Design, Synthesis, and Characterization of

New Generation Lithium Batteries

a Vicente Agut




UNIVERSITAT
JAUME-I

Programa de Doctorat en Ciéncies

Escola de Doctorat de la Universitat Jaume I

Design, Synthesis, and Characterization of New Generation

Lithium Batteries

Memoria presentada per Nuria Vicente i Agut per a optar algraude

doctoraperla Universitat Jaumel

Doctorandas: Directors:

Nuria Vicente Agut Dr. G. Garcia-Belmonte

Dr. F. Fabregat-Santiago

Castell6 de la Plana, Juny de 2019






Aquesta tesi doctoral ha segut realitzada gracies al finangament rebut

per:

Ajuda predoctoral per a la formacié de personal investigador
(PREDOC/2015/54), en el Pla de promocié de la investigacié
2015 de la Universitat Jaume 1.

Beca per a realitzar una estada de tres mesos en el Helmholtz
Institute Ulm (HIU) en Alemanya, en el Pla de promocié de
la investigacid 2017 de la Universitat Jaume 1.

Ajuda per a realitzar una estada de tres mesos en la
Universitat Nacional de Seul en Corea del Sud, emmarcada en
el projecte europeu, IRSES Internew.

El conjunt de projectes en els quals ha estat inclosa l'activitat

investigadora durant la present tesi sén els segiients:

UJI-B2016-35, del Pla d’investigacié de la Universitat Jaume
I de 2016.

Projecte de la  Generalitat  Valencia:  Prometeo,
PROMETEQ/2014/020) i de I'Institut de Nanotecnologies
per a les Energies Netes (ISIC/2012/008).

Els projectes MAT2016-76892-C3-1-R. i MAT2011-22753, del
Ministeri d’Economia i Competitivitat.

Projectes Col - laboratius FEuropeus: Bioelectrochemical Systems
for Metal Recovery, BioelectroMET (2012) i Novel Composite

il



Oxides by Combinatorial Material Synthesis for Next Generation All-
Oxide-Photovoltaics, ALLOXIDEPV (2012).

v



“First principle: never to let one’s self be beaten down
by persons or by events.”

Marie Sktodowska Curie






No puc acabar aquesta etapa sense recordar tots aquells que ho han
fet possible.

En primer lloc, m’agradaria agrair al meu director de tesis el Prof.
Dr. Germa Garcia-Belmonte per la confianga depositada en mi per
desenvolupar aquest projecte i el seu suport al llarg d’aquests anys.
Al Dr. Francisco Fabregat-Santiago, codirector, per les llargues
discussions de ’electroquimica i les seues idees. A la Dra. Marta Haro,
junt a ella vaig posar els ciments d’aquesta investigacié. Aixi com, a
tots, 1 cadascun, dels membres dels grups d’investigacié, GAME i

GAS, amb qui he tingut el plaer de compartir el dia a dia.

In furtherance of obtaining my Ph. D, I have had the opportunity of
being hosted in two international research centers. My first research
stage was in Seoul National University, I had the opportunity of
joining Prof. Yung-Fun Sung in School of Chemical and Biological
Engineering. After that I could join to Prof. Passerini’s group in
Helmolth Institute Ulm in Germany, where I was allowed to carry out
my experiments there under Dr. Bresser supervision. Both stays were
wonderful and I want to extend my gratitude to all the people I had

the chance to work with.

1 de vosaltres, els compis de centralitaé$CIA, no me puc oblidar:
Marta, Drialys, Roser, Ramoén i Bruno, tampoc dels que vam passar
per ahi: Isaac, Luca i Lucia. Gracies per compartir molt més que hores
de laboratori o discussions cientifiques, amb vosaltres mai han faltat
rialles, xafarderies, cafeés, el Rossegé i pizzes! Gracies, a les nostres

vii



mamis, que m’han cuidat i aconsellat sempre i per a tot, Eva i Loles.
Tots vosaltres us heu convertit en familia durant aquests anys.

También gracias o Pilar y Sandra, lejos o cerca, pero siempre a una
llamada de teléfono para escucharme y aconsejarme en esta locura
de la investigacion que decidi emprender. Y por recordarme, muchas
veces, lo wverdaderamente importante. Viele danke, Amélie, denn
wahrend meines Aufenthaltes in Ulm hast du dein Zuhause erdffnet
und du wurdest ein Freund. Gracies als de casa: als amics de sempre
(PX) i als que us heu sumat en els dltims mesos, que sense saber
massa bé el que faig sempre esteu ahi per a recolzar-me!

I, si miro enrere, aquest cami va comengar amb llargues tardes d’estiu
fent sumes i restes, inculcant-me la fascinacié per les “cuentes” i
refusant sempre les calculadores, per allo de si s’equivocaven...

Gracies iaios.

Per 1ltim, i els més importants, els que han sigut, sén i seran un pilar
fonamental, els meus pares. Sense ells, ni el seu esfor¢, mai haguera
sigut possible fer realitat aquest repte. Per inculcar-me des de ben
menuda valors com el sentit de la responsabilitat, de 'esforg, de la
perseveranga i de la lluita per alldo que vull i crec, GRACIES.

viii



Publications included in this Thesis

1.

Nuria Vicente, Marta Haro, Daniel Cintora-Juarez, Carlos Pérez-
Vicente, José Luis Tirado, Shahzada Ahmad, Germa Garcia-
Belmonte. LiFePQy particle conductive composite strategies for
improving cathode rate capability, Electrochimica Acta, 2015,
163, 323-329. (DOI: 10.1016/j.electacta.2015.02.148)

Impact factor 2015: 4.803 (Q1).

Marta Haro, Nuria Vicente, Germa Garcia-Belmonte. Oxygen
Reduction Reaction Promotes Li" Desorption from Cathode
Surface in Li-O, Batteries, Advanced Materials Interfaces, 2015,
2 (16), 1500369. (DOI: 10.1002/admi.201500369)

Impact factor 2015: 3.365 (Q1)

Nuria Vicente, Germa Garcia-Belmonte. Methylammonium lead
bromide perovskite battery anodes reversibly host high Li-ion
concentration, The Journal of Physical Chemistry Letters, 2017,
8 (7), 1371-1374. (DOI: 10.1021/acs.jpclett.7b00189)

Impact factor 2017: 8.480 (Q1)

Nuria  Vicente, Germa  Garcia-Belmonte.  Organohalide
Perovskites are Fast Ionic Conductors, Advanced FEnergy
Materials, 2017, 7 (19), 1700710. (DOLI:
10.1002/aenm.201700710)

Impact factor: 19.687 (Q1)

iX



5. Nuria Vicente, Dominic Bresser, Stefano Passerini, Germa
Garcia-Belmonte. Probing the 4-step Lithium storage Mechanism
in CH3NH3PbBr3 Perovskite Electrode by Operando-XRD
Analysis, ChemkFElectroChem, 2019, 6, 456 — 460. (DOL
10.1002/celc.201801291)

Impact factor 2017: 4.312 (Q1).

This thesis has been accepted by the co-authors of the publications
listed above that have waved the right to present them as o part of
another PhD thesis.

Publications not included in this Thesis

1. Kang-Joon Park, Byung-Beom Lim, Moon-Ho Choi, Hun-Gi
Jung, Yang-Kook Sun, Marta Haro, Nuria Vicente, Juan
Bisquert, Germa  Garcia-Belmonte. A high-capacity
Li[NipsCop.06Mno14 O, positive electrode with a dual concentration
gradient for next-generation lithium-ion batteries, Journal of
Materials Chemistry A, 2015, 3 (44), 22183-22190.

2. Nuria Vicente, Marta Haro, Germa Garcia-Belmonte. New
approaches to the lithiation kinetics in reaction-limited battery
electrodes through electrochemical impedance spectroscopy,
Chemical Communications, 2018, 54 (9), 1025-1040.

Participation in conferences

1. Probing lithiation kinetics of conversion-reaction battery
materials, Nuria Vicente, Gonzalo Molina, Marta Haro, Antonio
Guerrero, 65th Annual meeting of the International Society of
Electrochemistry, August 2014, Lausanne, Switzerland. (Poster).

2. Mechanism scan in Li-Os batteries by impedance spectroscopy,
Marta. Haro, Nuria Vicente, Germa Garcia-Belmonte, ECS



Conference on Electrochemical Energy conversion & Storage with
SOFC-XIV, July 2015, Glasgow, United Kingdom. (Poster).

. Mechanism Identification in Lithium-Oxygen Batteries by
Impedance Spectroscopy, Nuria Vicente, Marta Haro, Germa
Garcia-Belmonte. TBA2016-International Battery Association,
March 2016, Nantes, France. (Poster).

. Nezt-Generation Li[Ni0.8C00.06Mn0.14]O2 Positive Electrode
Material with o Dual Concentration Gradient for High-Energy
Li-Ton Batteries, A.J. Park, H. G. Jung, Y. K. Sun, Marta Haro,
Nuria Vicente, Juan Bisquert, Germa Garcia-Belmonte. ECS -
18th International Meeting on Lithium Batteries, June 2016,
Chicago, EEUU. (Poster).

. Recent Advances in  Photoelectrochemical Response  of
Perouvskite /liquid Junction, Nuria Vicente, Eva Maria Barea
Berzosa, Germa Garcia-Belmonte, Research Workshop for Young
Researchers  Thin  Film  Emerging Photovoltaic and
Optoelectronic Technologies, November 2016, Valencia, Spain.
(Poster).

. Lead Bromide Perouvskite Fast Ionic Conductor for High-Power
Charge Storage Battery Anodes, Nuria Vicente, Germa Garcia-
Belmonte, The International Conference on Perovskite Thin Film
Photovoltaics (ABXPVI17), March 2017, Valencia, Spain.
(Poster).

