol.L, K5[Fe(CN)g] 0.02 mol.L™* and FeCl3 0.02 mol.L'! and (b) operando frequency
change measurement by EQCM during different periods of time.

The resonant frequency of the quartz resonator was monitored during the
electrodeposition process and the opposite of the frequency change (directly proportional to
the mass change) is represented in the Figure IV-1b. The mass linearly increases and its slope
is practically independent of the electrodeposition time, indicating the formation of films with
different thickness but similar molar mass. In addition to the resonators used as substrates for
EQCM studies, a relatively thick film (1 um, tzp of 1500 s) of PB was also prepared on a gold
disk electrode. X-ray diffraction was used to characterize the electrodeposited phase, the XRD
pattern is presented in the Figure IV-2a. It shows both intense peaks characteristic of the gold
substrate and relatively less intense peaks, which can be indexed in a cubic Fm3m unit cell.
Despite the broadness of the peaks demonstrating the low crystallinity of the produced phase,
they correspond to the reported Fe4I”[Fe"(CN)6]3 Prussian Blue phase. The Figure IV-2b
depicts the structural model deduced from the Rietveld refinement, which shows a cubic

structure with a characteristic distance of 10.1 A.
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Figure IV-2: (a) Rietveld refinement of XRD patterns of a 1 um thick Prussian Blue film on a gold
substrate. The red circles, dark blue continuous line and bottom blue line represent the
observed, calculated and difference patterns, respectively. Prussian Blue phase and gold are
indexed by blue and orange bars, respectively. (b) The corresponding structural model.

The FEG-SEM images, shown in the Figure IV-3a-d, indicate that the electrodeposited
films are conformal and flat at the surface of the quartz resonator, independently of the film
thickness. However, the vacuum conditions of the SEM chamber dry out the films leading to
the cracks formation. The role of water in the PB structure will be discussed later. Nonetheless,
EDX mapping analysis was performed, displaying the presence of iron-rich domains on the
gold electrode surface (Figure 1V-3e,f). EDX coupled with FEG-SEM and supported by the XRD

analyses indicate that the Prussian Blue (PB) phase is successfully synthesized.
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Figure IV-3: (a-d) FEG-SEM images of Prussian Blue films electrodeposited at the surface of a
gold electrode of a quartz resonator. EDX mapping analysis the 200 nm thick PB film for (e) iron
and (f) gold.

IV.2.b — Water incorporation in the structure lattice

QCM with motional resistance monitoring enabled the estimation of the incorporated
water in the structure lattice. To do so, the frequency and the motional resistance of the
resonators, before and after PB electrodeposition, were measured in air. The frequency
changes were converted to the mass changes using Sauerbrey equation and allowed the
experimental value of the electrodeposited PB mass to be estimated. The Figure 1V-4a shows

that the experimental mass is linear with the electrodeposition time. The electrodeposited
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films, at least in the tgp range of 150 < t;p < 600 s, do not show any indication of electronic
conductivity loss, supported by the absence of a plateau in the experimental mass vs. tgp plot
in Figure IV-4a. On the other hand, the motional resistance seems to exhibit a threshold for
the films generated with a t;p of more than 450 s, and a R value that increases drastically at
tgp of 600 s. It is noted that before this threshold value, the motional resistance is very low (<
30 Q, for tgp < 450 s) and falls within the suitable range for conducting electrochemical-
gravimetric measurements. Even though the film obtained at tzp = 600 s demonstrates a
significant increase in the motional resistance, the |AW| «< |Af| condition for meaningful
gravimetric sensing (Equation 11-20) is still fulfilled. /In situ hydrodynamic spectroscopy was not
performed for these coatings, considering the significantly low motional resistance values for

tgp <450 s and the morphological features of the coatings (flat surface, low roughness).
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Figure IV-4: (a) Experimental mass and motional resistance for PB films, measured in air. (b)
Comparison of the experimental and the theoretical mass of the PB films and the respective
number of associated incorporated water molecules. PB films with four different thicknesses,
obtained at tzp = 150, 300, 150 and 600s, are presented.

The experimental mass of the electrodeposited PB films obtained from QCM
measurements were compared to their theoretical counterparts (estimated by the Faraday’s
law). The Figure IV-4b reveals a clear difference between these two set of values. For each
film thicknesses, the experimental mass is slightly higher than the theoretical value. This
phenomenon was already encountered by Buser et al. who provided evidence for the
incorporation of between 14 and 16 water molecules into the unit cell.?%? For the films
obtained at tzp < 450 s, our results corroborated these values. Powder neutron diffraction

11

demonstrated that 6 water molecules are coordinated to Fe'"” at empty nitrogen sites and

the remaining are present either as isolated molecules at the center of the unit cell or as water

molecules hydrogen bonded to the coordinated ones.2%3
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IV.2.c — Thickness control of the prepared films

The thickness of the electrodeposited films was estimated by two techniques. To begin
with, cross section FEG-SEM images of the coatings were examined to measure its thickness

at different spots of the sample, as represented in the Figure IV-5.

1200.8 nm

Figure IV-5: Thickness estimation of the electrodeposited film by FEG-SEM thorough a cross
section sample.

For the sake of comparison, the film thickness was also estimated via electrochemistry.
The films obtained with 4 different tzp were cycled 15 times in aqueous medium containing
0.25 mol.L'! K504 at pH 3.5 to insert potassium ions in the structure, by leaching one iron

during the first cycles, as described in the following equation:

Fey""[Fe"' (CN)gls + 3K+ = 3 KFe'[Fe"! (CN)g] + Fe**  Equation IV-2

In the following cycles, the potassium ions are reversibly inserted and extracted from the

structure, as depicted in the Equation IV-3.

KFe”’[Fe”(CN)6] + K+ +e = KZFBH[FGH(CN)s] Equation V-3

The quantity of potassium ions stored into the structure was assessed thanks to the charge
passing through the system upon oxidation. Then, using the following equation, the
thicknesses of four different films can be estimated:

_ QoxNAd3

tritm = 4FS Equation V-4

where Q,, is the measured charge in oxidation (C), N, is the Avogadro constant (6.02 103

mol?), d is the characteristic distance of the corresponding PB unit cell, estimated earlier by
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Rietveld refinement (1.01 nm), 4 is the effective iron atoms in each unit cell, F is the Faraday’s
constant (96485 C.mol?) and S is the specific surface area, assimilated to the geometric

surface thanks to the film flatness (0.196 cm?).

The Figure IV-6 gathers the thicknesses estimated by these two techniques and compares

them with the theoretical ones.
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Figure IV-6: Comparison of the estimated and theoretical thicknesses of PB films by FEG-SEM

and electrochemistry.

The Figure V-6 suggests a good agreement between the measured thicknesses and the
theoretical ones for t¢;;, < 300 nm. For the film of theoretically 400 nm, SEM cross section
demonstrates that the film is thicker. However, the electrochemistry displays a lower value of

the thickness, which means that part of this film is electrochemically inactive.

These characterizations, besides confirming a true Prussian Blue phase formation at the
surface of the gold patterned quartz resonator, also permitted the optimization of the PB thin
films for the EEI study by electrochemical and electrogravimetric analyses. The films with
nominal thicknesses <300 nm are suitable, evidenced by their low motional resistance change

with respect to their loadings and the morphological features (i.e. flat surface).

IV.3 — Electrochemical and electrogravimetric analyses

IV.3.a — Rate capability assessment

After the 15 cycles of pre-treatment, the potassium ions are inserted in the PB

structure, as shown in Equation IV-5. The rate capability assessment is performed on PB films
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of different thickness, which were cycled in an aqueous electrolyte composed of K,SO4 0.25
mol.L'! (pH 3.5) and in non-aqueous electrolyte composed of KPFs 0.5 mol.L in EC:DEC 1:1.
The potassium ions concentration was kept constant at 0.5 mol.L'! between the two media,
for the sake of comparison. Here K;SO4 salt was preferred over KCl to avoid the Cl" insertion
into the PB structure?°42%5 and the organic electrolyte is the most frequently used by the
battery community according to Hwang et al.*! The film was solely reversibly cycled between
Prussian Blue (KFe!''[Fe!'(CN)¢]) and Prussian White (K,Fe' [Fe!!(CN)¢]) (Equation IV-4),
without reaching the Prussian Green phase (Fe!!!/[Fe™(CN),]). Frequency change
(translated into mass change) and absolute motional resistance were simultaneously
monitored during cyclic voltammetry at various scan rates. The results obtained for each
electrolyte and at each scan rate are gathered in the Figure IV-7. Although all films have been

cycled, results are solely reported for the 100 nm thick film as no difference was detected.
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Figure IV-7: Cyclic voltammetry of a 100 nm thick PB film at different scan rates, in (a) 0.25
mol.L't K250 in H20 (pH 3.5) and (b) 0.5 mol.L't KPFg in EC:DEC. Current, frequency change and
absolute motional resistance were simultaneously measured. The frequency change was
converted into mass change, using Sauerbrey equation. The fifth cycle is here represented for
each scan rate.

The motional resistance (Figure IV-7, third row) increases from aqueous to non-
aqueous electrolyte, which is easily explainable by the Kanazawa and Gordon equation
(Equation 11-4) and the increase of liquid viscosity and density (Table I-2). In addition, R shows
no variation in both electrolytes during CV regardless of the scan rates. The steadiness of the
motional resistance monitoring proves the rigidity retention'®® during the potassium
insertion/extraction and therefore the purely gravimetric regime (|AW| « |4f|). It is noted
that for the present binder-free inorganic coatings, EQCM-R is perfectly suitable to evaluate

the gravimetric regime.
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Classical electrochemical response (Figure IV-7, first row) of PB was observed in both
organic and aqueous electrolytes with redox peaks centered on 3.4 V vs. K*/K°. Aqueous
electrolyte presents sharper peaks than organic electrolyte even if it has been performed at
faster scan rates. Moreover, non-aqueous electrolyte shows a larger hysteresis between
oxidation and reduction peaks. Altogether, these features evidence the lower rate capability
of the PB phase in non-aqueous electrolyte. To quantify the difference in the rate capability,
the charge passing through the system during reduction was measured for the various scan
rate in both electrolytes (Figure 1V-8). A great difference in discharge capacity is observed
between the two electrolytes even if the scan rate range is one lower of magnitude lower for

the non-aqueous electrolyte.
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Figure IV-8: Rate capability assessment of the 100 nm thick PB film in aqueous (0.25 mol.L!
K2SO4 in H20 (pH 3.5)) and non-aqueous electrolyte (0.5 mol.L™t KPFe in EC:DEC) by mean of the
discharge capacity.

The similarity of the results with the LFP phase proves that changing the alkali metal
ion does not affect the rate capability trend found between aqueous and non-aqueous
electrolytes. The mass response of the electrodes (middle panels in the Figure IV-7) is also a
mean to reveal the difference of rate capability. A more pronounced hysteresis is observed in
organic electrolyte and it is confirmed further in the spreading of the mass change over a
larger potential window. Lastly, the scan rate is increasing, almost no difference is visible in
the total mass variation in water-based electrolyte at the opposite of the organic counterpart,

further stressing the rate capability difference between both electrolytes.
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IV.3.b —Determination of the rate-limiting step

The EQCM analyses in the previous section clearly demonstrated a difference in rate
capability due to a change in the electrolyte solvent (H.0 to EC:DEC), but a remaining question
regards the origin of such a difference. As mentioned in the Chapter | (see 1.2.b), the insertion
mechanism can be broken down into various steps: i. diffusion of the solvated cation from the
bulk of the electrolyte to the electrode interface, ii. the desolvation of the cation, iii. the
insertion of the bare cation in the host material related to the charge transfer and iv. the
diffusion of the cation in the bulk of the material.'?’ These different steps are sketched in the

Figure IV-9. To explain the difference of kinetics, the rate-limiting step needs to be identified.

Naively, this difference of behavior is explained in the literature by the dissimilarity in
liquid ionic conductivity of the two types of electrolytes. These two ionic conductivities were
experimentally measured for both aqueous and non-aqueous electrolytes and are equal to
42.8 mS.cm™ and 6.39 mS.cm™, respectively. A significant dissimilarity is found; however,
using the Nernst-Einstein equation, the liquid ionic diffusion coefficient of potassium ion is in
the same order of magnitude of 10° cm?.s! for both electrolytes. This diffusion coefficient is
high compared to that in the bulk of the material, making the liquid diffusion unlikely to be

the rate-limiting step.

116



Chapter IV

a
Material
,‘ Acoustic wave
\\ damping
______________________ 0‘5 \,/’f..
/ / N\
/ -
7 Liquid
diffusion
0 EDL ?\D
’ / e
.\ 0

- 0 < [ ]

atiof, Partial desolvation /N
\
/7 N VW \_, e
.\ / \ /.\

Material IHP OHP Diffuse layer Bulk electrolyte

Figure IV-9: Schematic representation of the insertion of an alkali metal cation in a host
material. (a) Comparison between the penetration depth of acoustic wave from the QCM to
the solution (&) and the electrochemical double layer characteristic length (Ap). (b) Close-up
snapshot of the electrochemical double layer during cation insertion.

As a next step, the K* diffusion coefficient in PB was scrutinized by two different
electrochemical techniques. Firstly, PITT was used at different potentials during potassium
insertion and extraction in both electrolytes, according to the protocol developed in Materials
& Methods section. PITT analyses was applied to the PB films with different thicknesses; the
results are gathered in the Figure IV-10. The first prominent result is the good agreement
between the diffusion coefficient estimated during ion insertion and extraction, regardless of
the film thickness and the electrolyte. Moreover, the solid diffusion coefficient is logically
independent of the film thickness. Finally, the absolute value of the diffusion coefficient is also

equivalent (= 1012 cm?.s?) in water-based and EC:DEC-based electrolytes. As expected, the
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solid diffusion coefficient of potassium ion is several orders of magnitude smaller than the

liquid ionic diffusion coefficient.
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Figure IV-10: Solid diffusion coefficient determination of potassium ion in the bulk

phase for different thicknesses in (a) water-based and (b) EC:DEC-based electrolytes.