. High Li-lIon concentration and diffusion in methylammonium
lead bromide perovskite battery anodes, Nuria Vicente, Germa
Garcia-Belmonte, MRS Fall Meeting, September 2017, Warsaw,
Poland. (Poster).

X1






In the last years, Li-ion batteries received great attention because of
the increasing energetics requirements of modern society across a
broad range of applications. We need to switch to renewable source
energy and be able to storage it. Hence, modern electrochemistry faces
a great challenge in developing rechargeable batteries whose materials
meet the requirement for excellent features, as very prolonged
stability and cycle life, safe, low cost, abundant as possible and

ecofriendly.

Herein, different materials are characterized electrochemically:
LiFePO, anode, Li-O, batteries and the innovative CH;NH;PbBr;
anode. Impedance spectroscopy allows us to identify the kinetics
limitation for each type of electrode. Furthermore, by coupling the
electrochemical process with operando-XRD, the structure evolution
during lithiation is investigated in the perovskite anode to propose
for the first time a possible mechanism based on three steps: insertion,
where coexist pristine material and lithiated phase; irreversible lead
conversion and Li-Pb alloying.

This work demonstrates that EIS is a testing tool that makes
accessible the connection between electrochemical mechanism and

electrode morphology and constituents.
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1

Nowadays, it is impossible to imagine our society without the use of

Introduction

energy, it is important to all of us, for a variety of useful reasons.
Over the past years, energy has been largely supplied by the
consumption of fossil fuels, at the cost of a dangerous anthropogenic
impact on the environment. According to the latest report of the
International Energy Agency (IEA) with a share of more than 80%,
and an increase of 2.1 % in 2017 (as show in Figure 1.1), in global
CO, emissions related to energy, after three years with hardly any

changes.!

30,000 - ........
munNEE

20,000 | 1 e B
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M Europe Was North America Latin America Asia
Pacific M Africa M Middle-East

Figure 1. 1. World energy consumption between 1990 and 2017 by Global Energy Statistical
Yearbook 2018. '-* (Reproduced with permission)

For this reason, the United Nations Framework Convention on
Climate Change (UNFCC) calls to climate action to reduce
greenhouse gas emissions rapidly and to strengthen the ability of



countries to build resilience and adapt to the impacts of climate
change, ensuring adequate support for developing countries. The
main goal is achieving to keep the average global temperature
increment as close as possible to 1.5°C and below 2°C, through the
enforcement of the Paris Agreement, the 2030 Agenda for Sustainable
Development and the Sendai Framework for Disaster Risk
Reduction.? Spain will not be able to comply with the commitments
adopted in the Paris Climate Agreement, if not dispense with fossils
fuels before decarbonizing the economy in 2050. This implies moving
from fossil fuels towards renewable energy sources,® which represent
only the 2.77 % of the world primary energy source at this moment.
If a new energy economy is to emerge, it must be based on a cheap
and environmentally friendly energy supply.

To such extent, it is of great importance to know how to transform
the energy from sustainable sources such as solar power, wind or
moving water, and what methods to store and transport energy from
place to place at times we want to utilize it. Not only are they more-
ecofriendly also unlimited. However, they present a big disadvantage:
the intermittency of supply, which is subjected to time, season or
weather conditions. Here electrochemical energy production can
potentially provide a solution, by the use of devices, such as batteries,
supercapacitors and fuel cells. In addition, these devices may operate
with much higher efficiencies than combustion engines and related
devices, due to the electrical conversion from chemical energy is not
subject to undergoes lower thermodynamic energy losses.”

1.1. Batteries for electrochemical energy

storage

Battery energy storage is the most widely used technology available
for power system application, and many types of batteries are



commercialized. T. Reddy has defined a rechargeable battery as an
electrochemical system that converts the chemical energy contained
in its active materials into electrical energy by means of an
electrochemical oxidation reduction (redox) reversible reaction.’

All batteries consist of two electrodes connected by an ionically
conductive electrolyte, a separator and the current collectors. The
more negative electrode of the cell, in the electrochemical scale, is
designed as the anode, which is associated with oxidative chemical
reactions, at the potential V,,, that release electrons to external
circuit, which is comprised of materials that can reversible store
lithium ions (e. g. carbon, transition metal oxides and alloying
metals). On the other part, the cathode is the more positive one,
where reductive chemical reactions, at the potential V.4, take place
when it gains electrons from external circuit. The separator is
necessary to avoid the electrons at the separate electrodes come
internally into contact when the battery is processed. If this happens
both electrodes would be at the same potential and the cell will be in
short circuit and become useless.

The amount of electric energy that the cell can deliver is a function
of the cell potential (V) and charge capacity (Ah kg'), which in turn
depend on the chemistry of the battery. The equilibrium cell potential
is given by the difference of potentials of cathode and anode:

Vgell = Viea = Vox ( L. 1. )

When the battery is in equilibrium, the potential difference between
its terminals, or open-circuit voltage (OCV), V2,;, is understood as
the electromotive force, emf. This chemical driving force across the
cell is given by the change of free energy of the reaction, determined
by the free energies of formation of products and reactants.



Wonax = AG = —nFV° (1.2.)

cell

Where W,,,, represents the maximum electric energy delivered by
the chemicals, AG is the change of free energy per mol when the
reactions progress, n is the number of electrons transferred during the
reaction and F is the Faraday constant. V2,, the electrode cell
potential difference also can defined by chemical electrode potentials:
pa and g, for anode and cathode, respectively, which depend on the
chemistry that occurs at each electrode.

Following, in the Figure 1. 2, it is shown the principle of operation
of electrochemical battery. Here, the free energy available is due to
the oxidation reaction at the anode, which increases the state of
charge of a metal M, at the standard potential of the oxidation

reaction occurs, V.
M- Mt +e” V=V, (1.3.)

And at the cathode reduction reaction decreases the state of charge
of a metal oxide B, it takes place at reduction potential, Ve

B+M+e - BM V=V, (1.4.)

During the discharge process the semi-reactions that take place in
both electrodes lead to a reduction in the voltage differential between
both. On the contrary, the charge process increases this voltage
difference.
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Figure 1. 2. Principle of operation of electrochemical battery during (a) discharging and (b)
charging process. Circuit energy diagram of Li-ion battery. pa and ue are the electrochemical
potential of the anode and cathode, respectively. And the electrochemical potential to the end the
process has been shown by dotted lines.

Li-ion batteries is a mainstream technology to power an increasingly
diverse range of applications, from cars to microchips. Despite the
simplicity of this device, the lack of suitable electrode materials and
electrolytes, together with difficulties in understanding what happen
in the interfaces, has been the cause that their slow development, for

example in the electric vehicles.

1.1.1. Batteries chemistry

The amount of electrical energy per mass or volume that a battery
can deliver is a function of the chemistry of the system. The most
remarkable rechargeable batteries are lead-acid, Ni-Cd or their
successor: Ni-MH and lithium-metal that evolved to implement the
lithium-ion battery technology. Also, the new configurations such as
Li-Sulfur or Li-oxygen batteries must be mentioned. In Figure 1. 3
different existing storage technologies are compared as a function of
the gravimetric energy versus volumetric energy they are able to
provide.’ -7 The goal in this research field is to develop a battery



whose properties include light technology with high specific power, it
means high loading capability, also stability and with long cycle life.
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Figure 1. 3. Comparigon of the different battery technologies in terms of gravimetric energy versus
volumetric energy. * (Reproduced with permission from Armand, M.; Tarascon, J., Issues and
challenges facing rechargeable batteries. Nature 2001, 414, 359-367).

In 1859, lead-acid batteries were developed, characterized by their
fast response times, small daily self-discharge rates, relatively high
cycle efficiencies (63-90%). They are relatively cheap and easy to
manufacture. But this technology had significant drawbacks, such as
its heavy weight, which limits its energy density and short lifetime,
risk of hydrogen evolution and their heavy metal use. Their most
common application is starting engine, electric and hybrid vehicles
and standby emergency power.

The only rechargeable battery until 1899 was lead acid. Then, Ni-Cd
batteries broke into the market, but the negative effects of cadmium
on human health and memory effect, which limits the charging
voltage and capacity if the battery was not fully discharged
previously, were the cause because they failed. Nickel metal hydride
batteries (Ni-MH) mostly replaced them in the 1900s. Ni-MH anode
is constituted by a metal hydride with adsorbed hydrogen, which
came up with higher energy density than previous one, resulting in a



higher capacity or longer service life, and are more environmentally
friendly. So, they are used in consumer electronic devices such as
phones or computers. As well as, they are considered candidates for

use in electric vehicles.

The scientific community continued seeking for lighter options,
capable of giving higher energy densities. From mid-1970s, sodium-
sulfur battery technology has been commercialized, which attracted
attention for grid applications, accounting for 315 MW of worldwide
discharge power capacity. Although they have a high energy density,
acceptable charge/discharge efficiency, long cycle life, temperature
stability and use cheap and easy to recycle components, their
performance is reduced because part of the stored energy is used to
maintain the operating temperature in the range of 300 — 350 °C. On
the other hand, redox flow batteries have to be pointed out because
of their great advantage: the power is independent of their storage
capacity as, in this case, it is determined by the size of the electrodes,
the number of cells, the concentration and the amount of electrolyte.
Among the disadvantages there is the fact that they show low
performance resulting from non-uniform pressure drops and the
reactant mass transfer limitation, high manufacturing cost and

systems requirements.