3.8

of the PB

For the sake of comparison, the solid diffusion coefficient of potassium ion was also

estimated by using the Randles-Sevcik equation and the CV responses, performed earlier for

rate capability assessment (Figure IV-7, upper panels). The Figure IV-11c gathers the results

obtained for insertion and extraction peaks, for the different film thicknesses in the two

electrolytes.
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Figure IV-11: Comparison of the solid diffusion coefficient of potassium ion in PB films, obtained
(a,b) by PITT and (c) by the Randles-Sevcik equation.For the PITT results obtained at different
film thicknesses refer to Figure IV-10.

As for PITT results, no difference is detected between insertion and extraction process
and the absolute values of diffusion coefficient are very close from one thickness to another.
However, a massive dissimilarity is present between aqueous and non-aqueous electrolytes,
when the solid diffusion coefficient is estimated by the Randles-Sevcik equation (Figure
IV-11c). Two orders of magnitude separates the two electrolytes. The results obtained by the
Randles-Sevcik equation were compared with the previous PITT results for the 200 nm thick
film in the Figure IV-11. A good agreement exists between the results in water-based
electrolyte by the Randles-Sevcik equation and the PITT measurements in both electrolytes.
This equality demonstrates that the solid diffusion is not the rate-limiting step. As the Randles-
Sevcik is a dynamic technique by nature, compare to PITT, which is performed at equilibrium.
Therefore, another phenomenon needs to be considered to account for the measured
disparity. Regarding the two remaining steps, i.e. desolvation and charge transfer, it can be
supposed that the charge transfer only depends on the material, which has been kept constant
during this study. Then, the desolvation taking place at the particular EEl can be hypothesized

as the prominent step, affecting the battery performance by impeding the insertion kinetics.

IV.3.c — First evidence of the potassium solvation shell at the interface

The desolvation process taking place at the interface can be probed by operando EQCM

analyses, therefore the mass per electron, FAm/AQ value (Equation 1I-7), was calculated for
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both electrolytes. The results are plotted in the Figure IV-12. The experimental value are
compared with the molar mass of a bare potassium ions, to some extent, in the same manner
as it was performed in the Figure 11l-19, where the experimental mass change was compared
to the theoretical one due to the sole lithium ions insertion. Similar results between insertion
and extraction are found in both electrolytes. However, the trends are totally different when
electrolytes are compared. In aqueous electrolyte, the FAm/AQ peaks around the
insertion/extraction redox potential of potassium insertion into the Prussian Blue phase.
Whereas, in the organic counterpart, this value remains steady on a larger potential window,
with an absolute value very close to the bare K*. On the other hand, a more complex response
is observed for the aqueous case, exhibiting a molar mass higher than K*, which is a first hint
towards the participation of water molecules into the insertion mechanism. Such a mass
difference corresponds to a nearly 90 Hz difference between theoretical and experimental
frequency changes. It can be noted that the lower values on the extremities of the potential
window may indicate the presence of H3O* or H* into the charge compensation process, as

already reported.184186
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Figure IV-12: FAm/AQ value calculated for a 100 nm thick film (a) in 0.25 mol.L'* K2SO4 (pH 3.5)
water-based electrolyte during a CV at 10 mV.s* and (b) in 0.5 mol.L't KPFe EC:DEC-based
electrolyte during a CV at 0.5 mV.s ™. The corresponding EQCM data are presented in Figure
IV-7.

As schematically pictured in the Figure 1V-9a, the desolvation process occurs in the
particular electrochemical double layer (EDL) region, which is at the close vicinity of the
polarized material. To demonstrate the participation of this process in the QCM
measurements, the hydrodynamic layer formed at the surface of the vibrating resonator
needs to be compared with the charged interface. The Chapter Il introduced the penetration

depth, §, as the characteristic dimension of the moving liquid layer, as represented in the
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Figure IV-9a. The § values are here equal to 189 and 225 nm in water and EC:DEC, respectively
(with p; = 1145 kg.m3 and n; = 1.64 107 Pa.s for the EC:DEC mixture, according to Wang et
al.?%) (for 9 MHz resonators used in this study). The characteristic dimension of the EDL is the

Debye length, Ap, can be obtained thanks to the following equation:

EocrkpT

Ap = 2.10°N, o2 Equation IV-6

where g, is the vacuum permittivity (8.84 1071? F.m™), g is the relative permittivity (80.1 for
water and 40.6 for the EC:DEC mixture?®’), kj is the Boltzmann constant (1.38 102 J.K1), T is
the temperature (K), N, is the Avogadro constant (6.02 1023 mol?), e is the elementary charge

. i and [ is the electrolyte ionic strength defined as:
(1.60 10*° C) and I is the el lyte ioni h defined
1 2
I'= EZZ" G Equation V-7
i

where z; is the charge number of ion and (; is its molar concentration.

Avalue of 0.355 nm was calculated for the K2504 0.25 mol.L ™t aqueous electrolyte while
0.309 nm was found for KPFs 0.5 mol.L'! EC:DEC-based electrolyte. These values are
significantly smaller than the respective penetration depths (189 and 225 nm). To fully relate
these two variables, the velocity of the moving layer needs to be assessed at the extremity of
the EDL. As depicted in the Figure IV-9a, the velocity of the damped acoustic wave follows an

exponential decay parallel to the surface normal, as:
v(x) = voexp(—x/6) Equation IV-8

For both electrolytes, the v(4p)/v, ratio gives rise to the value of 0.998, meaning that any
ions present in the EDL region are moving in phase with the solid surface, even though they
are not rigidly attached to it.’°® Therefore, according to the aforementioned analytical
treatment, the ions fluxes and especially the desolvation process occurring in the close vicinity
of the EDL contribute to the frequency change, are detected and quantifiable. As mentioned
in the previous chapter, Tsionsky and co-workers proposed the formation of a “viscous layer”
in the EDL region on a flat surface.®®2% The accumulation of cations in this region due to the

negative polarization causes an increase in the local viscosity, which can contribute to the
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frequency change. Their interpretation originates from the observation of a frequency shift of
-5 Hz with a 6 MHz quartz resonator, corresponding to -11.3 Hz with the 9 MHz quartz
resonators used in this study. Therefore, this contribution is negligible in the case of PB film
with a relatively flat surface, especially when the difference between the experimental and
theoretical frequency changes are around 90 Hz for the aqueous electrolyte and matching for
non-aqueous ones. Moreover, no energy, i.e. no motional resistance change, is dissipated due
to viscoelastic changes during the potassium insertion/extraction in our PB electrode (Figure
IV-7, lower panels). These results combined, demonstrate that the desolvation process taking
place at the interface is at the origin of the difference between theoretical and experimental

frequency shifts.

Shortly, the analyses of the operando electrogravimetry results have indicated the
absence of organic solvent molecules in the environment the potassium ions, whereas they
are still partially hydrated (0.66 water molecules per K* obtained from the Figure IV-12a) at
the electrode-electrolyte interface and particularly in the EDL region. Note that water co-
insertion was discarded in our explanatory, since there is no difference detected in potassium

ions’ solid diffusion coefficient between aqueous and non-aqueous electrolytes.

IV.4 — Final evidence of the involved species at the EEI and their
associated interfacial kinetics

IV.4.a — Identification of the nature of species and their dynamics at EEI

At this stage, pairing EQCM with EIS measurement (the so-called ac-electrogravimetry)
was used to deconvolute the complex insertion processes at the EEI by identifying the species
by their molar mass, together with the respective kinetics of interfacial transfer. Alike typical
EIS measurements, a suitable model for each system needs to be developed to extract
parameters related to the interfacial transfer and the desolvation process. The fitting
methodology of the ac-electrogravimetry measurements has been previously described in the

Chapter Il (see Il.4.c).

Ac-electrogravimerty was employed for the electrode-electrolyte interface analysis of

PB film as shown schematically in the Figure II-9. The measurements were carried out at
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various stationary potentials in the same potential range used for the EQCM measurements
(Figure IV-7), both in agueous and non-aqueous electrolytes. The ac-electrogravimetry results
obtained at -0.25 V vs. Hg/Hg2S0sand 3.2 V vs. K*/K® are shown in the Figure IV-13a,c and b,d,

respectively.
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Figure IV-13: Ac-electrogravimetry analyses of 100 nm thick Prussian Blue films in (a,c) water
and (b,d) ED:DEC-based electrolytes. (a,b) Charge/potential Aq/AE(w) and (b,d)
mass/potential Am/AE (w) transfer functions at -0.25 V vs. Hg/Hg,S0a for aqueous electrolyte
and at 3.2 V vs. K*/K° for non-aqueous electrolyte, both experimental and theoretical curves
are given. The different loops, which are drawn to guide the eye based on the fitting
parameters, are labelled with the involved species. The fitting parameters are gathered in
Figure IV-14a,b.

The charge/potential transfer function (TF), 4q/AE (w), has been presented instead of

classical impedance representation (i.e. potential/intensity, AE /AI(w)) where the following

. . 4
relation exists between the two: —E(w) =R, + o
Al jw(Cdl+E(w)

) (with R,;: the electrolyte
resistance and Cy;: the double layer capacitance). This representation is more convenient to
decouple the contribution of charged species, as one loop corresponds to one charged
species. For aqueous electrolyte, the collected spectrum of Aq/AE(w) at -0.25 V vs.
Hg/Hg>S04 shows two loops implying that two charged species (ion 1 and ion 2) are involved
in the charge compensation process (Figure IV-13a). Then, to identify and clarify the

contribution of the charged and also uncharged species (free electrolyte molecules), the

experimental mass/potential transfer function m/AE(w), the second main TF of the
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measurement is analyzed (Figure 1V-13c). One big loop appears in the 3@ quadrant. As
mentioned in the Chapter IlI, the loops in the 3™ quadrant are characteristic for cation
contribution or free solvent molecules, transferred in the same flux direction as cations. The
correlation of these two TFs indicates the contribution of, at least two distinct cations and
possibly one solvent molecule in the same flux direction. Then, the experimental TFs were
fitted with a model described in the Chapter Il. Concerning experimental 4q /AE (w) TF, it was
fitted with the theoretical equation given in Equation II-32, involving two cationic species. A
good agreement is found between the experimental and theoretical curve in the Figure
IV-133, both in terms of shape and frequency distribution. The fitting parameters, K; (kinetics
of transfer) and G; (related to interfacial transfer resistance) are obtained for the two cations.
At this stage, it is not possible to identify these ionic contributions. To do so, the
mass/potential transfer function Am/AE (w) is fitted using theoretical equation given in
Equation II-35. The K; and G; parameters previously estimated in the fitting of the 4q/AE (w)
TF are used. Three cationic species were considered to fit the mass/potential TF: K*, H* and
H30*. Two possible couples were investigated, keeping in common K*: K*/H* and K*/H30*. Both
have been tested to fit the mass/potential TF but neither of them were satisfactory due to the
impossibility to fit the massive negative loop with the combination between their molar mass
and their estimated fitting parameters K; and G;. Water molecules were injected into the
model permitting a better agreement between the fitting and the experimental
mass/potential TF. The different permutations of the listed species were considered and the
various partial mass/potential TFs (Equation I1-37, a cross-check procedure of the fitting) were
tested. In the end, only the model enlisting K*, H,0 and H* at high, medium and low frequency,

respectively, resulted in a satisfactory fitting, in terms of shape and frequencies.

Concerning the ac-electrogravimetry in the non-aqueous medium, the same fitting
protocol was performed. The collected spectrum of Aq/AE (w) at 3.2 V vs. K*/K?, represented
in the Figure 1IV-13b, shows only loop implying that only one ion (ion 1) is involved in the
interfacial process. One loop is also present in the 3™ quadrant of the mass/potential TF,
demonstrating the participation of one cation or free solvent molecules in the same flux
direction as the cation. Despite the measurement down to the LF range of about 1 mHz, the
loops are not closed and do not form a complete semi-circle due to the instrumental and time

limitations (2-3 h for each potential), demonstrating the slow kinetics of the interfacial ionic
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transfer. A model using one cation was employed to fit the experimental spectrum of
charge/potential TF and obtain the kinetic parameters, K; and G;. A good agreement was
obtained between the experimental and fitted curves in the Figure IV-13b. These parameters
were kept constant and potassium ions were assumed to be the sole involved species. In these
terms, the experimental and theoretical mass/potential TFs match well without the addition

of an additional contribution of an uncharged species (Figure 1V-13d).

Thus, ac-electrogravimetry has demonstrated the contribution of the sole contribution
of potassium ions in the non-aqueous electrolyte. As for the aqueous electrolyte, the water
molecules and as well as protons are involved in the insertion mechanism of the potassium
ions, at the EEl of the Prussian Blue phase. These results are in a good agreement with classical

EQCM measurements (Figure IV-7and Figure IV-12).

IV.4.b — Study of the interfacial kinetics associated to the involved species

A similar fitting procedure described for the -0.25 V vs. Hg/Hg2504 and 3.2 V vs. K*/K°
was carried out for all the other measurements performed in the potential range of both

electrolytes. The results of the fitting procedure provided the K; (kinetics of transfer), G;

(related to interfacial transfer resistance by Rt; = %) and M; parameter (molar mass, thus
13

identification of the species). Although in different quantity and kinetics of transfer, the

contribution of the different involved species determined in the previous section (K*, H* and

H,0) is found to be persistent at all the potentials studied. The obtained values are shown in

the Figure IV-14a,b.
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Figure IV-14: Outcomes of ac-electrogravimetry analyses of 100 nm thick Prussian Blue films in
(a,c) water and (b,d) ED:DEC-based electrolytes. (a,b) Evolution of kinetic parameters, K;, and
interfacial transfer resistances, Rt;, and (c,d) relative concentration variation of each species,
represented as a function of the potential. As water molecules are not incorporated into the
material, the water concentration is only estimated and has no physical meaning.

The ac-electrogravimetry analysis performed in water-based electrolyte shows that
the interfacial kinetic of transfer, K; , of the involved species is ranked as follows: K* > H,0 >
H*, independently of the potential. Their kinetics of transfer are quite steady over the
potential window with a peak centered around the insertion/extraction redox potential and
the water kinetics seem to follow potassium ions in terms of shape and values. Regarding the
interfacial transfer resistance, Rt;, a V-shaped response is found for each species. The
minimum value of their resistance is yet again centered on the redox potential, in perfect
agreement with the sharp and well-defined mass change response observed by EQCM in the
Figure IV-7a middle panel. It can also be noted that the Rt; values are 2-3 orders of magnitude

higher in the case of H* compared to the two other species, demonstrating the difficulty of

protons to be inserted into the PB structure. Concerning the non-aqueous electrolyte and the
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kinetic of potassium ions (Figure 1V-14b), the peak shape is more pronounced and still
centered on the redox potential. The lower K* kinetic of transfer values in non-aqueous
electrolyte compared to aqueous counterpart explains the difference in rate capability.
Moreover, the Rt; as a function of potential shows a V-shape, but significantly broader in
comparison to that obtained in aqueous electrolyte. This observation also explains the reason
behind the more spread-out mass change over a larger potential window in the EQCM

analyses (Figure IV-7b, middle panel).

The relative concentration variation of the three different species has been calculated
from the ac-electrogravimetry analyses (Equation 11-38) and are represented in the Figure
IV-14a,b. Firstly, in aqueous electrolyte, the concentration of H* intervening in the insertion
mechanism is highly negligible in comparison with K* or H;O contribution. The K*
concentration variation is similar in both media with a sharper variation in aqueous
electrolyte. The shape of the water contribution is following that of potassium ions with a
higher concentration variation. The concentration ratio between water and potassium ions is
equal to 1.4, which is higher than 0.6 water molecule per potassium ions evidenced in with
FAm/AQ measurement from CV at 10 mV.s? (Figure IV-12a). This discrepancy is most likely
due to the way of measurement; ac-electrogravimetry provides a snapshot of the interface at

quasi-equilibrium at the opposite of the CV (depending on the studied scan rate).
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Figure IV-15: Comparison of the mass variation by classical EQCM measurement at 5 mV.s™
with recalculated mass variation by ac-electrogravimetry in (a) water and (b) ED:DEC-based
electrolytes.

Finally, in order to confirm the good exploitation of the ac-electrogravimetry fitting
procedure, the global mass variation was recalculated from the concentration change of the

different species involved and compared with the results obtained by EQCM in the Figure IV-7,
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middle panel. Such comparisons are plotted in the Figure IV-15. These results nicely compare,

hence validating the employed models and the described ac-electrogravimetry analyses.

IV.5 — Chapter conclusions

Throughout the Chapter lll, the metal-ion insertion mechanism at the EEI of a Li-ion
host was intensively investigated, leading to significant contributions towards understanding
the solvent-assisted insertion mechanism and the prominence of the solvation shell on the
rate capability. To strengthen these findings and explore their applicability to other metal-
ions, here K-ion chemistry is scrutinized which also simplified the system (compared to Li-ion
chemistry), since it features a smaller and weaker solvation shell. The EEl mechanism was
characterized via advanced electrochemical and electrogravimetric techniques, including ac-
electrogravimetry, extending the capacity of the EQCM analyses to study interfacial dynamics.
Firstly, the electrodeposited model material — Prussian Blue — was characterized from a
morphological and structural point of view to verify the formation of the desired K-ion host.
PB films with a thickness between 100 and 300 nm were confirmed to be ideal in terms of
surface properties (flatness, free of major surface roughness) and the motional resistance was
verified prior conducting electrogravimetric analyses. This step is strongly recommended and

crucial for the correct interpretation of the microbalance responses.

K* insertion in Prussian Blue phase was demonstrated to follow the same rate
capability discrepancy between aqueous and non-aqueous electrolytes, as is the case for Li-
ion chemistry shown for LFP. This difference is unambiguously confirmed thanks to the direct
visualization of the potassium insertion by operando EQCM and the decrease of the total mass
uptake with increasing scan rate for the organic electrolyte. To identify the origin of this
discrepancy, in-depth electrochemical analyses were performed to highlight the rate-limiting
step in the insertion mechanism. PITT and Randles-Sevcik type analysis of CV responses were
both employed to study the solid diffusion coefficient of potassium ion in the PB phase. They
have shown that the potassium solid diffusion cannot be the limiting step either, and reveal a
fast and unaltered charge transfer that do not affect the overall kinetics, hence calling for

another explanation. Therefore, the desolvation process occurring in the electrode-electrolyte
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interface and especially in the electrochemical double layer region was hypothesized to be the

reason behind the kinetic discrepancy between aqueous and non-aqueous electrolyte.

Electrogravimetric measurements demonstrated the presence of an additional
frequency change compared to the theoretical mass uptake due to the sole potassium
insertion (FAm/AQ > Mg+). Among the possibilities to account for such an observation are
the contribution of a “viscous layer”, the viscoelastic change of the PB film upon cycling and
the water co-insertion. According to the literature, the contribution of the former is negligible
(about 10 Hz, less than the additional frequency observed in our experiments). The motional
resistance monitoring upon cycling by EQCM-R confirmed the absence of any viscoelastic
change during K* insertion in PB thin films. For the latter, regarding of water co-insertion, it
was equally discarded since the solid diffusion coefficient was not affected when switching
from organic to aqueous electrolyte. Simple calculations proved the possible assessment of
the ionic flux happening in the double layer region by EQCM measurements. Thus, the extra
mass uptake demonstrated the participation of the solvent molecules during the cation
insertion at the electrode-electrolyte interface. As a complementary method, ac-
electrogravimetry analyses strengthened these result by confirming the presence of water
molecules with close kinetics to the inserting potassium cation, most likely in the
electrochemical double layer region. The passing through a transition step, between solvated
cation in the bulk and a bare cation in the material, where the cation is partially solvated at

the interface was firstly introduced by Bruce and Saidi'33

and paved the way to new modelling
of the interface.?9%21% However, in contrast to Li-ion chemistry, no organic molecules were
found in the close proximity of the potassium ion before its insertion. In addition, the

difference in rate capability was confirmed by the ac-electrogravimetry kinetic study.

Finally, studies on Li-ion (LFP) and K-ion (PB) chemistries demonstrated that in non-
aqueous electrolytes, when using heavier alkali metals, the number of solvent molecules
participating in the partial solvation shell at the interface decreases. However, the desolvation
energy in the bulk of the electrolyte decreases when moving from lithium to potassium ions,
explaining the better rate capability. In contrast, the water-based electrolytes do not follow
this trend, since the desolvation energy is always higher in aqueous electrolyte and yet exhibit
better power performance. A partially hydrated cation (close transfer kinetics between the

cation and solvent molecules) is always found in the electrochemical double layer region.
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These results are defying common belief and need to be corroborated by Molecular Dynamics
calculations to fully support our proposed insertion mechanism happening at the electrode-
electrolyte interface, simulations are underway. Recently, Li et al. proposed a possible
explanation with the formation of a layer of water molecules in the inner Helmholtz plane
(IHP) enhancing the surface diffusion of the cation to an insertion site.?!! This phenomenon
was demonstrated in non-aqueous electrolyte where water was used as an additive for Mg?*
insertion in WO0s3.2'2 Another parameter, which can have its importance on the insertion
process, is the anion nature and its concentration, as they are specifically adsorbed in the IHP

(Figure IV-9b).213

Through investigation of two distinct alkali metal-ion chemistries (Li-ion and K-ion), the
desolvation process occurring at the EEl is found to be the origin of the rate capability
difference in aqueous and non-aqueous electrolytes. In continuity with the EEl analyses, the
next chapter will be dedicated to the water molecules role in the interfacial transfer process
and their influence on the overall kinetics, this time in a proton-based battery (pseudo-alkali

metal).
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Chapter V — Elucidating the origin of the electrochemical
capacity in proton-based battery: a framework to assess the
water contribution at the interface

V.1 — Introduction

Aside from energy density, sustainability is another overriding figure of merit driving
the development of new battery technologies. In this regard, the need for greener batteries
has become a pressing concern and boosted the research for new chemistries such as the
emerging K-ion technology, presented earlier, which stand as an environment-friendly
alternative to Li for the grid. Within this context, considerable attention is currently given to
aqueous systems which offer advantages compared to nonaqueous counterparts, in terms of:
safety, cost, ionic conductivity or processibility.2!* Recently, a tremendous attention has been
given to promising aqueous Zn-based battery systems (i.e. Zn-air, Zn-Ni and Zn-MnQ3) as well
those employing TiO; as electrode materials. For the latter, some studies have demonstrated
the intercalation of aluminum?® or lithium?'® cations. However, more interesting and
counterintuitive results have been found and proven the preferential intercalation of protons
even in mild acidic conditions.?!” Kim et al. managed to quantitatively deconvolute the
contributions of the electrical double-layer capacitive charge storage and the reversible
faradaic reactions which provided a confirmation of the faster proton intercalation compared
to that of lithium. The proton insertion has also been mentioned for the Zn/MnO; system,
described in the Chapter |.”” Despite the widespread fresh literature on the subject, the
mechanism taking place at the electrode-electrolyte interface (EEI) and particularly the water

participation, is still not elucidated.

In order to better understand the science behind the EEIl of proton-based batteries, the
new protonic phase HylrOs discovered by our group?'® has been selected as a model
compound. The reasons for this choice are twofold. Firstly, it presents less complex redox
chemistry because of a sole redox center, which is Ir. Secondly, it offers a reasonable capacity
of 175 mA.h.g* via a reversible two-step redox process in concentrated acidic electrolyte.
However, its total reactivity mechanism based on pseudocapacitance has not yet been fully
unrevealed, partially due to the lack of suitable analytical tools. Moreover, pseudocapacitive
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materials are the perfect playground to study the phenomena taking place at the interface as

they are kinetically governing the electrochemical process.

To convey such study, this chapter will be structured as follows. After the
characterization of the pristine HlrO4 phase, in-depth electrochemical and XAS investigation
was performed to determine the faradaic mechanism taking place into this pseudocapacitive
materials, mechanisms are described earlier (see I.1.c). Then, classical EQCM coupled with
XRD and TGA was employed to prove a potential-dependent two-step process where water
molecules are involved in addition to protons. Lastly, ac-electrogravimetry, which is
complementary to classical EQCM, was employed here to provide insights into the underlying
science governing the EEl of this proton-based battery permitting the deconvolution of the
contribution of each species (charged or uncharged) involved (in)directly in the charge storage

mechanism.

V.2 — Phase characterization

V.2.a — Morphological and structural description

X-ray diffraction was first used to characterize the pristine material, namely HxIrOa,
obtained by acid leaching of the LizlrOs4 phase. The synthesis is precisely described in the
Materials & Methods. Figure V-1a shows sharp Bragg peaks characteristic of a well-crystallized
compound that we have indexed in a hexagonal R3m unit cell as the parent phase. The Figure
V-1b depicts the structural model deduced from the refinement. Nevertheless, due to the
small scattering factor of protons for X-rays, their structural positions within the structure
have not been determined but solely speculated. The structural model shows a layered
structure with an interlayer distance of 4.7 A and having the hydroxyl group (see below)
pointing towards the van der Walls layer as reported earlier.?*® The SEM image indicates well-
defined particles with a particle size distribution in the range of 2 to 4 um with a small specific

surface area of 2.23 m2.g 2.
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Figure V-1: (a) Rietveld refinement of XRD patterns of H«lrOs. The red circles, dark blue
continuous line, and bottom blue line represent the observed, calculated, and difference
patterns, respectively. Inset: FEG-SEM image. (b) The corresponding structural model where
the proton positions have been supposed.

V.2.b — Stoichiometry determination

X-ray absorption spectroscopy has been used to determine the Iridium oxidation state
of the pristine phase. From the comparison of the WL energy with some selected references,
we can conclude that the Ir oxidation state is +IV in the pristine material (Figure V-2a);
therefore we propose the formula of HalrO4 for the leached material supposing the absence
of residual Li in the material. Consequently, the leaching process enlists both an ion exchange

and a reduction process according to the reaction listed below.
, 1 b, 1
Ll3IT'O4 + 3 H+ + E HzO i H4_IT'04_ + 3 Ll+ + Z 02 Equat]on V-1

The appearance of gas bubbles (O2) released from the particles during the acid leaching
is consistent with the chemical reaction. It is worth mentioning that this proton stoichiometry
deviates from the original value found in our previous study?*® (3.4 hydrogen atoms). This is
simply due to a modification of the acid leaching protocol moving from a concentration of 0.1

mol.L't H,S04 to 1 mol.L?, hence favoring H* uptake.
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Figure V-2: (a) White Line energy position at the Ir Ls-edge of the pristine material and three
reference samples. (b) TGA curve with the mass losses associated to each process.