Thereafter, lithium metal was found to be a good candidate because
of it is lightest of all metals with the greatest electrochemical
potential and offers the largest energy density per kilogram. However,
it was studied the changes that the lithium electrode suffers on itself
during the cycling resulted in potential fire danger. Then a safer
technology which operates at room temperature and with non-
metallic lithium battery emerge as an alternative to replace them:
lithium-ion batteries. Due to offering superior energy efficiency, high
power density, fast charge and discharge capability, low weight and
long cycle life these batteries have attracted the attention to use them
in portable devices. Nevertheless, they have some disadvantages such
as high cost due to overcharging protection and risk of capacity loss



or thermal runaway. It should be pointed out that there are two
specials cases: Li-S and Li-O» batteries. In the next section will be
complemented and expanded to take account of Li-ion batteries
specific characteristic.’

1.2. Lithium ion Batteries (LIB)

Li-ion batteries were a natural evolution from lithium metal battery
technology and the deep knowledge of intercalations chemistry
developed by solid-state chemist in the 1970s. Firstly, lithium was
regarded as an excellent anode with the extra-high capacity (3860
mAh g) and the lowest negative electrochemical potential (—3.04 V
vs the standard hydrogen electrode). In 1980s, Moli Energy
commercialized the first-generation Lithium Metal Batteries (LMBs)
with a high energy density of 100-200 Wh kg! and 200-300 Wh I'!. In
this first stage, the intercalated cathodes that were used
(electrochemical incorporation of Li" within the structure of host
materials, more details are given in the following sections), such as
TiS,, VO, Li.MO, (where M is Co, Ni, or Mn), and MoS,, operated
properly. Nevertheless, LMBs were not viable because Li metal forms
dendrites which can cause short circuits, start a thermal run-away
reaction on the cathode, and a risk of explosion hazards of the
batteries. Also, they have poor cycle life.*? So, it was replaced by the
secondary anode materials.

One of the major characteristics of Li-ion batteries is that the same
ion, Lif, participates at both electrodes, it means that
insertion/extraction is reversible from the electrode material coupled
with addition/removal electrons. The first commercialized Li-ion
battery was realised in 1991 by Sony. The electrode materials in this
cell were LiCoO, as the positive electrode, which was identified by
Goodenough’s group as a higher potential cathode for the

electrochemical insertion/extraction of lithium'™, and carbon as the
)



negative electrode, with LiPFg dissolved in a mixture of propylene
carbonate and diethyl carbonate as the electrolyte. The energy it
stored around 180 Wh kg* at an average voltage of 3.8 V, being five
times more that stored by the older lead—acid batteries.

Nowadays, their capacity has more than doubled, becoming the most
popular power sources; and in the recent years, they have begun to
employ in electrical energy storages (EES), like as in energy plants.
In 2013, the global battery market accounted for $54 billion. And it
is estimated to be achieved a global market $213.5 billion by 2020.
However, in order for the LIB’s become the batteries of the future,
they must overcome problems such as safety issues relative to
combustible materials, electrolyte decomposition, and they would
need to reduce their carbon footprint.!

1.2.1. Anode and cathode materials

Each electrode is made from particles (~80% by mass) with which Li*
ions react and into which the lithium inserts. The electrolyte is a
chemical solution that provides a medium of ion transport between
the electrodes, but electronically nonconductive. Anode and cathode
are electrochemically isolated to prevent short circuit for a separator,
which is a microporous polyethylene or polypropylene separator film,
permeable to the electrolyte to provide ionic conductivity. The
current collectors are metals in contact with the electrodes that
receive a flow of electrons from an external circuit to take place the
oxidation/reduction reaction on the electrodes. Aluminium and
copper sheets for the cathodes and the anodes, respectively. When
the electrodes are prepared, a binder is used to hold the active
material particles together and in contact with the current collectors,
typically ~10% by weight of polyvinylidene fluoride (PVDF). And,
electronic conductive material is used to enhance the electrical
conduction into the electrodes (~5-10% by wt. of hard carbon).



1 I Introduction

In order to be considered suitable candidates for LIBs, active
materials should comply with reversible capacity, good ionic and
electrical conductivity, long cycle life, high rate of lithium diffusion
into active material and, as well as low cost, safety and eco-friendly.
In next section, the most relevant anode and cathode materials are
presented with their advantages and disadvantages. In the majority
the configurations, active materials undergo a topotactic reaction
where lithium ions are reversibly removed or inserted into the host
without a significant structural change to the host during the charged
and discharged. However, there may exist also alloying reactions
between lithium and another metal and conversion processes, where
active materials experiment a solid-state redox reaction during
lithiation/delithiation, corresponding to changes in their crystalline
structure. Reactions involves a huge volume expansion, it entails a
high mechanical instability. The different mechanisms can be seen in

Figure 1. 4.

“Usual” processes

Insertion Low capacity
(mostly imitedto 1 e /M)
L
f=2l
c
<
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o
e Commercialised
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o
s Very large capacity
g Alloying ery large capacity
© Volume changes
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_ Under development
Conversion

Large capacity

Voltage hysteresis

Figure 1. 4. A schematic representation of the different reaction mechanisms observed in electrode
materials for lithium batteries. Black circles: voids in the crystalstructure, blue circles: metal and
vellow circles: lithium." (Reproduced with permission from Palacin, M. R., Recent advances in

rechargeable battery materials: a chemist’s perspective. Chem. Soc. Rev. 2009, 38 (9), 2565-2575).
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The great effort made in all areas has allowed the exponential
improvement experimented by lithium-ion batteries in recent years,
which allows them to be considered as the main storage energy
solution in many applications. However, the most important
breakthroughs come from new materials. Below is a summary on the
innovative materials classified in three groups, depending on their Li-
ion battery reaction mechanism: intercalation/de-intercalation,

alloy/de-alloy and conversion materials.

Insertion electrodes

The most important suitable compounds among anode materials due
to a high electrical conductivity and Li* transport, apart from
properties of low cost, abundance, easy processability, chemical
stability, low delithiation potential vs. Li/Li* and relative low volume
change during lithiation/delithiation and relatively ecofriendly are
the carbonaceous materials such as carbon, graphite, soft-carbons and
hard carbons.” Electrochemical activity in carbon comes from the
intercalation of Li between the graphene planes, up to 1 Li atom per
6 C can be stored in this way, corresponding to 372 mAh g,
theoretically.” As alternative is the spinel Li,Ti;Op (LTO).** Despite
its low specific capacity (150 mAh g' at 1.50 V vs. Li/Li") compared
to graphite, its good performance at very high rates, it shows a long
cycle life derived from the zero-strain intercalation mechanism,
coupled to the safety enhancement derived from a higher potential
with no SEI formation, make it attractive for implementation in
batteries for transport applications. Other titanium oxides
(polymorphs of TiO,) are possible candidates, too."

Most efforts made in insertion electrodes have being devoted to
positive electrode materials. The intercalation cathode materials are
divided in layered oxides, spinel structures and phospho-olivines (see
Figure 1. 5). All they have crystalline structures that enable
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1 I Introduction

reversible lithium insertion/extraction at practical voltage values vs.
Li*/Li.

(b)

Figure 1. 5. Representative crystal structures of cathode materials for lithium-ion batteries: (a)
layered a-LiCoOs; (b) cubic LiMneOa spinel; (¢) olivine structured LiFelPOs. Black lines demarcate
one unit cell in each structure. Structural representation of three types of insertion materials (green
spheres are lithium ions).'* (Reproduced with permission from Islam, M. S.; Fisher, C. A. J.,
Lithium and sodium battery cathode materials: computational insights into voltage, diffusion and
nanostructural properties. Chem. Soc. Rev. 2014, 43 (1), 185-204. Published by The Royal Society
of Chemistry).

The most commercially successful was LiCoO. (LCO), where the Co
and Li are in octahedral sites occupy alternating layers and form a
hexagonal symmetry, the two-dimensional paths exist along the ab
direction, which allows for diffusion of lithium ions (see Figure 1. 5).
LCO is a very attractive because of it shows relatively high theoretical
specific capacity of 274 mAh g*, low self-discharge, high discharge
voltage, and good cycling performance. Nevertheless, they have high
cost and fast capacity fade at high currents rates. Furthermore, it has
low thermal stability, so Co*" from delithiated Li,.CoO, can oxidize
the organic solvents of the battery electrolyte, especially upon heating
and can lead to the ignition of the battery.'”

LiNiO, (LNO) presents similar structural, theoretical specific
capacity of 275 mAh g' and thermal instabilities than LiCoO,, but

12



lower cost because of lack of Co. However, the two-dimensional paths
in LiNiQ, usually are partially blocked by excess nickel atoms that
limit the Li-ion diffusion rate. A partial substitution of Ni with Co in
order to avoid blocking the Li sites during synthesis and with Al in
order to improve both thermal stability and electrochemical
performance. The resulting LiNigsCopisAlsO2 (NCA) cathode
material has high discharge capacity (200 mAh g*') which is now used

in the battery for some models of Tesla electric cars.'®

LiMnO, (LMO) is also a promising alternative to LiCoO, cathode
material in terms of toxicity, performance and cost. When lithium
insertion/extraction they tend to transform into LiMn,O, with spinel
structure, that has lower capacity and voltage. Stabilization of oxides
containing manganese has been achieved by partial substitution of
Mn by Co and Ni. The optimal composition with the best compromise
between thermal stability and performance has been found for
LiNij 33Cop33Mng.330, (NMC) which is widely used in the battery
market because Mn is much cheaper and less toxic compared to Co
or Ni and shows reversible specific capacity as high as 234 mAh g*!
and good cycle stability.'?

More recently, a high-capacity LiNijsCopwMng14O: with a dual
concentration gradient was reported.”’ Each particle consists of Ni-
rich concentration in the particle core and the Mn concentration on
the particle surface. This positive electrode shows improved overall
electrochemical properties such as reversible capacity, cycle life, and
rate capability and thermal stability. We have performed in
collaboration with Prof. Yang-Kook Sun, although it is not included

in the present thesis.?

So also, the spinel LiMn,O, (LMO) is interesting in terms of low cost,
and environmental friendliness of Mn, with a moderate capacity of
120 mAh g! and an average voltage of 3.8 V vs. Li*/Li. However, it
shows insufficient long-term cyclability has been attributed mainly to
Mn dissolution and destabilization of the spinel structure.
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Finally, Lithium transition-metal phosphates LiMPOs (M: Fe, Mn,
Co, Ni) with olivine-type structure constitute a group of polyanionic
compounds safer alternatives and were proposed by Goodenough’s
group.?! The polyanionic LiFePQ, is the most representative for the
olivine structure and call the attention of the battery scientific
community by its thermal stability, high power capability,
competitive cost and presumable low toxicity. It provides 170 mAh
g!at 3.50 V vs. Li/Li". Although it presents disadvantages like its
relatively low average potential, a low electron conductivity and slow
diffusion of Li*, they can be improved by coating it with conducting
agents such as carbon or polymer. The relevant properties of LiFePO,
and the mechanisms of charge transport and phase transformation of
this material are described in Chapter 2.

Alloying

Materials that store charge via alloying reactions tend to display high
capacities (i.e. Si = 3579 mAh g, Sn = 993 mAh g*), but have poor
cycle life at high active loadings, due to the dramatic volume changes
during the alloying process, at least 400 %, which damages electrode
integrity. The latest researches have developed complex or
nanocomposite battery electrode materials, which display a
combination of different charge storage mechanisms, both insertion
and conversion/alloying mechanisms. These materials provide a
balance between moderate structural changes and reasonable high

capacities, with longer cycle life stability.?*?

Conversion mechanism

Transition-metal oxide (M.Oy, M=Fe, Co, Ni, Mn, Cu, etc.) are noted
to be capable of incorporating more than one Lit per metal atom,

leading to an increase in electrochemical capacities than carbonaceous
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anode. In spite of the great capacities and low cost, the main
drawback is the poor energy efficiency, high hysteresis between charge
and discharge profiles, and the large volumetric change. It is due to
this mechanism involves a completed change in the chemical identity
of the reactants (MO + 2 Lit &M+LiO,). It is believed that this
reaction is not practical because it occurs at low potentials, below
threshold of reduction reaction of most the solution species used in
Li-ion batteries, and it is not possible to guarantee really stable

passivation for these reactions.”

New electrode materials for lithium-based batteries
Li-0y batteries

It is important to look beyond the horizon of LIBs and explore
alternative rechargeable batteries that might exceed what lithium-ion
batteries could deliver. Approaches based on new chemistry are
necessary to increase the energy density in batteries, such as Li-Os
batteries, which is obtained by combing lithium metal anode with a
0O, permeable cathode. This concept was proposed by Abraham and
Jang in 1996.® The lithium air battery is expected to provide
theoretical energy density (~3500 Wh kg?), but their development is
hindered by the complexity of the chemistry at play. Currently Li—
O, batteries are classified into four architectures based on the

electrolyte used: aprotic, aqueous, hybrid, and solid-state systems.?

The energy is stored by the direct reaction, in nonaqueous or aqueous
system, between Li" ions and O, in a porous electrode that acts as an
electric conductive substrate and is based on the oxygen reduction
reaction (ORR) during discharge forming the discharge product Li,O
on the cathode surface, which is electrochemically decomposed to
release oxygen during oxygen evolution reaction (OER) in the
charging. Since lithium oxides products are insoluble in the
electrolyte, they are stored in the carbon electrode pores, and the cell
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1 I Introduction

discharge ends when these pores are filled completely with the oxides.
The capacity of the oxygen electrode is dependent on the specific area
of the carbon electrode. Li,O, formation involves some challenges such
as is a solid electronically insulator, which can cause a high
overpotential in OER, the use of a catalyst in the carbon cathode can
improve the recharge efficiency, being the most popular strategy the
addition of heterogeneous catalysts that dispersed in the carbon
electrode have improved the performance of the battery. Among them

noble metals and metal oxides have been widely investigated.”™

The main issues that require improvement to achieve higher
capacities are: (1) a nonaqueous electrolyte that is stable to assist the
peroxide radical attachment with high oxygen solubility, (ii) an
excellent catalyst for the reduction of Li,O,, (iii) the suppression of
lithium dendrite formation and (iv) protection from CO, and H,O in

the ambient air.?

Discharge

Figure 1. 6. Schematic of Li-O2 batterr. Grey represents a Li metal negative electrode, white
separator, purple the organic electrolyte, black porous carbon positive electrode, yellow a catalyst,

red is oxygen molecule and white forms the discharge product.
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CH;NHsPbBr; anodes

Studies on the already well-known Li-batteries are focusing on battery
materials and architectures, enhancing the stability and safety, and
lowering the cost through innovative materials. Towards this end,
recent publications have proposed a promising anode material to
improve batteries performance: hybrid lead halide perovskites.*>*
Perovskite may be able to offer both improved capacity and lower
cost. Since 2009, organic-inorganic hybrid perovskites have attracted
tremendous scientific attention, when the first hybrid perovskite
application in solar cells was reported.*® Due to its great properties
(high absorption coefficient, low charge-carrier recombination rates
and easy and low cost of cell fabrication by chemical methods and
much abundance of raw materials), which have allowed achievement
of the highest power conversion efficiencies of 22.7% certified by
NREL.** Now, and also because of the ability to host extrinsic
elements, such as Lit or Na', these materials have potential for
battery applications. The first report that supports this statement a
storage capacity of ~330 mAh g' for MAPbBr; was reported by Xia
et al.*°

These first publications, aimed at determining the viability of hybrid
halide perovskites as storage energy material, were based on ex-situ
experiments or theoretical studies.* 3> In this thesis (see Chapter 6)
a possible mechanism for the 3D perovskites anodes is proposed,
which is  even supported by  in-situ  experimental techniques,
specifically in-situ X-Ray Diffraction. The loss of the MAPDbBr;
structure during the cycle is confirmed, turning insertion mechanism

into conversion and alloying mechanism.
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Figure 1. 7. Voltage vs. Capacity for anodes and cathodes materials considerate for the next
generation of rechargeable Li-ion batteries.® (Reproduced with permission from Armand, M.;
Tarascon, J., Issues and challenges facing rechargeable batteries. Nature 2001, 414, 359-367).

1.2.2. Electrolyte

The electrolyte is a pure ionic conductor that physically separates the
anode from the cathode, whose main role is to enable a fluent and
fast transport of Li ions thought the separator that is soaked with it.
The electrolytes, which are used in Li-ion batteries, are based on non-
aqueous solvent.

In this thesis the electrolyte that has been used is a conventional
electrolyte. It consists of LiPFg dissolved in a mixture of aprotic, polar
carbonate solvents because of they offer a high ionic conductivity
4-10% S c¢m™, a high dielectric constant, which enables them to
solvate lithium salts and are stable in voltage working window where

it does not discompose or polymerization, usually they are limited to
4.60 V vs. Li/Li".

Usually, the most useful solvents are ethylene carbonate (EC), which
has a high dielectric constant. Since its melting point is relatively
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high (36.4°C), low viscosity co-solvents are typically used. These are
most typically linear alkyl carbonates, such as dimethyl carbonate
(DMC), diethyl carbonate (DEC) or ethyl methyl carbonate (EMC).
The presence of EC is critical for the reversibility of the reaction at
the negative electrode because it decomposes reductively on the
graphite surface upon first charging at around 0.80 V vs. Li/Li",
forming an SEI layer of decomposition products, it is examined in
depth in the next section.

1.2.3. Solid Electrolyte Interface (SEI)

In 1979, it was proposed by E. Peled?, the SEI model that is valid
for all alkali metals and alkaline earths in non-aqueous batteries
systems. The solid electrolyte interface model proved that the
instantaneously formation of SEI film upon contact of the metal with
the solution, due to the reduction of the electrolyte and production
of insoluble Li species at the surface of anodes of lithium-ion batteries,
is profitable for operating Li-ion batteries. The reactions on the
electrode/electrolyte interface causes irreversible capacity loss, which
directly reduce the available energy of the LIBs.

The layer acts as an interphase between the anode and the electrolyte
solution and has the properties of a solid electrolyte with relatively
high electrical resistance and high cation selectivity and permeability.
Its thickness is usually from 1 to 10 nm, has high strength and
tolerance to expansion and contraction stresses during the
charging/discharging, respectively. And also, it is insoluble in the
electrolyte and stable in the operating temperatures and potentials
range.”® The SEI layer is determining factor in the safety, power
capability, morphology of lithium deposits, and cycle life of the
batteries. SEI film helps to prevent the transfer of electrons from the
electrode to the solution in lithium battery, after its formation, but
it should be able to let lithium ions go through and passivate the
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electrode surface from further reactions and the charged electrode

from corrosion.

The morphology of SEI is very complex and varies with electrolyte
composition, described as a thin heterogeneous film of organic and
inorganic components. Its multicomponent composition is not fully
ascertained, but inorganic compounds have been identified as the
products of the reduction of salts anions such as LiF and LiPF,, while
the decomposition of the electrolyte carbonate solvents can lead to
formation of insoluble Li»CQOj;, which is considered to be one of the
SEI main components formed during the lithiation—delithiation
process.” And partially soluble carbonates Li,(OCO,(CH,),0CO,),,

(CH,OCO,Li), have been identified as its main components.***

Intensive research is currently carrying out to improve SEI properties
and to develop an artificial SEI to avoid any growth over repeated
charge/discharge cycles and long term storage, as well as dissolution
at elevated temperatures.*

1.3. Outline and scope
1.3.1. Objectives

The main objective of this Thesis is to understand and contribute to
the development of a new generation of Lithium Batteries with better
performance. In this context, the author worked on different
materials, such as LiFePO. cathodes, Li-O, batteries and
methylammonium lead bromide perovskite battery anodes. Being the
last one where significant effort have been made because it is the most
innovative anode in the bibliography at this moment.