Concerning the phase thermal stability, thermogravimetric analysis was performed
and the profile of the collected TGA curve (Figure V-2b) displays two steps mass losses with
onset temperature of 220 and 900 °C. The first one is ascribed to structural and not
physisorbed water molecules, owing to its elevated removal temperature (220 °C). The second
mass loss (= 900 °C) is in contrast attributed to the departure of O,. XRD measurements (not
shown) indicate the presence of IrO; and Ir on the samples retrieved from the TGA
experiments stopped at 700 and 1000 °C, respectively. These results lead to propose the

following decomposition pathway:
y X X
Hlr0, = (=) Ir0, + S H,0 Equation V-2

(%_2) Ir0, - (%—g) Ir + (%—z) 0, Equation V-3

Altogether, from the quantification of the two mass losses and assuming formula of the
pristine material to be H.IrOy, we obtained values of x = 4.0 and y = 3.9, leading to the

stoichiometry of HaolrOs9, in agreement with the formula deduced by XAS.

V.3 — Electrochemical analyses

V.3.a — Cycling behavior

This new layered protonic phase was further tested for its electrochemical

performance in an acidic aqueous electrolyte (HCIO4 0.5 mol.L?) using a three-electrode PFA
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Swagelok cell. The self-standing electrodes of active material were tested either by cyclic
voltammetry or in galvanostatic mode (galvanostatic cycling with potential limitation, GCPL).
The Figure V-3a shows the variation of the potential as a function of x, the quantity of protons.
Upon oxidation (charge) from the open circuit voltage (OCV) (x = 4), the material releases 1 H*
(H3lrOa), while on the subsequent reduction (discharge) 1.75 H* are inserted (Ha.75IrO4), which
are totally reversibly deinserted during the following oxidation (HslrO4). From simple charge
counting this implies that the material evolves back and forth from Hslr>*O4 (charged) to
Ha.75lr0.25**1r0.753*04 (discharged) leading to a reversible capacity of 175 mA.h.gl. Moreover,
this electrode shows a high-energy efficiency (98.3 %) as indicated by the small polarization

between charge and discharge (25 mV at 1C).
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Figure V-3: Electrochemical properties of HylrO4 in HCIO4 0.5 mol.L'L. (a) Galvanostatic cycling
at 1C as a function of the proton stoichiometry and the Iridium oxidation state (obtained during
the discharge). (b) Cyclic voltammetry at a scan rate of 5 mV.s™.

Cyclic voltammetry experiments were also collected to characterize the protonic phase
and two regions can be differentiated (Figure V-3b). The first one at low potentials (going from
-0.2 to 0.39 V vs. Hg/Hg>S04) and the second one at high potentials (0.39 to 0.7 V vs.
Hg/Hg.S04) will be referred hereafter as Region | and Region II, respectively. It is worth
mentioning that pushing further the oxidation of the material is not limited by the proton

deinsertion but rather restricted by the water splitting at 0.75 V vs. Hg/Hg>SOa.
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V.3.b — Assessment of the pseudocapacitive mechanism

To get insights in the redox processes pertaining to the different regions and how they
affect the iridium oxidation state, operando XAS measurements were carried out during the
battery cycling at various stages of discharge and charge that is for different H* content. The

first derivative of the XAS data along with the electrochemical curve is reported in theFigure

V-4.
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Figure V-4: Follow-up of the White Line energy (fingerprint of the Ir oxidation state) thanks to
the derivative of the normalized absorption spectra as a function of the galvanostatic
charge/discharge of the HylrO4 phase in HCIO4 0.5 mol.L ™.

For meaningful comparison, we plotted the potential variation with respect to the Ir
oxidation state and the H* content. The results (Figure V-3a) indicate a smooth and continuous
decrease of the Ir oxidation state from 5 to 3.25 as the cell is discharged from 0.7 V (x = 3) to
-0.5V (x=4.75). The equality between the total change of the iridium oxidation state (= 1.75),
as deduced by XAS, and the amount of inserted H* (= 1.75) from electrochemical titration

implies that the totality of the material present in each particle of the electrode is involved in
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the charge storage mechanism as in T — Nb, 0z with lithium ions®®. In contrast, it differs from
the typical pseudocapacitive Ru0,.xH,0 where charge storage occurs mainly on the surface
or near surface?!*?21, This finding, together with the BET low surface area (= 2 m2.g’%) highly

questioned the core-shell mechanism previously proposed.?'®
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Figure V-5: GITT discharge curve of HyrOs4 with the estimation of the chemical diffusion
coefficient of the involved species in the phase.

Besides, we electrochemically estimated the diffusion coefficient of involved species
through this material by Galvanostatic Intermittent Titration Technique (Figure V-5) and the
average particle radius was estimated by SEM. A value of 101° cm2.s! was found for region I
that is much higher than 107*> cm?2.s* reported for Li* diffusion in LFP microparticles??? but still
slower than 10 cm?2.s! for the proton diffusion in water. Interestingly, this proton diffusion
in HalrO4 is much higher than the value previously reported by Kim et al.?!” in amorphous TiO>
(101> cm2.s1). On that basis, the high reversibility of the redox processes can therefore be
explained by a transport process non-limited by diffusion. Interestingly, a higher diffusion
coefficient was obtained through region Il than in region | implying an easier diffusion of the

involved species in the high potential region.

V.4 — Electrochemical-gravimetric investigation

V.4.a — Validation of the gravimetric regime

Advanced electrogravimetric analyses combining QCM with electrochemical methods

of different type were performed to investigate the interfacial charge transfer properties in
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HxlrO4 based electrodes. For these measurements, a thin layer containing 72 % of the active
material was spray casted on the gold electrode of quartz resonators following the procedure
described in the Chapter Ill and then electrochemically tested to ensure that its
electrochemical signatures were entirely preserved. In order to ensure that the mechanical
properties of the spray-coated electrodes were compatible with the EQCM measurements,
the viscoelastic properties of the film and the particle-binder interaction were verified by
EQCM with dissipation monitoring thanks to the protocol proposed in the Chapter Il. The

results are reported in the Figure V-6.
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Figure V-6: (a) Shifts of frequency Af /n (negative) and resonance width AW /n (positive) at
different overtones (n = 3ton = 11) as a function of time when the HyIrO4 composite film is
transferred from air to electrolyte. (b) Normalized (by overtone order as well as by p, f) shifts
of frequency Af /n (blue) and resonance width AW /2n (red) as a function of the penetration
depth. Shifts are referenced to that of the film in air rather than to the bare crystal.

Apart from the AW /n at the 11%" overtone, Af /n and AW /n (Figure V-6a) are showing
a non time-dependent behavior and decrease algebraically with the overtone order. These
data indicate a rigid behavior of the prepared film under OCP so that changes of frequency
and dissipation factors are solely attributed to hydrodynamic solid-liquid interactions.6®
Moreover a flat rigid surface in contact with liquid should be expressed by straight lines for all
overtone orders and in contact with different liquids. To verify that our film behaves as a flat
surface in contact with the electrolyte, Af /n and AW /2n were plotted as a function of the
penetration depth 6 of the transverse wave. The Figure V-6b depicts two straight linesof Af /n
and AW /2n in function of & demonstrating the rigid behavior of the film and that it can be
assimilated to a flat surface under OCP. Nevertheless these findings do not prove the film

rigidity retention during the material cycling. To this end the motional resistance was

138



Chapter V

measured during the cyclic voltammetry of the H«IrOs4 phase, the results are plotted in the

Figure V-7.
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Figure V-7: Cyclic voltammetry and simultaneously measured motional resistance at 5 mV.stin
in HCIO4 0.5 mol.L .

The motional resistance, R, shows a variation of 5 Q between its lower and higher
values during the cycling at a scan rate of 5 mV.s? corresponding to a motional resistance
change below 2 %. The motional resistance variations were always lower than 10 Q
independently of the applied scan rate; consequently, the viscosity changes at the vicinity of
the HxIrO4 coated electrode during cycling were supposed to be negligible. As mentioned in
Levi and Aurbach’s works!®, this criterion can be employed to prove the rigidity of the
prepared film during the proton release/uptake and therefore the gravimetric regime of the
QCM response. The resonance width is not represented; however, the smallness of the
motional resistance change upon cycling ensures that the |AW| < |Af/n| condition is
respected. Such testing protocol ensures that the Sauerbrey equation can be applied for

extracting the values of mass change from the measured values of frequency change.

V.4.b — Kinetic comparison between the two regions

After the validation of the gravimetric regime, the CV analyses at different scan rates
were performed along with the QCM measurements to characterize the mass variation of the
electrode during cycling and the results are displayed in Figure V-8. Regarding the EQCM
response of the thin layer at 5 mV.s%, the electrochemistry shows the same features consisted
of two distinct regions as for the bulk electrodes. A reduction of the voltage window at the

low potential is noted due to the contribution of the double layer on the underlying gold
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surface of the EQCM electrode. The QCM measurement simultaneously performed during CV
at 5 mV.stindicates two potential-dependent mass variation with two different slopes (Figure
V-8, upper panel). A mass change occurs between -0.1 and 0.3 V vs. Hg/Hg,S04 with a slope
coefficient higher than that of the second mass change between 0.3 and 0.7 V vs. Hg/Hg,SOa.
Note that these potential ranges correspond to Region | and Region Il as defined previously
for the bulk electrode (Figure V-3b). This result may indicate that different species may be

involved in the charge compensation processes occurring in different potential domains.
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Figure V-8: EQCM measurement at 5 and 50 mV.s* of HylrO4 in HCIO4 0.5 mol.L ™.

We observed that increasing the CV scan rate from 5 to 50 mV.s! (Figure V-8, lower
panel) results in a constancy of the electrochemical signature in region |l as opposed to region
| which shows the appearance of a hysteresis phenomenon. This hysteresis is reminiscent of
a difference in the kinetics between the involved species in the two regions of the
voltammogram with the slower species being in Region I. Equally, a similar trend can be
observed for the mass variation which remains constant in Region Il as opposed to Region I.
Lastly, for sake of completion, the mass variation occurring before the Region | (Figure V-8)
corresponds to the reorganization of the double layer on the substrate demonstrated by the
square shape of the electrochemical curve (in contrast with the Figure V-3b) as it will be

further evidenced latter.
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V.4.c — Evidences of the water participation in the insertion mechanism

To obtain insights on the molar mass of the species taking part in the two regions of
the voltammogram, the M /z value has been calculated thanks to the Equation II-7 for the CV
performed at 5 mV.s (Figure V-8, upper panel). The result of the calculation is represented in

the Figure V-9.
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Figure V-9: M /z estimations from the slope of Af and 4Q during oxidation at a scan rate of 5
mV.s of HylrO4 in HCIO4 0.5 mol.L ™.

A molar mass of 19.7 g.mol! was found for region | as opposed to 1.15 g.mol* for region
I, which is very close to that of proton. In contrast, the molar mass calculated for Region | is
close to that of hydronium (H30*) or proton accompanied with a water molecule. Altogether,
these results indicate a potential-dependent mechanism involving species of different molar
masses. Thus, this multi-species process may have a different impact on the HxlrO4 structure

depending on the potential range studied.

To tackle the structural consequences of electrochemical cycling on HalrOg, ex situ X-ray
diffraction was performed on composite electrodes recovered from 3-electrodes Swagelok

cells cycled to various depths of oxidation and reduction. The collected XRD patterns

presented sharp peaks that were all indexed in a hexagonal R3m unit cell. Figure V-10a shows

the variation of the interlayer distance (equal to c/3) as a function of the potential.

This interlayer distance does not vary linearly with the potential, it decreases more
rapidly at low potential than at high potential, hence defining two domains. The two domains

corresponding to regions | and Il previously associated by EQCM to the uptake of [H* (H20)]
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and H*, respectively. Consistently, the larger variation of the c-axis occurs over the potential

region corresponding to the uptake of the larger species.
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Figure V-10: (a) The interlayer distance as a function of the applied potential obtained by
Rietveld refinement of ex situ X-Ray Diffraction on composite electrodes of HalrO4. The red dot
corresponds to the pristine composite electrode. (b) Thermogravimetric analyses of a pristine
composite electrode and a composite electrode discharged at -0.3 V vs. Hg/Hg»SO.a.

To reinforce this result, thermogravimetric analyses have been performed on
discharged composite electrodes (-0.3 V vs. Hg/Hg,S04) and on the pristine composite
electrode for comparison (Figure V-10b). The derivative of the mass variation with respect to
the temperature (Figure V-10b, dashed line) reveals the presence of a new population of water
molecules at 175 °C while the population at 220 °C still remains for both pristine and
discharged samples. As the water departure is associated to the structural hydroxyl groups,
the observed lower temperature for water departure suggests the presence of another type
of H,0, most likely water molecules incorporated between the layers, which are easier to be
removed from the structure. From the mass loss, we deduced the stoichiometry: Ha6lrOs, 0.6
H,O for the reduced sample. It is worth to mention that a cycled and retrieved sample at x =
4 is demonstrating the same thermogravimetric behavior as the pristine electrode. Altogether,
EQCM, XRD and TGA measurements have well proved the incorporation of water molecules
in the Region |, although larger changes in lattice parameters could have been expected.
However, these techniques have not given direct indications on quantitative kinetic

parameters associated to each species involved.
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V.5 — Species determination and associated kinetics at the EEI

V.5.a — Identification of the nature of species and their dynamics at EEI

Finally, to determine the species involved in the charge compensation process and
kinetics associated to their transfer, ac-electrogravimetry has been employed. Essential to this
technique, alike typical EIS measurements, is the need to fit the data with a suitable model to
extract parameters related to the interfacial transfer. The fitting methodology has been
described in the Chapter Il (see Il.4.c). This method was then employed for the electrode-
electrolyte interface (EEI) analysis of HxIrOs composite electrode as shown schematically in
the Figure II-9. The measurements were performed at various stationary potentials in the
same potential range used for the EQCM measurements (Figure V-8). The ac-

electrogravimetry results obtained at 0.15 V vs. Hg/Hg»S04 (situated in Region 1) are shown in

Figure V-11.
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Figure V-11: Ac-electrogravimetry analyses of HalrOa. (a) Charge/potential 4q/AE (w) and (b)
mass/potential Am/AE (w) transfer functions at 0.15 V vs. Hg/Hg,S04, both experimental and
theoretical curves are given. The different loops are labelled with the involved species.