In this research project, electrochemical impedance spectroscopy
technique has been employed to probe kinetic limitations in charging
of battery electrodes. It allows us to identify the principal kinetic
limitation that prevents the full charge of the electrode, which can be
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relative to ion diffusion or the kinetics of the reduction reaction itself.
Solid-state kinetic models of transport and reaction have been
proposed for each of the studied electrodes to explain the reaction- or
diffusion-limited mechanism, whether intercalation, conversion or

alloying electrodes.
To reach this goal several objectives have been target:

e Synthesis, optimization, and structural and morphological
characterization of active materials for electrodes lithium
batteries.

e Electrochemical characterization of electrodes as anodes or
cathodes in lithium ion half-cells.

e Development of different Impedance Models to explain the
electrode behavior during the cycling.

e In case of novel CH3NH;PbBr; anodes, few studies relative to
the mechanism that is taking place are reported in the
bibliography. It is for this reason, that its mechanism was
elucidated by means of operando techniques: performing an
impedance study and XRD analysis.

1.3.2. Structure of the Thesis

This Thesis consists of seven chapters and it has been organized
according to the requirements on a compendium of articles, which

have been published in relevant international publications.

First chapter is a general introduction to the lithium ion batteries
fundamentals, materials and battery performance, and a brief
explanation of the techniques used for the characterization of the
batteries. Throughout the next five chapters are presented the
different electrodes that have been studied during the investigation.
Finally, Chapter 7 summarizes the main conclusions of this Thesis
and possible future researches are suggested.
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Here, an overview of each publication is presented:

1. Chapter 3: LiFePO, particle conductive strategies for
improving cathode rate capability.

In this manuscript, in order to power performance of lithium
iron phosphate (LFP) cathodes, the matrix was modified with
the addition to the LFP particles of an electric conductive
carbon or polymer. A deep study of impedance allowed us to
elucidate the role of the additives. Not only do they improve
the  transfer of charge, but also favor the
lithiation/delithiation in the phosphate matrix.

2. Chapter 4: Oxygen Reduction Reaction Promotes Li*
Desorption from Cathodes Surface in Li-O, Batteries.

For Li—O; cathodes, the energy is stored by the direct reaction
between Lit ions and O, in a porous electrode that acts as an
electric conductive substrate. A novel equivalent circuit model
is proposed, which allows interpretation of the measurements
of impedance spectroscopy for Li-Os batteries. During
discharge mechanism different electrochemical process are
identified: (i) interfacial phenomena, (ii) electrochemical
double layer capacitance related to the Li" adsorption, and
(iif) oxygen reduction reaction chemical capacitance related
phenomena only at voltages and frequencies below 2.7 V and
10 mHz.

3. Chapter 5: Methylammonium Lead Bromide
Perovskite Battery Anodes Reversible Host High Li-
ion Concentrations.

Here, promising preliminary results and the early
understanding of the electrochemical charging of
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nanostructured hybrid perovskite CH;NH;PbBr; has been
reported. Intercalation anode exhibits a stable specific
capacity and partially reversible ~200 mA h g', and molar
contents as high as x = 3 (moles lithium per mol of
methylammonium). Main advantages are its high insertion

concentration x>>1.

Chapter 6: Organohalide Perovskite are Fast Ionic
Conductors.

Methylammonium lead bromide perovskite is used in solar
cells, but due to the multicomponent environment in all-solid-
state configurations, the ion diffusivity analysis is ambiguous.
So that battery configuration, in which the electrolyte is in
contact with the anode, a reservoir of Lit is forced to
intercalate and migrate within the perovskite electrode, and
then impedance study allows us calculate ion diffusion
kinetics. Confirming the superionic intrinsic property of
organohalide perovskites.

Chapter 7: Probing the 3-step Lithium Storage
Mechanism in CH;NH;PbBr; Perovskite Electrode by
Operando-XRD Analysis

In this manuscript the mechanism that take place between
lithium and organic-inorganic halide perovskite has just
recently proposed, using an operando-XRD. According to our
results the lithiation of CH;INH;PbBr; entails three reaction
steps: (1) the initial Li* insertion into the perovskite
phase in which pure perovskite and lithiated phases,
Li,.CH;NH;PbBr; coexist (0 < x < 1), (2) the perovskite
conversion reaction leading to the formation of metallic lead
(1 < x < 2), which is an irreversible process, and finally, (3)
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the alloying of lithium with the metallic lead previously
formed. It is in accordance to previous electrochemical results.

This proposal for lithium storage gives a complete
perspective  of the complex structural environment
involving the use of perovskite materials as electrodes
for Li-ion batteries.
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Firstly, it should be pointed out that in this thesis all the experiments
have been carry out with half-cell, i.e., all the electrodes, both anode
and cathode materials, have been characterizes against lithium metal.

2.1. Cell assembly

For electrochemical testing, composite electrodes were prepared by
hand-mixing active material, carbon black and binder in Agatha
mortar, about 80:10:10 by weigh, respectively, and made into slurry
by adding 1-Methyl-2-pyrrolidone (NMP). The slurry was spread on
contact aluminum or cupper foil (cathode or anode, respectively) by
Dr. Blade technique and vacuum dried. Later, electrodes were cut
and placed in two-electrodes Swagelok cells with lithium metals as
the counter and reference electrode, and separator soaked by
electrolyte under inert glovebox, with controlled oxygen and moisture
contents. In order to let electrolyte permeate through the separator,
cells were allowed to rest few hours.
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2 I Characterization methods and modelling

Active material electrode

Collectors

Lithium anode  Separator

Figure 2. 1.5cheme of assembled lithium half-cell.

2.2. Cyclic Voltammetry, CV

Cyclic voltammetry is a quantitative electrochemical tool to
investigate the potentials in which the electron transfer reactions take
place for charge/discharge batteries and their reversibility relative to the
number of peaks on both the forward and reverse scan.

This reversal technique is based on the sweeping the potential window
and recording the current as function of potential. The voltage of the
working electrode (electrode that is characterized vs. lithium) is swept
between two values: Vi and V., at a fixed rate. When the voltage
reaches Vs, the scan is reversed and the voltage is swept back to V.-

2 A typical cyclic voltammogram recorded is shown in Figure 2. 2.

voltage current

Vo

.

VP voltage

Vi
Figure 2. 2. (a) The voltage is swept between two values at a fixed rate. (b) Typical cyclic

voltammogram recorded for a reversible single electrode transfer reaction. E,* is the potential which

oxidation takes place and Ey defines the reduction reaction potential.
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2.3. Galvanostatic charge/discharge

One of the most straightforward tests to characterize an electrode
material is to apply a constant current until a V cut-off value is
reached to measure the potential of the electrode as a function of
time, to obtain quantitative values and reproducing the behavior of
the battery, depending on the insertion or removing Lit into the
material is said to be charged or discharged the cell.

The information about electrochemical processes that take place
during charging and discharging is showed in the way in which the
potential changes over time. These results allow to calculate the
capacity of the system:!

Q= ft'fl(t)dt =1-At (2.1.)

A
\ Charge

Discharge

Potential (V vs. Li/Li")

A J

Capacity (mAh g!)

Figure 2. 3. Schematic of potential in the charge/discharge profile of an ideal insertion electrode
material. This electrochemical potential is caused by the energy difference of phase transitions

between the charge and discharge profiles.
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2.4. Electrochemical Impedance Spectroscopy,
EIS

Electrochemical impedance spectroscopy is a powerful non-
destructive technique whose measurements can be correlated with
chemical, physical, mechanical and electrical variables. It allows the
study of adsorption, charge and mass transport, and the kinetics
mechanism in battery electrodes, that is thanks to the different
characteristic times at which each process takes place. This tool
measures the flow of an alternating current as a function of frequency,
[(w), at a steady state voltage, V. It used a sinusoidal excitation
voltage signal, V(w), whose amplitude is usually 10-20 mV and
applies frequency sweeps (regularly in the range of IMHz down to 1
mHz). This small perturbation ensures a linear dependence between
V(w) and I(w) (see Fig. 11).

\4

Figure 2. 4. Small amplitude voltage signal perturbation with a liner response.

The impedance is defined as:
_ V()
Z(w) = ) (2.2.)

The symbol ¥ over a quantity x indicates that is the complex small
amplitude of a sinusoidal AC perturbation of x.
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In view of the battery electrodes, it induces changes in transport and
charging mechanism involving ionic species of different time scales,

mainly Li* in batteries, as shown in Figure 2. 5:

Transfer through Charge Li* intercalation /
surface film transfer deintercalation
LUfr’;m (b)
VAR . M 'L
/ -8 6 -4 -2 0 2

Measured range ‘ p

Figure 2. 5. Measurement timescale used in the Li-ion batteries modelling by impedance

spectroscopy.

In case of batteries electrodes are submerged in electrolytes containing
a lithium reservoir, when impedance test is conducted the processes
at the electrode/electrolyte interface and the electrode bulk material
are affected by the small perturbation. Thus, it allows to obtain both
electrode capacitance data and load transfer kinetics, so it could be
determined the reaction mechanisms of a specific electrochemical
system and distinguish between different physical and chemical
processes that take place at the electrode-electrolyte interface and
electrode bulk material simultaneously and/or consecutively, using
equivalent circuits including elements that act like resistors, inductors
and capacitors. So, a correct interpretation becomes essential to take

the best out of this technique.

When battery EIS spectra are analyzed is observed different regions

of interest to model a battery system:

e [Firstly, the important effect is occurring at the
electrode/electrolyte interface. A capacitive and resistive
processes take place simultaneously in high frequencies. The
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capacitive behavior is in accordance with the classical known
double-layer capacitance, Ca, which is defined as the ability
of the interface to accumulate ionic species near the surface
upon application of voltage, being a function of the dielectric
properties of the interface. Thus, the double-layer capacitance

is expressed as:
E€0A
d

Ca = (2.3.)

Where ¢ is the effective dielectric constant, g, is the vacuum
permittivity, A corresponds to active surface and d is the
effective charge separation.!

At the same time, an interchange of charge carriers, ionic or
electronic, between this interface takes place, surpassing an
interfacial potential barrier, thereby governed by energetic
properties of the interface at a given charging state. As that
is a resistive behavior it is accompanied by energy loss. This
is known as the permeability to the passage of charge, charge
transfer resistance, R This combination of Cy and R, yields
an RC Randles circuit at high frequencies, with the
characteristic frequency:

1

_— 2. 4.
RetCal’ ( )

Wap =
On the other hand, the electrochemical response of the
electrode bulk to the variation in the applied potential is
fundamentally represented by a capacitive mechanism
labelled as chemical capacitance, C,. It is linked to low-
frequency limit of the EIS response. It is defined as the ratio
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between the variation in electrode charge state produced by a
change in the electrode potential V.

V= _(H_ﬂref)
e

(2.5.)

Where 11 is the chemical potential of Lit in the electrode, i
correspond to Li metal (in our case because of half batteries
with lithium metal as reference is studied) and e the positive
elementary charge. In addition, the concentration of Li-ions in
the electrode bulk depends on the total concentration N and
the molar fraction in a given lithiated state z as n=Nz. In a
electrode, the ion chemical potential varies as a function of
the amount of inserted charge u(z), the chemical capacitance
(per unit volume) can be then readily expressed as:

dx :
Cp=eN_ (F cm™) (2.6.)

In F g'using the density of the active material.
Obviously, chemical capacitance is relative to the integral of
the CV when very low current rates are employed.! Example

is shown below in the Figure 2. 6.

300 . :
— - —Fitting EIS
250 ——CVO01mvVs']
200
Li’ 150
o 100

50

(()).25 0.;50 O.|75 1.00
Potential (V vs. Li/ L")

Figure 2. 6. Example how to fit chemical capacitance by EIS measurements and cyclic
voltammetry. Values correspond to CHsNH:PbBrs anode. (Reproduced with permission from
Vicente, N.; Garcia-Belmonte, G, Organohalide Perovskites are Fast Ionic Conductors, Adv. Energy
Mater. 2017, 7 (19), 1700710).
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In addition, it must be considered that the different electrochemical
systems will have several rate-limiting mechanisms hindering or
delaying the charging. Thus, any energy loss is electrically viewed as
a resistance. In electrode materials, the basic charging process
involves the chemical reaction between LiT and the electrode
constituents, but it must be distinguished between an intercalation
electrode, where the incorporation of ionic species does not excessively
distort the lattice and conversion or alloying electrodes Li" intake
produces a rearrangement of the lattice structure.

e Intercalation electrode reaction implies that the reduction
reaction itself is energetically favorable involving reduced
energy losses. The transport of Lit inside the bulk of the
electrode is the resistive mechanism which is called diffusion
resistance R,.

e Conversion or alloying electrode reaction governs the charging
process and it is represented by a reaction resistance, R,
corresponding to the overall energy losses involved in the
solid-state reaction.

In both cases, either diffusion-limited or reaction-limited, the
elements which represent this stage operate within the low-frequency

range.

38



0 il - P P 1 U PR
0 50 100 150 200 250 300

150

00 o
dl oA
80| o= B R
NN 7

0 50 100 150 200 250 300

Z(Q)

Figure 2. 7. Equivalent circuits and their corresponding impedance plot (2 '—2" complex plane) for
different, battery electrode mechanisms. R accounts for the solution resistance. (a) Randle's circuit proposed
for intercalation electrode with anomalous spatially limited diffusion model Zy with disorder parameter y <

1. (b) A reaction-imited model including the generalization of reaction resistance. In all the plots: Co =1

pF, Ch=1mF and R = 100 . (b) n = 0.85 for both capacitances. (a) R = 300 and y = 0.85. (b)

Including C"% = 100 pF.

In addition to the foregoing, the equivalent circuits can be correctly
elaborated and capture all the electrochemical mechanism involved in
the electrode response with previous theoretical knowledge about
capacitive and resistive process occurring in the electrode. Herein,
solid kinetic models have been proposed for each of the studied
electrodes to explain the electrode behavior, whether intercalation,
conversion or alloying electrodes.
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2.5. Operando-X-Ray Diffraction, Opernado-
XRD

In contrast to ez-situ characterization techniques, an operando XRD
experiments makes possible to study how the crystalline structure
changes in new electrode materials during their lithiation and
delithiation to better understand the reaction pathway followed
during the cycles. An opportunity to clarify what is the mechanism
taking place during charge/discharge process in batteries with
CH;NH;PbBr; anode.

This technique has the advantage of avoiding exposure to the
atmosphere outside it, namely the diffraction measurement is done in
real time as the battery charges and discharges. The design of the
electrochemical cell for operando diffraction that was used to carry
out the experiments was a Helmholtz Institute Ulm design, it can see
in Figure 2. 8.

Be window

Main body

Screw

Current collector

Figure 2. 8. Electrochemical cell for operando-XRD experiments: a) detailed view of the cell and
b) a cell photo.® (Reproduced with permission from Bresser, D.; Paillard, E.; Kloepsch, R.; Krueger,
S.; Fiedler, M.; Schmitz, R.; Baither, D.; Winter, M.; Passerini, S., Carbon Coated ZnFe204
Nanoparticles for Advanced Lithium-Ton Anodes. Adv. Energy Mater. 2013, 3 (4), 513-523).

In Chapter 7 can read the battery configuration and the procedure
used to characterize the anodes. In this case beryllium window is
necessary to the X-ray cut into the electrode. So, the configuration is
Be window/electrode to study/separator-soaked electrolyte and
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lithium metal, which is assembled inside the inert glovebox with

oxygen and

moisture under control. During charge/discharge process the phase
transitions are recorded in diffraction patterns, with very slow current
rates applied. The data obtains clearly are in good agreement with
the results obtained from electrochemical data. A detailed analysis is
discussed in the corresponding publication presented in this thesis.
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Abstract

Lithium iron phosphate (LFP) cathodes are one of the most
promising candidates to find application in hybrid electric vehicle
energy storage system. For this reason, advances in the
performance of its theoretical capacity at high charge/discharge
rates is under continuous development. Most used strategies to
improve power performance are carbon coating and the addition
of a  conductive  polymer, such as  poly (3,4
ethylenedioxythiophene) [PEDOT]. The data obtained from
impedance analysis show that these strategies not only improve
the charge transfer but also favor the lithiation/delithiation
processes in the phosphate matrix. Furthermore, PEDOT is
capable to reduce the resistances of charge transfer and lithiation
reaction inside the phosphate matrix by one order of magnitude
in comparison with those achieved with the carbon coating
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strategy. In this study, the most effective strategy has been the
addition of PEDOT by a blending method, resulting in a specific
capacity of 130 mA h girp’ at 2C.

1. Introduction

In the last decades, lithium iron phosphate (LiFePOs) has been
extensively studied, and currently it is regarded as one of the most
likely candidate for the large-sized Li-ion batteries for hybrid
electric vehicles (HEV) !. Other applications include, cathode in
portable electronic devices, bulk electricity storage at power
stations, and to provide back-up energy for solar and wind power
23, This electrode has attracted extensive attention due to a high
theoretical specific capacity (170 mAh g'), high stability, low cost,
high compatibility with environment, and small amount of oxygen
generation at the fully charged state. Its main drawback is to
attain the full capacity due to its low electronic conductivity which
leads to initial capacity loss and poor rate capability, because of
slow reaction of Li* ion in LiFePO./FePO..

To gain the full capacity of these materials, the mechanism of
charging-discharging of this cathode has been deeply studied *°. In
the LiFePO, olivine structure, the oxygen atoms adopt a
hexagonal closed-packing configuration with Lit and Fe*" cations
located in half of the octahedral sites and P°* cations in 1/8 of
tetrahedral sites. Then, there exist 1D channels for Li* ions
exchange. Once the mechanism is understood, several strategies
have been investigated to improve both electronic and ionic
conductivity to overcome the current bottleneck in these materials.
Two of these strategies are coating with carbon and/or conducting
polymers. Carbon improves the electronic conductivity and can

10 However, perfect

contribute to increase the electrode capacity
surface coatings and desired mixtures are often very difficult to

achieve and the power- performance enhancement of these
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electrode materials is still limited. More recently, the use of
conductive polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOT) is especially attractive in terms of the improvement of
the mechanical flexibility, the option to be coated under mild
processing conditions compared to carbon coating, improvement
of Li-ion transport, and for its dual role as conductive and binder
additive ', In these cathodes, the synthesis procedure is key
for the final stoichiometry and microsctructure that largely
influence the physico-chemical properties of the material.