The charge/potential transfer function, 4q/AE(w), has been presented instead of
classical impedance representation (i.e. potential/intensity, AE /Al (w)) for the same reasons
as in the previous chapter. The collected spectrum of 4q/AE (w) at 0.15 V shows two loops

implying that two charged species (ion 1 and ion 2) are involved in the charge compensation
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process (Figure V-11a). Then, to identify and clarify the contribution of the charged and also
uncharged species (free electrolyte molecules), the experimental mass/potential transfer
function Am/AE (w) is considered (Figure V-11b). One big loop appears in the 3" quadrant at
medium and low frequencies. It is noted that the loops in the 3" quadrant are characteristic
for cation contribution or free solvent molecules in the same flux direction as cations. Another
small contribution appears at high frequency domain in the 1%t quadrant. The loops in this
latter are characteristic for anion contribution or free solvent molecules in the same flux
direction of anions (as explained in the Figure II-10). The initial assessment of the experimental
TFs in the Figure V-11 indicates: the charge/potential transfer function demonstrates the
contribution of two charged species without a clear identification (either two cations, two
anions, or one cation and one anion) and the mass/potential transfer function shows a slight
contribution of one anion or one solvent molecule at high frequency and one cation or one

solvent molecule at medium frequency domain.

Then, the experimental TFs were fitted with a model described in the Chapter Il.
Concerning experimental 4q/AE (w) TF, it was fitted with the theoretical equation given in
Equation 1I-32, involving two charged species. A good agreement is evident between the
experimental and theoretical curve in the Figure V-11a, both in terms of shape and frequency
distribution. The fitting parameters, K; (kinetics of transfer) and G; (related to interfacial
transfer resistance) are obtained for the two ions. At this stage, it is not possible to identify
these ionic contributions. To do so, the mass/potential transfer function Am/AE (w) is fitted
using theoretical equation given in Equation 11-35. The K; and G; parameters previously
estimated in the fitting of the Aq/AE (w) TF are used. Then, the molar mass of the species (M;
parameters in Equation II-35) were estimated which can lead to a good fit of the experimental
data. Several possibilities are considered. In the simpler case, one anion at high frequency and
one cation at medium frequency are involved in the charge storage mechanism. The anion
assignment is straightforward since perchlorate anions (ClOs’) are solely present in the
electrolyte during the measurements. For cations, there are two possibilities i.e. hydronium
ion (H30*) and proton (H*). Thus, two couples of charged species are possible: H*/CIO4 and
H30*/ClO4. Both have been tested to fit the mass/potential transfer functions but neither of
them were satisfactory due to the impossibility to fit the massive loop in the 3 quadrant

(Figure V-11b) with the low value of molar mass of the possible cations. In contrast, a more
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robust model has been obtained by injecting free solvent molecules. This solvent contribution
could not be distinguished at first glance due to not sufficiently different time constants
between the water molecule and the cation species, which results in one merged loop as

represented in the Figure V-12.
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Figure V-12: Example of Am/AE (w) TF for one anion (ClO4) and one cation (H*) plus the
participation of one uncharged species (H20) in the same direction as the cation flux with close

time constants.

Therefore, the model enlisting anions (ClO4") at high frequency, cations (H*) and solvent
molecules (H20) at medium and low frequency was taken into account. The outcome of this
fitting of the experimental TFs with this model is displayed in the Figure V-11 with the
corresponding species identified in the mass/potential TF. Fits with hydronium ion instead of
the proton have been considered but the partial mass/potential TF (a cross-check procedure
of the fitting) where the cation contribution has been removed were not satisfactory (Figure

V-13) which lead us to maintain the contribution of H* as the cationic species in our model.
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Figure V-13: Partial mass/potential transfer functions i—rg (w) at 0.15 V vs. Hg/Hg>S04 where

(a) the proton or (b) the hydronium ion contribution has been removed, both experimental and
theoretical curves are given.

Thus, as a whole, ac-electrogravimetry has confirmed the contribution of water
molecule and protons in the charge compensation associated to the Ir>* > Ir3-2>* redox process
while refuting the hydronium ions possibility. Surprisingly, there is also a minute participation
of the perchlorate ions to the overall process and their contribution will be discussed

guantitatively in the following.

V.5.b — Outcomes of the kinetic study

A similar fitting procedure described for the 0.15 V vs. Hg/Hg,S0a4 (Figure V-11) was
carried out for all the other measurements performed in the potential range from -0.3 to 0.7

V vs. Hg/Hg>S04. The results of the fitting procedure provided the K; (kinetics of transfer), G;

. . . 1
(related to interfacial transfer resistance by Rt; = E) and M; parameter (molar mass, thus
i

identification of the species). Although in different quantity and kinetics of transfer, the
contribution of three different species (ClO47, H* and H,0) is found to be persistent at all the

potentials studied. The obtained values are shown in the Figure V-14a.
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Figure V-14: (a) Evolution of kinetic parameters, K;, interfacial transfer resistances, Rt; and (b)
relative concentration variation of each species, represented as a function of the potential.

Independently of the potential, the perchlorate anion has always a faster kinetic than
that of the proton and the water molecule. The proton kinetics in contrast is potential
dependent: they are slower than that of the water molecule in the potential range below 0.2
V vs. Hg/Hg,S04. Beyond this potential, the proton kinetic increases rapidly to become as rapid
as the anion species. Meanwhile, the water molecule keeps an almost steady kinetic
throughout the overall potential window. While interfacial transfer resistance (Rti) of proton
species decreases constantly from low to high potential in the Figure V-14a, note that of water
shows a parabola shape with a minimum at 0.15 V vs. Hg/Hg,SO4 consistent with a water
incorporation in the potential Region |, as suggested by the EQCM, TGA and ex situ XRD results.
With a further calculation using the ac-electrogravimetry data, the concentration variation of
the three different species in the active material film as a function of the potential can be
determined (Equation [I-38) represented in the Figure V-14b. The H* concentration varies
nearly linearly with increasing potential, hence proving its steady insertion in both Regions |
and Il. The water concentration in contrast undergoes a huge drop over the short potential
window (-0.1 to 0.2 V vs. Hg/Hg>S04) corresponding to Region I. Additionally it can be noted
that the concentration variation related to anion (ClO4’) is much smaller compared with cation
and solvent concentration changes (Figure V-14b). Their fast kinetic led us to believe that their
participation is rooted in their electroadsorption on the underlying gold surface of the EQCM
and not as inherent part of the active material redox process. Even if the film at the surface of

the electrode is homogeneous, some spots are indicating the contact between the electrolyte
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and the gold surface as shown in the SEM picture of the Figure V-15a. Perchlorates are known
for their lower affinity to be adsorbed on gold substrate that is why we selected them at the

first place as counter ions instead of chlorides or sulfates.??3
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Figure V-15: (a) FEG-SEM image of a spray cast composite film of HxlrOs, Csp and PVDF on a
gold EQCM electrode and (b) comparison of the mass variation by classical EQCM measurement
(at 5 mV.s?) with recalculated mass variation by ac-electrogravimetry.

To ensure the robustness of our data analysis by ac-electrogravimetry, through which
we claimed that the EQCM global mass variation (in Figure V-8 and Figure V-15b) can be
deconvoluted into distinct contributions of ClO47, H* and H,0O, a verification procedure is
applied. The mass variation of each species has been recalculated using their concentration
change in Figure V-14b. The total of these contributions (re-calculated from ac-
electrogravimetry) was compared with the mass variation obtained by classical EQCM. The
difference of active material mass loading between the film for classical EQCM and ac-
electrogravimetry was taken into account in our calculations by a simple renormalization.
These results nicely compare hence validating the model involving three different species

contributing to charge compensation process in HxlrO4 composite electrode.

V.6 — Chapter conclusions

The electrochemical activity of HyIrOs in aqueous media has been revisited. In

comparison with the work of Perez et al.,?'® we emphasized the study on its mechanism via
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the use of additional in situ analytical techniques, EQCM and ac-electrogravimetry, together
with operando XAS. Interestingly, by increasing the acidity of the leaching solution, we could
synthesize from LislrOs a water-free protonated phase containing four protons (HalrOa4) as
opposed to 3.4 for the H34lrOs phase previously reported. Alike its predecessor, HalrOs was
shown to reversibly exchange nearly 1.75 e  per formula unit with the charge being
counterbalanced by Ir whose oxidation state reversibly switches from +V (Hslr>*O4) to +l11/+IV
(Ha.75lr0.25*1r0.753*04), as deduced by XAS. However, cyclic voltammetry performed at different
rates provided evidence for a potential-dependent mechanism with a threshold at 0.3 V vs.
Hg/Hg.S04. Additionally, ex situ XRD had revealed that the process was accompanied by a
continuous but non-uniform variation of the lattice parameter providing evidence for a bulk
rather than a core-shell mechanism, but also suggesting the presence of two different reacting

species.

The potential dependence of the reacting species was confirmed by EQCM which also
enables to identify, via mass determination, the two contributing species: H* and H*(H;0).
Moreover, we could demonstrate that the proton was inserted on the whole potential window
while water molecules are mostly inserted at low potentials as further confirmed by TGA
analyses. Based on this evidence for water participation, the small c-lattice parameter
variation (Ac/3 = 0.12 A) when water molecules participate in the insertion process is at first

surprising. However, Srimuk and co-workers??*

have previously demonstrated the
incorporation of one water molecule per sodium cation during the cycling of TiS; in aqueous
electrolyte measured by classical EQCM was solely accompanied by small variation of the
interlayer distance (Ac = 0.06 A). Based on this work and the recent findings of Tepavcevic and

co-workers22®

who have studied the benefits of structural hydroxyl groups in enhancing the
performance of electrochemically synthesized bi-layer V,0s5, we can propose a simple scenario
to explain the small variation observed in the c-axis. We believe that alike in V205, that protons
in the interlayers forming structural hydroxyl groups maintain a sufficient interlayer spacing
to permit the diffusion of cations and free solvent molecules as they preserve a solvating
environment in the bilayer. To secure this explanation, it becomes essential to determine the

water conformation and the proton position within this layer structure. Neutron experiments

using acid-d in deuterated water (D20) to prepare D4lrO4 have been performed; however, the
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poor signal-to-noise ratio, probably caused by the low crystallization of the phase, made the

data not treatable.

Lastly, ac-electrogravimetry was demonstrated to be of great help to provide insights
into the origin of the kinetic difference spotted by cyclic voltammetry as it enabled the
decoupling between electrode-electrolyte interface processes pertaining to the insertion of
the two species. For instance, we clearly show that the proton transfer resistance at the
interface is not affected by the concomitant water incorporation. In contrast, it is more
dependent on the charge repulsion created by the accumulation of protons within the
material during insertion. Turning to the water, its presence is slowing drastically the proton
insertion kinetic due to steric hindrance. In short it must be recognized that in protonic
aqueous system, water molecules can improve the electrode electrochemical capacity by
shielding the proton charge as it has been already proven for Mg’ or Zn-ion??® nonaqueous
batteries where water acts as an additive. However, in our study this shielding effect has a
prize since it negatively affects the kinetic of the insertion process. To the best of our
knowledge, no detrimental influence of the incorporated water has been proven on the kinetic
of insertion, neither no other compounds have shown a dependency of the inserted species
as function of the applied potential. Moreover, we demonstrated that the desolvation process
happening at the electrode-electrolyte interface is the rate limiting step for insertion (Region
I). Therefore, water molecules could play a key role, since replacing an organic by an aqueous
solvation shell, should reduce desolvation energy at the interface. As it has been shown for
Zn-ion?2® and more particularly in the two previous chapters, the partial water shell permits a
faster insertion kinetic at the electrode-electrolyte interface by permitting a fast surface
diffusion. However, contrary to the previous case studies, the water molecules are
accompanying the proton into the lattice layers leading to the tuning of the interlayer and
thus a stabilization of the cation between the layers. In the literature, the water co-
intercalation into the lattice is proved in several layered materials without potential-
dependent mechanism. Nonetheless, the present study demonstrates, with these two
regions, a potential dependent mechanism that the water co-intercalation occurs at the
expense of the insertion kinetic. Therefore, the tuning of the interlayer by solvent molecules

permits the further intercalation of cations thanks to its charge shielding. However, the

150



Chapter V

kinetics of insertion suffer from the activation energy increase triggered by steric hindrance

of the intercalated water molecules.
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General conclusions

General conclusions

Through this Ph.D. thesis, the essential role played by the electrode-electrolyte
interface (EEIl) and its impact on the physicochemical properties of ion intercalation was
explored. Electrogravimetric-based techniques derived from electrochemical quartz crystal
microbalance (EQCM) have been developed and adjusted to characterize the electrode-
electrolyte interface in battery systems. We selected model materials like LiFePQO4, Prussian
Blue analogs as well as new protonic iridate phase, HxlrOs, to study the dynamic behavior of
the EEI during the insertion of lithium and potassium ions, as well as protons in both organic
and aqueous electrolytes. Special attention has been given to the solvation shell of alkali

cations.