LFP can be directly prepared by ceramic procedures. Normally,
solid precursor compounds such as Fe(Il)-acetate, ammonium
phosphate, and lithium carbonate are mixed together in a ball mill,
and a first mild temperature treatment is used to achieve their

4. The final thermal treatment up to 900°C is

decomposition
carried out in an inert or slightly reducing atmosphere to avoid
Fe*™ to Fe*" oxidation. The addition of carbon sources such as
citric acid is also used for this purpose. With sufficient carbon
excess, e.g. by covering the pellets with carbon black, the resulting
LFP particles are carbon- coated and display improved conductive

15 Due care must be taken to avoid an extended

properties
formation of iron phosphide that may penalize the capacity,
although being also a conductive side product . To lower the
reaction temperature, LFP can also be synthesized by
solvothermal methods. The hydrothermal procedure starting from
FeSO. - TH,O and o-H3PO. premixed with water by addition of a
LiOH solution ! can be carried out in both subcritic and
supercritic conditions, the later favoring a higher dispersion of the
resulting powders. Ionothermal *, polyol '°, non-aqueous sol-gel

% and coprecipitation in aqueous medium 2!, have also

syntheses 2
been successfully employed.

Recently, we have proposed a model to study the
lithiation/delithiation kinetics through equivalent circuit analysis
of the experimentally obtained electrochemical impedance
22,23

spectroscopy (EIS) spectra This approach facilitates the
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extraction of resistances involved in the overall lithium ion storage
that allows establishing mechanisms for rate capability reduction,
as well as the insertion-extraction process occurring during the
battery cycling. Herein, LiFePOs (LFP) electrodes were coated
with PEDOT to give molecular wiring effect (LFP/PEDOT),
carbon (C-LFP), and both materials (C-LFP/PEDOT). The role
of each element has been analyzed by impedance spectroscopy that
can distinguish the different steps involved in the charge-discharge
process associated to the specific electrochemical mechanisms and,
by means of a proposed equivalent circuit model, the different
processes can be related to resistances and capacitances. The
obtained data show that PEDOT reduces the resistances of charge
transfer and lithiation reaction one order of magnitude respect to
those extracted employing carbon coatings, which gives a new
resistance and capacity ascribed to the carbon film. Albeit the
lithiation/delithiation mechanism has been extensively studied in
olivine cathodes, novel insight into the electrical contributions of
each element is obtained through the resistive analysis of the
recorded impedance spectra.

2. Experimental

LFP was obtained as described elsewhere

. For C-coating,
samples were pressed into pellets that were then covered with
excess carbon black ca. 1 g/400 mg of sample and then heated in
alumina boats at 750, 850, and 900°C for 8 and 16 h. Then, the
remaining carbon black excess was mechanically removed.
Electrodes were also prepared by mixing the LFP or LFP /C active
materials with CB and PVDF (85:8:7 wt.) in N-methyl
pyrrolidone. The wmixture was sonicated and deposited over
aluminum disks (0.64 ¢cm?). Finally, the deposits where dried at
80° C under vacuum for 12 h. The average amount of LFP in the

electrodes is estimated at 5 mg ecm™?. Samples with PEDOT:PSS
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where obtained by two methods. The first method (blend)
consisted in mixing PEDOT:PSS (0.3 mg) with LFP, PVDF and
CB. For the second method (dropcast), PEDOT:PSS (0.3 mg) was
casted over a preformed LFP or C-LFP electrode. For both
methods, the electrodes were dried under vacuum at 100° C for
12 h.

Scanning electron microscopy (SEM) images were obtained using
a JEOL  JSM63000 microscope. The electrochemical
characterization was carried out using a two-electrode Swagelok
cell with metallic lithium as both the counter and the reference
electrode, and a glass fiber (Grade GF/C260pm-thick) from
Whatman as a separator. The electrolyte used was 1.0 M LiPFg in
a 50:50 (w/w) mixture of ethylene carbonate (EC) and diethyl
carbonate (DEC). Cell assembly was carried out in an No-filled
glovebox. Electrochemical characterization was performed using a
PGSTAT-30 potentiostat from Autolab equipped with an
impedance module. 1C was defined as 170 mA g ~* for the charge-
discharge tests. The cyclic voltammetry (CV) and the
galvanostatic charge/discharge tests were carried out in the
voltage window of 2-4.5 V. The EIS were performed at several
voltages within this voltage range with amplitude of 10 mV and
in the frequency range of 1 MHz to ImHz.

The experimental data are normalized to the mass of LFP,
although the masses of PEDOT and C are the same in the
electrodes, and the relationship of the values maintain the same if
it was referred to the mass of the electrode.

3. Results and discussion
3.1. Characterization of LFP based electrodes

Figure la shows particles of pristine LFP, while Figure 1b
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Published Manuscript I 3.2

shows the LFP coated with PEDOT:PSS. It can be observed
that the virgin LFP is of irregular shape while the modified
LFP cathode with PEDOT:PSS has uniformly covered the
surface resembling a blanked coating atop of LFP. The
granular structures of LFP are in close contact with PEDOT
resulting in a material with enhanced mechanical and electrical
comunication between the active particles.

Fig. 1. Scanning electron microscopy images of a) pristine LFP and D)
LFP/PEDOT- materials.

3.2. Electrochemical response

Figure 2 shows the 3' cycle of the cyclic voltammetry signal of the
LFP-based cathodes, where the Fe*'/Fe’™ redox reaction peaks
upon lithium intercalation are observed within the range of 2-4.5
V. The faradaic processes related to the Li" ion insertion and
extraction from the LFP lattice are clearly favored in the cathode
LFP/PEDOT(blend), which shows the closest and narrowest
peaks, followed by LFP/PEDOT(cast) electrode that shows
similar behavior to C-LFP/PEDOT(cast) cathode. The C-LFP
electrodes (without PEDOT) show the Li" ion insertion and
extraction processes with a separation of almost 2 V. The width of
the peaks and the separation between them are related to the
kinetic limitations (resistances) present in the electrode. Besides
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residual hysteresis unveiled in multiparticulate LFP electrodes at
extremely low currents was ascribed to thermodynamic
phenomena in a recent study *. According to the CV experiments,
PEDOT reduces the resistances in the system, in particular for the
blend preparation, while the effect of C-coating is considerably less

significant.

400

LFP/PEDOT(cast)
LFP/PEDOT (blend)
C-LFP

= C-LFP/PEDOT(cast)
200

-200 -+

Current Density (mA g .,)
o
%

20 25 30 35 40 45
Voltage vs. Li*/Li (V)

Fig. 2. Cyclic voltammograms of the LiFePOs and C-LiFePOs modified
electrodes at 0.1 mV - s,

The third cycle of the charge-discharge curves obtained at
different rates for the LFP/PEDOT, C-LFP/PEDOT, and C-LFP
electrodes are shown in Figure 3a-d. In all cases, as the current
density increases, the charge-discharge plot shows that the specific
capacity decreases, which indicates low active material utilization
and transport limitations in the solid LiFePO, particles 2. This
effect is clearly observed in Figure 3e that shows the effect of the
cycle number and the charging-discharging rate on the capacity of
the cathode. At very low current, C/10, the discharge specific
capacity is similar for all the studied electrodes, with slightly
larger values for C-LFP-PEDOT(cast) and lower for LEFP-
PEDOT(cast). As the discharge current increases the battery with
higher specific capacity is LFP-PEDOT(blend) that provides 130
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!at 2C. Meanwhile, when the polymer is drop cast over

mAh g -
LFP and C-LFP, the specific capacity collapses at C and 2C rates,
respectively. After such tests, these electrodes show no response
even at low charge current (C/10). This phenomenon suggests
that the lost of capacity is related to stability issues rather than
kinetic barriers. This elucidation was also supported by the CV
experiments, in which both electrodes show better defined redox
peaks than the C-LFP sample, which suggests lower resistance
values. The kinetic limitations are clearly observed for C-LFP that
shows similar specific capacity than LFP-PEDOT-blend at low
discharge current (C/10, C/5), however it decreases notably above
C/2, reaching a value of 50 mAh g ' at 2C (less than half the
value obtained for LFP-PEDOT(blend)).

The other feature observed in Figure 3a-d is reflected in Figure 3f.
As the current density increases the mid plateau potential
decreases (increases), and the voltage gap resulting from the
hysteresis increases. This effect has been assigned to a combination
of transport and ohmic losses with negligible contribution from
the kinetics of the charge-transfer reaction . The lowest hysteresis
is for the sample LEFP /PEDOT (blend) that scarcely increases with
the charge-discharge rate. The small value of the gap at moderate
1C rate, suggests that blended PEDOT favors the transport of
both Li* ions and e within the LFP bulk. It is evident that the
electrode preparation method is critical for the battery operation.
Thus, when the PEDOT is cast in the cathode, the transport and
ohmic losses increases dramatically. On the other hand, the C
coverage reduces these losses to some extent.
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Fig. 3. Charge-Discharge curves (third cycle) at different rates for: a)
LFP/PEDOT(blend), b) LFP/PEDOT(cast), ¢) C-LFP/PEDOT(cast), and d)
C-LFP. e) Effect of cycle number and charge rate over the charge capacity for
the four studied cathodes. f) Voltage of the charge/discharge plateau vs. C.
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In summary, coating with a conductive polymer such as PEDOT
reduces the transport limitations in the solid LiFePQO. particles
and increases the rate performance of the cathode. The carbon
coating improves thermodynamic properties, while the kinetic
behavior is more restricted in comparison with PEDOT coatings.
Further to distinguish the effect of PEDOT and C in the cathodes,
the impedance spectra of these batteries are discussed in the next
section by means of EIS technique. The samples prepared with
PEDOT (cast) show worse electrical response than those using
blend method and have lower stability, thus the impedance
spectra is discussed in the Supplementary Information (SI). It is
noteworthy that synthesis method is crucial in the cathode
operation and the following discussion is valid for the particular
PEDOT and C deposition in LFP cathodes described in this

manuscript.
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3.3. Electrochemical impedance spectroscopy

analysis
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Fig.4. Nyquist plots of experimentally measured data (circles) and fitting
results for the equivalent circuit model (Figure 5a) at different stages of
discharge for: LFP/PEDOT(blend), and C-LFP.