Obtaining reliable and artifact-free information from QCM-based techniques is not an
easy task. To this end, appropriate strategies have been developed to get the best of the each
methodology. First, we developed a multi-step process to prepare active material coatings in
a reproducible way with a lateral and vertical homogeneity at the surface of the quartz
resonator. The quality of the films obtained for gravimetric measurements was secured via
multiharmonic QCM-D measurements that successfully revealed the hydrodynamic behavior
of a flat surface film, rigidly attached to the resonator in both aqueous and non-aqueous
electrolytes. In addition, a dedicated EQCM-cell was designed because of the absence of viable
commercial alternative. It offers several advantages: mimic the battery configuration, ensure
airtightness, display low impedance while offering reproducible data and showing high
versatility as it can be used in both aqueous and non-aqueous electrolyte, and be compatible
with QCM-based technigues. EQCM with motional resistance monitoring (EQCM-R) over
EQCM-D has been privileged for its ease of application to battery material study. The motional
resistance monitoring was used as a convenient viscoelastic indicator of the film properties

upon cycling to avoid over/under estimation of the real mass change.

The higher rate capability of LFP particles in aqueous electrolyte compared with their
organic counterparts was firstly investigated by classical electrochemical measurements.
Then, EQCM-R measurements confirmed these performance discrepancies by directly
assessing the partial or total LiixFePOs delithiation conditions, depending on the potential

scan rate, in the two different media. By comparing the experimental and theoretical mass
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changes accompanying the insertion and extraction of Li* ions in both electrolytes, we provide
evidence for a solvent-assisted insertion process with the number of solvent molecules
pertaining to the solvation shell being markedly greater for water than for propylene
carbonate-based electrolytes. This higher concentration variation of water molecules at the
EEI of composite LFP electrode enables a faster insertion/extraction at the vicinity of the active

material particle.

To obtain more insights on the battery insertion mechanism, the system was simplified
by moving from Li-ion to K-ion chemistry, which proposed a smaller and weaker solvation shell
for the inserting cation. K* insertion was demonstrated to follow the same rate capability
discrepancy between aqueous and non-aqueous electrolytes, as we found for LFP. To identify
the origin of this divergence, in-depth electrochemical analyses were performed to highlight
the rate-limiting step in the insertion mechanism. Obtained results confirmed that the
desolvation process happening at the electrode-electrolyte interface and most likely in the
electrochemical double layer region is the cause of the kinetic discrepancy between aqueous
and non-aqueous electrolyte. The electrogravimetric measurements demonstrated the
presence of an additional frequency change to the theoretical mass uptake due to the sole
potassium insertion, which was proved by ac-electrogravimetry to be due to the participation
of the solvent molecules during the cation insertion at the electrode-electrolyte interface. A
strong interaction between K* and these solvent molecules has been detected, as indicated
by their close interfacial transfer kinetics. These measurements are the first direct
visualization of the existence of a transition step, between solvated cation in the bulk
electrolyte and a bare cation in the material, where the cation is partially solvated at the
interface as demonstrated by the close transfer kinetics between the cation and solvent

molecules.

The present studies on the Li-ion and K-ion chemistries demonstrated that in non-
aqueous electrolytes, when descending the column of alkali metals, the number of solvent
molecules participating in the partial solvation shell at the interface decreases to be inexistent
for K-ion battery. However, the desolvation energy in the bulk of the electrolyte decreases
when moving from lithium to potassium ions, explaining the better rate capability. The water-
based electrolytes do not follow this trend, as the desolvation energy is always higher in

aqueous electrolyte and yet exhibits better power performance. A partially hydrated cation

154



General conclusions

(or a strong interaction between cations and water molecules with close interfacial transfer
kinetics) was always found in the electrochemical double layer region, which can be related
to the formation of a layer of water molecules in the inner Helmholtz plane (IHP) enhancing
the surface diffusion of the cation to an insertion site. Another parameter, which can have its
importance on the insertion process, is the anion nature and its concentration, as they are

specifically adsorbed in the IHP.

In continuity with the EEI analyses in alkali-metal ion batteries, the water molecules
role in the interfacial transfer process and their influence on the overall kinetics was illustrated
this time in a proton-based battery (pseudo-alkali metal), by studying the proton insertion in
the HirOs iridate phase. An arsenal of structural, compositional and electrochemical
characterization techniques — XRD, TGA, operando XAS and EQCM — was employed to
demonstrate the potential-dependent insertion mechanism and that two distinct reacting
species were involved. The EQCM, supported by the TGA analysis revealed that the protons
were inserted in the whole potential window; while water molecules are mostly inserted at
low potentials. In protonic agueous system, water molecules seems to improve the
electrochemical capacity of the electrode by shielding the proton charge. However, in our
study, this shielding effect has a prize since it adversely affects the kinetics of the insertion
process. To the best of our knowledge, no detrimental influence of the incorporated water
has been proven on the kinetics of insertion, neither no other compounds have shown a
dependency of the inserted species as function of the applied potential. Therefore, water
molecules could play a key role, since replacing an organic by an aqueous solvation shell,
should reduce desolvation energy at the interface. As it has been shown in the two previous
chapters, the partial water shell permits a faster insertion kinetics at the electrode-electrolyte
interface by permitting a fast surface diffusion. Here, contrary to these previous case studies
where water molecules cannot be inserted in the material, they accompany the proton into
the lattice layers of the iridate phase, tuning the interlayer and thus stabilizing the cation
between the layers. The water co-intercalation permits the further intercalation of cations

thanks to its charge shielding, nonetheless at the expense of the insertion kinetic.

Overall, scrutiny of the battery electrode-electrolyte interface, provided by a broad
spectrum of (electro)chemical characterization methods has delivered important insights on

the insertion mechanism, which is known to be of paramount importance to enhance battery
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performances and lifetime. The results provided in the framework of this Ph.D. thesis are
expected to help in gaining a wider acceptance of EQCM based methods from the battery
community. Studies focusing on a wider panel of active materials and a broader variety of
electrode-electrolyte interface phenomena can already be anticipated. This work can be
extended to the newly emerging multivalent ion chemistries to assess the impact of the charge
number on the insertion mechanism. As mentioned previously, the anion nature and
concentration are of great importance on the Inner Helmholtz Plane (IHP) structure and
should influence the interfacial desolvation before insertion and therefore the system rate
capability. In the following of H-based battery study, electrogravimetric methods should
provide advanced mechanistic insights on the interlayer tuning and its impact on the faradaic
and double layer processes. Finally yet importantly, as recounted in the literature, EQCM
based techniques are methods of choice to characterize the SEl formation in its early stage to

forecast its performance in practical applications.
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Materials & Methods

M.1 — Material preparation and characterization

M.1.a — Used and synthetized battery materials

O Lithium iron phosphate (LFP)

Lithium Iron Phosphate, LiFePOa, was purchased from Umicore, which presents a very
controlled distribution of particle size around 200 nm. The particles possess a carbon-coating

to improve the electronic conductivity of the electrode.

O Prussian Blue (PB)

The Prussian Blue phase was prepared by electrodeposition at the surface of a gold
disk electrode (8.95 MHz + 50 kHz, QA-A9M-AU(M)) or directly on one side of the gold
patterned quartz resonator. The EQCM electrode was protected in a dedicated mask exposing
only the gold surface area of 0.196 cm?. The phase was deposited from a solution containing
0.01 mol.L™t HCI (37 %, Carlo Erba), 0.02 mol.L K3[Fe(CN)e] (> 99 %, Sigma-Aldrich) and 0.02
mol.L'! FeCls (> 98%, Alfa Aesar). The solutions were prepared separately at higher
concentration to be diluted to the desired concentration and mixed in the mentioned order
prior usage. A 3 mm diameter graphite rod (Sigma-Aldrich) and Hg/Hg,S04 (saturated K2SO4)
protected with a frit containing a solution of K2504 0.25 mol.L'* (99 %, Alfa Aesar) are used as
the counter and the reference electrode, respectively. The solution was stirred during with
electrodeposition time. A 40 pA.cm2 cathodic current (-7.84 pA for a surface area of 0.196
cm?) was applied during different period of time: 150, 300, 450 and 600 s, to obtain different
thicknesses of PB film: 100, 200, 300 and 400 nm, respectively. The PB phase is formed

following this redox equation:

3Fe(CN)s” +4Fe* +3e” =Fe,'[Fe"(CN)ls  Equation M-4
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A 1 um thick film was prepared at the surface of a gold disk electrode to check the
structural phase by X-ray diffraction. Then the films were cycled 15 times in aqueous medium
containing 0.25 mol.L'! K504 pH 3.5 to insert potassium in the structure and leach one iron as

described in the equation:
Fe4I”[Fe”(CN)6]3 + 3 K+ (_—) 3 KFe”I[Fe”(CN)6] + Fe3+ Equation M-5

Then the films can be cycled in the same aqueous electrolyte or in nonaqueous

electrolyte. For the latter, the films were dried under vacuum overnight at 80 °C.

O HxlrOg4

LislrOs4 was prepared by mixing metallic Ir and Li;CO3 in stoichiometric amounts
followed by a heating treatment at 950°C for 24 h in air. Then, the resulting sample was acid-
leached in 1 mol/L H,S04 (95-97 %, Sigma-Aldrich) during 1 h with a fivefold excess of H* over
exchangeable Li* in the material. The solid and the supernatant were separated by
centrifugation and the sample was washed five times with distilled water prior to being dried

overnight at 80 °C under vacuum.?!8

M.1.b — Material characterization
o X-ray diffraction (XRD)

X-ray diffraction (XRD) was performed to confirm the success of the synthesis and to
analyze the structure of the material at different state-of-charge (ex situ, by stopping at
different potentials during cycling) using a BRUKER D8 Advance diffractometer with Cu Ka
radiation (Aka1 = 1.54056 A, Aoz = 1.54439 A). Rietveld refinement??” were performed to obtain
structural parameters as implemented in the FullProf suite (P.E. Pearce and T. Marchandier
are acknowledged for their contribution).??® The crystal structures shown in this work were

229

drawn with the VESTA visualization program,??® using the crystallographic information

obtained from Rietveld refinements.
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O Thermogravimetric analysis (TGA)

Thermogravimetric Analyses (TGA) were recorded with a Mettler Toledo TGA/DCS 3+
apparatus under argon by applying a heating rate of 5 K.min* from 25 to 1000 °C using around
8-10 mg of material. The thermal stability of pristine materials, as well as the water uptake of

active material present in cycled composite electrodes were investigated.

O Field emission gun scanning - electron microscopy (FEG-SEM)

The morphology of the particles and the prepared films (by spray coating or
electrodeposition) was observed by Scanning Electron Microscopy (SEM) with a SU-70 Hitachi
FEG-SEM (accelerating voltage of 5 keV). Modified quartz resonators followed a particular
preparation procedure. Its upper side, where the film is deposited, is electronically connected
to the SEM stage through a copper tape. The sample was covered with a thin layer of gold (10
nm) using a plasma sputtering coater (MTI, GSL-1100X-SPC-12).

O Brunauer, Emmet and Teller analysis (BET)

The specific surface area was determined using BET analysis on a Quantachrome
ChemBET Pulsar from a single-point BET analysis performed after 12 h outgassing at 150°C.

The measurements were performed by M. Ben Osman.

O X-ray absorption spectroscopy (XAS)

Ex situ and Operando XAS measurements at the Ir Ls-edge were performed in a
transmission mode at the ROCK beamline?3° of synchrotron SOLEIL (France) with the help of
A. ladecola. A Si (111) channel-cut quick-XAS monochromator with an energy resolution of 2
eV at 11 keV was used. The intensity of the monochromatic X-ray beam was measured by

three consecutive ionization detectors, as represented in the Figure M-16.
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Figure M-16: Schematic representation of the XAS experiment performed at SOLEIL.

The in situ three-electrode cell (Figure M-17a) was placed between the first and the

second ionization chambers. Operando XAS spectra were collected continuously and averaged

out over periods of 120 s. The energy calibration was established with simultaneous

absorption measurements on Ir metal foil placed between the second and the third ionization

chambers. The energy calibration as well as the normalization was done using graphical

interfaces available on the ROCK beamline.?31
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Figure M-17: Operando XAS data treatment and experimental setup. (a) Picture of the lab-made
electrochemical cell for operating operando XAS experiments, using carbon paper loaded with
7 mg.cm™? of HylrO4 as working electrode, porous graphite rod as counter electrode and
Hg/Hg,S04 (saturated K;SO.) as reference electrode. (b) Determination of the White Line
energy thanks to derivative of the normalized absorption spectrum with the binding energy for
which the curve is equal to zero.
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The White Line (WL) energy position taken at the zero crossing of the first derivative
(Figure M-17b) was used as fingerprint of the oxidation state. KslrCle, Li2IrO3 and LizlrOs were

used as references for the oxidation state of Iridium +lllI, +IV and +V respectively.

M.2 — Classical electrochemical characterization

M.2.a — Electrode preparation

Self-standing PTFE electrodes were prepared for their easy handling. The selected
active material was mixed with 10 wt.% Carbon super P (Csp, Timcal) and 5 wt.% PTFE (1 um,
Sigma-Aldrich) in a mortar with the help of a few drops of volatile solvent, propan-2-ol
(isopropanol, 99.5 %, Sigma-Aldrich). Then, the mixture is laminated with a roller several
times, like a pastry puff, to obtain films with a thickness of 60-70 um and a density of material
around 15 mg.cm. 6.5 mm diameter electrodes (0.322 cm?) were punched from the Active
material/Csp/PTFE film to be used as the working electrode. Counter electrodes were also
prepared by this technique using overcapacitive carbon (YP50) as an active material for

aqueous electrolytes.

M.2.b — Classical electrochemical setup

Routine electrochemical tests were performed using 2032 coin cells in a two-electrode
configuration. The positive and negative electrodes were separated by two sheets of
borosilicate glass fiber membranes (Whatman GF/D, VWR) soaked with the desired
electrolyte. Self-standing electrodes of active material were used as the working electrode.
Metallic Li or K were used as anodes by a small chunk of metal on a stainless steel current
collector. Coin cells were sealed by an automatic crimping machine applying the same
pressure to all cells (MTI, MSK-160E). All the cell parts were dried overnight at 80 °C before
being assembled in an Ar-filled glovebox (MBraun, O, and H,O < 0.1 ppm) before each

experiments using non-aqueous electrolytes.
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Electrochemical tests in acidic aqueous electrolyte were performed in three-electrode
perfluoroalkoxy alkane (PFA) Swagelok cells. Glassy carbon current collectors were used
instead of stainless steel to avoid corrosion. YP50 self-standing electrodes were used as
negative electrodes. As for the reference electrode, a Hg/Hg.S04 (saturated K2S04) was used.

The Figure M-18 depicts the electrochemical setup used in this Ph.D. manuscript.

Glass fibers
QW

Figure M-18: Three-electrode Swagelok type electrochemical setup used for the tests in acidic
aqueous electrolyte.

M.2.c — Electrochemical cycling

All electrochemical cycling tests were performed with a VMP3 potentiostat (Bio-Logic
SAS). Electrochemical characterization was done in a galvanostatic mode, with a constant
current applied between the working and the counter electrodes and the cell voltage (two-
electrode setup) or electrode potentials (three-electrode setup) were measured. Or cyclic
voltammetry was performed, the potential window is swept at a fixed rate and the intensity
is measured. The current density (in galvanostatic mode) was chosen to correspond to a
defined cycling rate for a given material. For example, at 1C, one cation is exchanged between
the two electrodes in one hour. The rate capability was evaluated by varying the cycling rate.

The same procedure was performed in cyclic voltammetry by changing the scan rate of the
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potential. The cut-off potentials of cycling were selected to remain in the electrochemical

stability window of the used electrolyte.

M.2.d — Diffusion coefficient determination

O Galvanostatic Intermittent Titration Technique (GITT)

The GITT procedure consists of a series of current pulses at 1C during 2 minutes, each
followed by a relaxation time of 30 minutes, in which no current passes through the cell.
During a discharge, the cell potential quickly falls to a value proportional to ohmic drop (iR),
where R is the polarization resistance. Then, the potential slowly decreases, due to the
galvanostatic discharge pulse, in order to maintain a constant concentration gradient. During
the relaxation time, the composition in the electrode tends to become homogeneous by
cations diffusion. Consequently, the potential suddenly increases by a value proportional to
iR, and then it slowly increases, until the electrode is in equilibrium (i.e. when dE /dt = 0) and
the open circuit potential of the cell is reached. Then, the following galvanostatic pulse is
applied, followed by current interruption. This sequence of discharge pulse followed by a
relaxation time is repeated until the battery is fully discharged. The chemical diffusion

coefficient can be calculated at each step, with the following formula:22?

2

) ,| dE
4 iV, a5

Dapp = ;(ZFSe> E Equation M-6
dv't

where i is the current (A), V,, is the molar volume of the active material (cm3.mol?), z is the
charge number, F is the Faraday’s constant (96485 C.mol?), S, is the electrode/electrolyte
contact area (cm?), dE /d§ is the slope of the coulometric titration curve and dE/d+/t is the
slope of the linearized plot of the potential during the current pulse of duration. If sufficient
small currents are applied for time intervals, dE /d+/t and the coulometric titration curve can
be considered linear over the composition range involved in that step, the previous equation

can be simplified into:
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Dopp 4 (AES>2

RZ _ 9nr AE, Equation M-7

where 7 is the duration of the current pulse (s), R is the particle radius with the assumption of
spherical particles, AE; is the steady-state voltage change, due to the current pulse and AE;
is the voltage change during the constant current pulse. This following formula has been

applied to each steps in order to obtain the D,,,,/R? ratio during the discharge.?*?

O Potentiostatic Intermittent Titration Technique (PITT)

The PITT procedure is based on a staircase potential signal applied to the system, as
represented in the Figure M-19a. In the case of a planar electrode, Montella demonstrated
that the current response of the system is dictated by the well known Cottrell relationship for
short times and an exponential decay of diffusion current with respect to time for long times,
if a restricted diffusion condition and diffusion control (very fast insertion reaction kinetics)

are assumed.233
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Figure M-19 : Apparent coefficient diffusion determination by PITT of K* in Prussian Blue film
(100 nm) in K2504 0.25 mol.L't aqueous electrolyte. (a) Applied potential staircases and current
response of the system. Focus on (b) the current response and (c) the natural logarithm of the
current response for the 0.030 V vs. Hg/Hg»S04 staircase.

2
For short times, i.e. t < ZL )
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2

For long times, i.e. t >> — :
“Dapp

D 2D
Iq(); = 2FA ipp Ac exp <_ 4L2pp t) Equation M-9

where F is the Faraday’s constant (96485 C.mol™?), A is the specific surface are (0.196 cm?), Ac
is the concentration variation in the film (mol.cm?), L is the film thickness (cm) and Dy, is

the apparent diffusion coefficient in the solid phase (cm?2.s%).

Then the apparent diffusion coefficient can be extracted from slope of the natural
logarithm of the Equation M-9 (Figure M-19b and c), as it is independent of unknown

variables.

) %Dypp

Dapp
In(I, (D)) = In (ZFA ac) - =

L t Equation M-10

This procedure permits to obtain the apparent diffusion coefficient of the inserted cation in

the solid phase at different potentials.

O Randles-Sevcik equation

The last procedure used to extract the apparent diffusion coefficient of the inserted
cation in the solid phase was based on the Randles-Sevcik equation. To fulfill the conditions
of validity of this equation, the diffusion length of the inserted cation within the host material
needs to be much smaller than the smallest dimension of the material such that the cation
gradient can be considered as a semi-infinite linear diffusion-like process normal to the
material interface. Then, assuming a Nernstian redox reaction (i.e. a fast reversible electron
transfer reaction), the absolute current peak value has a linear relationship (in oxidation and
reduction) to the square root of the scan rate of the cyclic voltammetry, following this

equation:?!’

/ F S
I, = 0.4463 FS ﬁ?“’,/Dappxcmtvl/2 Equation M-11
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where F is the Faraday’s constant (96485 C.mol™), R is the gas constant (J.K2.mol?), T is the
temperature (K), S, and S are the specific surface and geometric area, respectively (cm?), x is
the maximal mole fraction of inserted cation that can be inserted in the host material, C,,, 4 is
the concentration of the host material (mol.cm3), v is the scan rate (V.s), I, is the value of
the current peak (A) and Dy, is the apparent diffusion coefficient of the inserted cation in

the solid phase (cm?2.st). An example of this procedure is represented in the following Figure

M-20.
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Figure M-20: Apparent diffusion coefficient determination of K* during insertion and extraction
in a Prussian Blue film (100 nm) in K2504 0.25 mol.L't aqueous electrolyte by the Randles-Sevcik
equation.

M.3 — Electrochemical-gravimetric analysis

M.3.a — EQCM electrode preparation

AT-cut 9 MHz quartz resonators patterned with gold electrodes on both sides were
used as EQCM electrodes (SEIKO, 8.95 MHz + 50 kHz, QA-A9M-AU(M)). The electroactive
geometric surface area was equal to 0.196 cm?. The selected active material was mixed with
18 wt % Csp (Timcal) and 10 wt % PVDF-HFP (Kynar, Arkema) in 1-Methyl-2-pyrrolidinone (99.5
%, Alfa Aesar) by utrasonication (Qsonica) to obtain a homogenous slurry with a concentration
of 1 mg/mL. NMP is not prone to evaporation which is advantegeous, considering the
elevation of temperature during the ultrasonication step. The vial can also be cooled down
with an ice bath. Then a 300 uL volume of slurry was spray casted with an airbrush

(Timbertech, nozzle 0.5 mm) at a pressure of 4 bars on the gold electrode of the quartz
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resonators. The resonator, placed in a mask exposing only the gold surface area, was kept at
140 °C on a hot plate to permit rapid solvent evaporation. This step was followed by a heating
treatment on the hot plate at 200 °C during 1 h to enable the spreading of the PVDF-HFP
(Tmelting = 180 °C) on the surface of EQCM electrode. The electrode preparation was concluded
by a treatment at 120 °C during 1 h under vacuum (Glass oven B-585 Drying, BUCHI) to displace
the evaporation equilibrium of the non-volatile solvent. The resonant frequency (f) and the
motional resistance (R) of the composite electrode was measured beforehand and after the
casting protocol and frequency change between these two steps (4f) are used to obtain the
electrode loading, using Equation 1I-5. The morphology of the prepared film was checked by
FEG-SEM. Prussian Blue films were directly prepared by electrodeposition on the EQCM

resonator.

M.3.b — Airtight EQCM cell testing workbench

A labmade cell was designed specifically for EQCM measurements with its unique role
of being used either with aqueous or organic electrolyte and was developed conjointly by CSE
lab and Sphere ENERGY (presented in the Chapter Ill). The prepared quartz resonator was
mounted between two perfluoroelastomer O-rings known for their non-swelling behavior in
organic electrolyte. To check airtightness, the cell was sealed after injecting 500 pL of
anhydrous dimethyl sulfoxide (H,O 10 ppm, > 99.9 %, Sigma-Aldrich) inside an Ar filled
glovebox (02 < 0.1 ppm, H20 < 0.1 ppm). Then, the cell was kept outside the glovebox under
ambient condition, for different time frames. With the aim of quantifying the water uptake,
the solvent was withdrawn from the cell and injected with a syringe in a Karl Fischer titrator
(899 Coulometer, Metrohm). The cell impedance was also measured by impedance
spectroscopy using a SP-200 potentiostat (BioLogic) from 1 MHz to 100 mHz with 7 points per
decade. The spectrum has been fitted with Z-fit software. To interrogate the cell thermal
comportment, the resonant frequency change was measured in response to temperature
stimuli from 25 to 45 °C using a temperature controlled oven (UN30, Memmert). The cell

renderings were performed with the Autodesk Fusion 360 software.
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M.3.c — Verification of hydrodynamic and viscoelastic properties in electrolyte

The previously described spray casting protocol has been applied to prepare films of
active material with loading between 40-60 pg.cm™ on Au-coated quartz resonator with
fundamental frequency of 9 MHz (Advanced Wave Sensors S.L., Spain) and electroactive

geometric surface equal to 0.196 cm?.

The resonant frequency, f, and the absolute dissipation factor, D, of the bare and
loaded resonator in air were recorded at the different overtones with an Agilent 4294A
impedance analyzer. The resonant frequency was obtained from the maximum of the
electroacoustic admittance and the typical Butterworth-Van Dyke (BVD) equivalent circuit was
used to fit this admittance to extract the values of the different component, defined in the
Figure Il-4a and Equation 1I-8. Then, the absolute dissipation factor was estimated thanks to
the Equation I1-13. The absolute dissipation factor, measured from the 3™ to the 11t overtone
(total of 5), has been replaced by the resonant width thanks to Equation II-12. Then, the
resonant frequency and the resonant width of the loaded resonator in electrolyte under
Open-Circuit Potential (OCP) was recorded at the different overtones with an AWS A20
Platform (Advanced Wave Sensors S.L., Spain) to be compared with their analogous values of

the loaded resonator in air.

Shifts of frequency and resonance widths are calculated to that of the coating in air
rather than to the bare crystal and are normalized by overtone order as well as by p, f¢ where
p; is the density of the liquid (approximated to the neat solvent) and f, is the fundamental
frequency (n = 1). The data have been plotted as a function of the penetration depth §, which
characterizes the decay length of the shear wave across the boundary layer between the
resonator and the electrolyte (Equation 11-6). A Matlab script was developed to facilitate the
data treatment between Network analyzer and dissipation monitoring measurements at

different overtones.

M.3.d — Electrochemical-gravimetric measurements

The specifically designed EQCM cell was kept at 25 °C during the experiment thanks to

a temperature-controlled oven. A commercial SEIKO QCM922A microbalance (Figure II-7b)
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was connected to the cell through a BNC cable to monitor the resonance frequency change
(Af) along with the motional resistance (R) during the electrochemical processes. The
microbalance was coupled with a SP-200 potentiostat (Bio-Logic SAS) in the “WE to ground”
configuration, which permitted the recording of microbalance outputs and the realization of
simultaneous electrochemical measurements, as depicted in the Figure Il-7c. Finally, a

computer centralized the control over the electrochemical and gravimetric measurements.

Prior to the measurement, the EQCM was calibrated to determine the experimental
sensitivity coefficient (i.e. proportionality constant between the change of quartz frequency
and change of mass) in the Sauerbrey equation (Equation 1I-5). The deposition electrolyte was
a 0.05 mol.L't CuSO4 (> 99 %, Sigma-Aldrich) and 0.5 mol.L"t H2SO4 (98 %, Sigma-Aldrich)
solution. The frequency change was measured during the electrodeposition process
(galvanostatic or by using cyclic voltammetry) and the mass change is estimated thanks to the

measured charge, Q, and the Faraday’s law, assuming reaction yield of 100 %.

The electrodes were cycled in the desired electrolyte: organic or aqueous. For both
media, the EQCM electrode was used as the working electrode. For aqueous electrolyte, a 3
mm diameter graphite rod (Sigma-Aldrich) and Hg/Hg,S04 (saturated K,SO4) were used as the
counter and the reference electrodes, respectively. Whereas for organic electrolyte, lithium
or potassium metal (99.9 %, Sigma-Aldrich) of 5 and 2 mm were punched to be used as both
counter and reference electrodes. All the cell parts were dried overnight at 80 °C before being
assembled in an Ar-filled glovebox (MBraun, O; and H,0 < 0.1 ppm), before each experiment

using non-aqueous electrolytes.

M.3.e — Ac-electrogravimetry

Ac-electrogravimetry measurements were carried out by using a four-channel
frequency response analyzer (Solartron 1254 FRA) and a laboratory-made potentiostat and
QCM. The QCM was used under dynamic regime, working electrode (gold patterned quartz
resonator) was polarized at a selected potential, and a small-amplitude potential perturbation
(40 mV rms) was superimposed. The frequency range was between 63 kHz and 10 mHz for the

potential modulation. The microbalance frequency change, 4f,,, corresponding to the mass
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response, Am, of the working electrode was measured simultaneously with the current
response of the electrochemical system. It should be noted that the microbalance frequency
change, 4f,, is generally around tens of hertz while the carrier frequency, f,,,, is around 9 MHz
(for a resonator operating at 9 MHz). In order to have a higher level of performance of the
frequency/voltage (f/V) converter, the carrier frequency is reduced to a few hundred hertz
(generally = 400 Hz). Herein, a reference frequency synthesizer (Marconi Instrument 2023) is
used to obtain a frequency difference of = 400 Hz between the microbalance quartz frequency

(fw) and that of the reference synthesizer (f.r) and becomes (f o — fu).

Analogical Treatment

Reference
QCM Low pass

filter

Fet foof Converter
f ref w f tO V

. O il Generator
Potentiostat

AV

Al
,————o  REF FRA
I': ) CE Analyzer
o} WE
777
AV/AV
AE/A —
. . omputer
Electrogravimetric Am/AE i
Cell Frequency Analysis

Figure M-21: Schematic representation of the different systems composing the ac-
electrogravimetry setup at the Laboratoire Interfaces et Systemes Electrochimiques, Sorbonne

University, Paris.

One of the most important components of the experimental set-up is the f/V
converter, where the analog processing is obtained by means of a phase lock loop circuit
(Figure M-21). Through this component, the microbalance frequency signal is translated into
the voltage signal and sent to the Frequency Response Analyzer, in the form of AV;. Then, two
main raw transfer functions (TFs), AVf/AV(a)) (related to the electrogravimetric TF) and

AV /AI(w) (related to the classical impedance TF) are obtained simultaneously at a given
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potential and frequency modulation, f (pulsation w = 2mrf). In these raw TFs, AV is the raw
potential response, which takes into account the electrolyte resistance (4F = AV —

(Rel X AI))-

Ac-electrogravimetry

experiment
I |
Raw electrogravimetric TF Raw impedance TF
AV/AV (w) AV/Al (w)
Experimental electrogravimetric TF Experimental impedance TF
Am/AE (w) AE/Al (w)
Partial experimental electrogravimetric TF Experimental charge/potential TF
Am/AE** (w)  Am/AE* (w) Ag/AE (w)

Fitting with a theoretical
model

Parameters related to interfacial
transfer of species

Figure M-22: Ac-electrogravimetry data treatment roadmap.

The Figure M-22 shows the road map of how to obtain main experimental TFs from an
ac-electrogravimetry experiment (shown for a cation (c), an anion (a) and solvent (s)).
Mathcad Software version 15 (PTC) was used to calculate the experimental electrogravimetric
TF (Am/AE)(w) and the classical electrochemical impedance (4E/AI)(w), from the raw TFs
AVy /AV(w) and AV /Al (w), respectively. The experimental TFs given above are fitted with
the theoretical expressions defined in a model based on the interfacial flux of species under
polarization, using the Mathcad script. Relevant parameters regarding the nature of the

species transferred (atomic weight, M;, for i = cation, anion or solvent), together with their

interfacial transfer dynamics (K;), transfer resistance (Rt; = FLG_) and their concentration
13

variation (4C;) in the electrode are estimated. The interface is characterized at different

working potentials thanks to this procedure.?3
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M.4 — Classical Molecular Dynamics simulations

Classical MD simulations of 1 mol.L LiCIO4 in H20 and in propylene carbonate (PC)
between two planar Au(100) electrodes at a fixed potential difference of OV have been
performed with the MetalWalls code.?3> Each electrode is made of 5 layers, 162 Au atoms
each, while the electrolyte is composed of 100 LiCIO4 ion pairs and 5500 H,O molecules for
the aqueous system and of 100 LiClO4 ion pairs and 1170 PC molecules for the non-aqueous

system.

The SPC/E?3® model was chosen for water, while force field parameters for PC were
taken from OPLS?3” with scaled charges adopted in Chaudhari et al.?*® The Lennard-Jones
parameters for Li* were taken from OPLS,?3” while force field parameters for ClO4 from Liu et
al.?®® Finally, Lennard-Jones parameters introduced by Heinz et al. were adopted for
Au(100).2%° Mixed Lennard—Jones parameters for all of the different atom types were obtained

using the Lorentz—Berthelot combination rules.

2D periodic boundary conditions have been employed, with no periodicity on the
direction normal to the Au surface and box dimensions along x and y directions of Lx = Ly =
36.63 A. Electrostatic interactions were computed using a 2D Ewald summation method, with
a cut-off of 12 A for the short-range part. The simulation boxes were equilibrated at constant
atmospheric pressure by applying a constant pressure force to the electrodes. The electrodes
separation was then fixed to the equilibrium value of 128.0 A and 129.5 A for LiClO4 in H,0
and LiClO4 in PC, respectively. An equilibration run of 2 ns in the NVT ensemble (T = 298 K) has
been then performed. After equilibration, production runs of 17 ns and 36 ns for LiClO4 in H,0
and in PC, respectively, have been collected in the NVT ensemble (T = 298 K) using a timestep

of 1fs.
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Glossary
AM Active material
BET Brunauer, Emmet and Teller analysis
BVD Butterworth-Van Dyke
CCus Carbon Capture Utilization and Storage
CEl Cathode Electrolyte Interphase
Csp Carbon Super P
cv Cyclic voltammetry
DEC Diethyl carbonate
DEMS Differential Electrochemical Mass Spectroscopy
DMC Dimethyl carbonate
EC Ethylene carbonate
EDL Electrochemical double layer
EEI Electrode-electrolyte interface
EIS Electrochemical Impedance Spectroscopy
EMC Ethyl methyl carbonate
EQCM Electrochemical Quartz Crystal Microbalance
ESI-MS ElectroSpray lonization Mass Spectroscopy
FEG-SEM Field Emission Gun - Scanning Electron Microscopy
GCD Galvanostatic charge/discharge
GCPL Galvanostatic cycling with potential limitation
GITT Galvanostatic Intermittent Titration Technique
H Proton
H,O Water
HsO* Hydronium
HClO4 Perchloric acid
HF High frequency
HOMO Highest occupied molecular orbital
IHP Inner Helmholtz Plane
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K Potassium

K2SO4 Potassium sulfate

KPFs Potassium hexafluorophosphate

LCO LiCoO2

LF Low frequency

LFP LiFePO4

Li Lithium

LiBOB Lithium bis(oxalate)borate

LiClOa Lithium perchlorate

LiPFs Lithium hexafluorophosphate

LiTFSI Lithium bis(trifluoromethanesulfonyl)imide
LMO LiMn,04

LTO LiaTisO12

LUMO Lowest unoccupied molecular orbital

MF Middle frequency

Na Sodium

NA Network analyzer

NiMH Nickel-metal hydride

NMC LiNixCoyMn,0>

NMP 1-Methyl-2-pyrrolidinone

NMR Nuclear Magnetic Resonance spectroscopy
ocCP Open-Circuit Potential

OEMS Online Electrochemical Mass Spectrometry
OHP Outer Helmholtz Plane

PB Prussian Blue

PC Propylene carbonate

PFA Perfluoroalkoxy

PITT Potentiostatic Intermittent Titration Technique
PP Polypropylene

PTFE Polytetrafluoroethylene

PVD Physical vapor deposition
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PVDF Polyvinylidene fluoride

PVDF-HFP Poly(vinylidene fluoride)-co-hexafluoropropylene

QCcm Quartz Crystal Microbalance

QCM-D Quartz Crystal Microbalance with dissipation monitoring
QCM-R Quartz Crystal Microbalance with motional resistance monitoring
SEI Solid Electrolyte Interphase

SLI Start Light and Ignition

Solar PV Solar Photovoltaic

TF Transfer function

TGA Thermogravimetric analysis

VFT Vacuum filtration-and-transfer

XAS X-ray absorption spectroscopy

XRD X-ray diffraction
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A Piezoelectrically active area 0.196 cm?

Cr Sensitivity factor or calibration factor 1.20 ng/Hz

Cq Transverse velocity in AT-cut quartz 3.3410° cm.s?
D Dissipation factor

Dapp Apparent diffusion coefficient cm?st

e Elementary charge 1.6010° C
€26 Piezoelectric stress coefficient 9.65 102 A.s.m™?
F Faraday constant 96485 C.mol*
fo Resonant frequency of the fundamental MHz

G Inverse of the transfer resistance mol.vlst.cm?
I Electrolyte ionic strength mol.L?

K Kinetics of transfer cm.s?t

ks Boltzmann constant 1.38 102 J.K1
M Molar mass g.mol-1

n Overtone number

Na Avogadro constant 6.02 10% mol*?
Qox Measured charge in oxidation C

R Particle radius m

R Gas constant 8.314 J.K't.mol?
Rt Interfacial transfer resistance Q.cm?

S Specific surface area cm?

Ty Boiling point °C

Tm Melting point °C

Vm Molar volume cm3.mol?

W Bandwidth Hz

r Half-bandwidth Hz

Af Frequency change Hz

Am Mass change ng

On Penetration depth nm

€0 Vacuum permittivity 8.84 10 F.m?
€R Relative dielectric constant
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ni Dynamic viscosity mPa.s

Ap Debye length nm

Uq Shear modulus of the quartz crystal 2.947 10 g.cm™.s2
\Y Scan rate V.st

o] Volumetric mass density g.cm3

Pq Density of quartz 2.648 g.cm?
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Résumé

Exploration des mécanismes interfaciaux présents dans les batteries métal-ion

par EQCM avancée

La recherche ainsi que les progres technologiques dans le domaine des batteries Li-ion
ont été stimulés trés tot par I'émergence des appareils électroniques portatifs et, plus
récemment, par la demande constamment croissante des marchés de la mobilité électrique
et des réseaux électriques. Mais des améliorations en termes de puissance, durée de vie,
autonomie, colt et durabilité sont encore réalisables. La clé de ces améliorations est la
maitrise des interfaces électrode-électrolyte (IEE) en matiere de transfert de charge et de
transport qui sont liés au mouvement des ions alcalins solvatés. Cette étude vise a mieux
comprendre la science fondamentale de [I'IEE par [I'exploitation des techniques
électrogravimétriques basées sur la microbalance a cristal de quartz avec couplage

électrochimique (EQCM).

Tout d’abord, nous donnons une description exhaustive des mesures
électrogravimétriques ainsi que de l'instrumentation développée avant d’appliquer nos
stratégies expérimentales pour entrer dans la vie privée de ces interfaces. Ensuite, I’étude des
chimies Li-ion et K-ion est réalisée en électrolyte aqueux ainsi que non-aqueux. Plus
particulierement, nous démontrons le rdle crucial de I'étape de désolvatation sur les
performances en puissance de I'électrode. Etape que nous avons rationalisé en nombre de
molécules de solvant participant a la sphére de solvatation a I'lEE dans les deux électrolytes,
défaisant ainsi les idées répandues basées sur les différences de conductivité ionique ou autre.
Enfin, par souci d’exhaustivité, le réle des molécules d’eau dans le processus de transfert

interfacial et leur influence sur la cinétique globale dans une batterie a proton est exploré.

Mots-clés : Batterie, EQCM, Métal-ion, Interface électrode-électrolyte, Solvatation, Mécanisme
d’insertion



Abstract

Exploring interface mechanisms in metal-ion batteries via advanced EQCM

Research and technological improvements in rechargeable Li-ion batteries were driven
early by the emergence of portable electronic devices and more recently by ever-increasing
electric vehicle and power grid markets. Yet, advances in terms of power rate, lifetime,
autonomy, cost and sustainability are still feasible. Key to these improvements is the
mastering of the electrode-electrolyte interfaces (EEI) in respect of charge transfer and
transport that are linked to the motion of the solvated alkali metal ions. This work aims to
provide more insight into the underlying science of the EEI by exploiting electrogravimetric-

based techniques derived from electrochemical quartz crystal microbalance (EQCM).

To begin with, we give a comprehensive description of the fundamentals of the
electrogravimetric measurements together with the developed technical setups prior to unroll
our experimental strategies to get into the private life of these interfaces. Then, this thesis
enlists the study of Li-ion and K-ion chemistries in both aqueous and non-aqueous
electrolytes. More specifically, we demonstrate the crucial role of the desolvation step on the
electrode rate capability, that we rationalized in terms of number of solvent molecules
pertaining to the solvation shell at the EEl in both electrolytes, hence defeating previous
beliefs based on ionic conductivity differences or else. Lastly, for the sake of completeness,
the role of the water molecules in the interfacial transfer process and their influence on the

overall kinetics in a proton-based battery is explored.

Keywords: Battery, EQCM, Metal-ion, Electrode-electrolyte interface, Solvation, Insertion mechanism