Aiming at uncovering the origin for the superior rate capability
exhibited by LFP/PEDOT(blend) cathodes, the assembled half
batteries were characterized by means of EIS to discern the
different steps involved in the charge-discharge process. After
three CV cycles, the EIS measurements were carried out
potentiostatically at different stages of the Li* ion insertion and
extraction at a very low rate to ensure the steady-state condition.
Figure 4 shows, as example, different Nyquist diagrams
experimentally obtained during the lithiation process. The Nyquist
plots for the delithiation process are represented in the SI, where
the discussion is similar to that reported in the text for the

lithiation process.
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In general terms, the impedance spectra exhibit two patterns with
distinguishable  time  constants associated to  specific
electrochemical mechanisms and an additional series resistance
that accounts for the solution contribution, Rs » 9 ). First, at
high frequencies a flattened arc is observed related to the
interfacial charge transfer resistance, Re, in parallel with the
double layer capacitance, Cai. A detail of this arc shows in the case
of C-LFP an additional small arc (effect clearly observed in the
representation of capacitances that is shown and discussed in SI)
related to the resistance and capacitance of the C-coating, R¢ and
Ce. Second, at low frequencies, the Nyquist plots show a capacitive
behavior associated with the Lit ion storage inside the cathode
which is manifested by its chemical capacitance, C,. 2 This
capacitance refers to the differential change in electrode charge
upon voltage variation and it is connected to the ability of the
phosphate matrix to react with Li* ions. In fact it is a quasi-
equilibrium (extremely slow-rate) version of the CV experiment
that corresponds to the derivative of the charge-discharge
curve as C, =-d@Q/dV. An additional capacitive element Cri*
accounts for the contribution of inserted Li* before reaching stable
sites within the Li matrix, i.e. before lithiation reaction is
accomplished to form Li,FePO,. This capacitance appears at the
intermediate-frequency arc of the impedance plots. %

These considerations suggest a simple equivalent circuit (Figure
5a) which accounts for the high-frequency response by means of
R and Cy for both cathodes, and for C- LPF also by R¢ and Ce.
The low-frequency part is modeled by a series combination of
resistive Ri (lithiation reaction) and capacitive (chemical) C,
elements in parallel to Cpit. It is noted here that the equivalent
circuit in Figure ba models the hindrance in the Li* final reaction
with the host matrix by means of the resistive element R,. This is
a phenomenological representation of a series of kinetic limitation

mechanisms that comprises not only ion transport but also
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reaction losses. In comparison with previously proposed equivalent

" our model connects the low-frequency subcircuit in

circuits
series with the interfacial charge transfer resistance R. while
putting Ca in parallel. This circuit element connection agrees with
the original Randles model accounting for the electrochemical

impedance of surfaces.

] Litpo,
PEDOT:PSS

Fig. 5. a) Equivalent circuit used for fitting: i) resistance and capacity ascribed
to the C- coating layer, Re and Ce, for the cathode C-LFP; i) the interfacial
charge-transfer resistance, Rei, combined with the double-layer capacitance, Cai,
that dominates the high-frequency response; and iii) reaction subcircuit modeled
by chemical capacitance Cp, Li' capacitance Cu', and lithiation-reaction
resistance, Ri. b) Scheme of the PEDOT conducting molecular network during
lithiation process in LEFP/PEDOT (blend) cathode.

Main parameters extracted from fitting using the equivalent
circuit in Figure ba are summarized in Figure 6. With the
calculated values it is easier to understand the lithiation process
monitored by impedance spectra (Figure 4). It is observed that
both C- LFP and LFP/PEDOT(blend) electrodes exhibit similar
chemical capacitance values (Figure 6a) that peak at voltages near
3.5 V as the phosphate matrix reacts with Li" ions. This agrees
with the potential plateau of charging/discharging profiles
reported in Figure 3a and 3d. The observation of similar
capacitances informs that the charging ability at sufficiently slow
rate (quasi-equilibrium) is comparable and independent on the
coating strategy. However, differences in kinetic limitation are
evident by examining Figure 6b. It was found that C-LFP
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electrodes exhibit higher resistances than LFP/PEDOT(blend)
electrodes. In both cases the higher resistance at potentials in
excess of 3.9 V is the charge transfer that is one order of magnitude
higher for C-LFP than for LEP/PEDOT(blend). In the case of the
C-LFP, Ry increases one order of magnitude and becomes the
dominant resistance of the cathode. This high resistive value slows
down the phosphate lithiation. Ry, decreases with further discharge
but it maintains high values, ca. 35 €2 g. This explains the width
cathodic peak observed in the CV (Fig. 2) for C-LFP cathode. In
the case of LFP/PEDOT(blend), the behavior is different. In this
case, Ry at 3.4 V is 3.4 Q g, at the C, maximum. The low value
of Ry allows a fast lithiation process that is reflected in a well
defined cathodic peak in CV (Fig. 2). As commented previously,
the performance at quasi-equilibrium state of the impedance
spectra shows that both cathodes have practically the same C, in
all the voltage range, independently of the higher resistances
present in the C-LFP cathode, and Cgq is higher in this cathode
than the registered for LFP /PEDOT(blend). The same discussion
can be applied to the charge process, which is performed in SI.
Finally, R. observed for the C-coated LFP particles is constant
within the potential range with a value of 0.5 Q g, that is lower
than the other two resistances registered in the system.

These results demonstrate that C-coating and PEDOT (blend) not
only facilitate the charge transfer but also affect on the resistance
of the lithiation of the phosphate matrix. In this aspect,
PEDOT(blend) is a more effective strategy, and the resistances in
the electrode are below 10 Q g until high level of lithiation of the
cathode. This is caused by the high conductivity of both electrons
and ions of the PEDOT polymer * and the good embedded
structure of the LFP nanoparticles in the PEDOT matrix (Figure
1.b), which is represented in Figure 5.b.
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Fig. 6. Parameters fitting in discharge process for LFP/PEDOT (blend) (black
symbols) and C-LFP (red symbols): the high frequency response, i.e. transference
resistance (Re) and the double layer capacity (Cal) are symbolized by circles (e),
and the low frequency response, i.e. the resistance to the lithiation reaction (Ri)
and the chemical capacity (Cy) to thombus (@ ).

4. Conclusions

The electrochemical effect of coating LFP particles by carbon or
PEDOT, two of the widely used strategies to increase the
conductivity of the LiFePO./FePO, matrix, has been evaluated in
terms of resistances and capacities of the different steps in the
lithiation/delithiation process present in the cathode. For this
purpose, impedance spectra have been registered within the
potential range of interest. The Nyquist plots exhibit two patterns
with distinguishable time constants associated to specific
electrochemical mechanisms. This effect allows to propose an
equivalent model in which the high frequency processes are
ascribed to surface processes (charge transfer resistance, Re, and
double layer capacity, Ca), and the low frequency response to the
lithiation/delithiation inside the phosphate matrix (resistance to
the lithiation, Ry, and chemical capacity, C, ). These results show
that both strategies reduce the resistances R.. and Ry, albeit
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PEDOT is more effective and it is able to reduce the resistances
by one order of magnitude compared with C-coating. Suggesting
the superior behavior from PEDOT, which favor the kinetics of
the lithiation/delithiation processes in the cathode in large extent.
In contrast, both strategies deliver similar thermodynamic
properties and show similar chemical capacitances. These results
explain  that the specific capacity of both cathodes
(LFP/PEDOT(blend) and C-LFP) are the same at low
charge/discharge current (C/10 and C/5) and close to the
theoretical value. When the charge/discharge current increases the
LFP/PEDOT(blend) maintains almost complete the specific
capacity (130 mAh g ! at 2C) while for C-LFP the specific capacity
decreases notably because of severe resistive limitations.
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Impedance response of LFP-PEDOT-blend and C-LFP

cathodes during charge process
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Fig.S1. Nyquist diagrams experimentally measured at different stages of charge for:
LFP/PEDOT (blend), and C-LFP.
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Fig. S2. Parameters fitting in charge process for LFP/PEDOT(blend) (black
symbols) and C-LFP (red symbols): the high frequency response, i.e. transference

resistance (Re) and the double layer capacity (Ca) are symbolized by circles (e), and

the low frequency response, i.e. the resistance to the lithiation reaction (Ri:) and the

chemical capacity (Cy) to rhombus (4 ).
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Nyquist diagrams and the main parameters extracted from the fitting
of the equivalent circuit (Fig. 5a) of the LFP/PEDOT(blend) and C-
LFP cathodes during the delithiation process are summarized in Fig.
S1 and S2. The behavior is similar to the described for the discharge
process. At low voltages, the Ry for both cathodes is high and quite
similar for both materials. With the increment of voltage, R
decreases ca. 1 order of magnitude when the cathode containg
PEDOT while increases in the case of C-coating, obtaining a
maximum at 3.6 V, where the onset of the Fe*" /Fe?" redox reaction
upon lithium extraction peak is observed in the C'V plot (Fig. 2). At
this voltage is observed the peak for LFP /PEDOT(blend), where the
delithiation process can occur without the presence of high
resistances. In the case of capacities, both cathodes show similar

values.

Impendance response of LFP/PEDOT(cast) and C-
LFP/PEDOT cathodes during charge and discharge process
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b and ¢) and discharge (d, e and f) for: LFP/PEDOT(cast), and C-LFP/PEDOT.
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Fig. S3 shows Nyquist diagrams of charge and discharge process a
different voltages of the LFP/PEDOT(cast) and C-LFP/PEDOT
cathodes. Main parameters get from fitting are plot in Fig S4. R
resistances are in the same order of magnitude than the observed for
LFP/PEDOT(blend), which confirms the good activity of PEDOT as
e and Li* supplier in the cathode. Nevertheless, Ry, values are ca. one
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order of magnitude higher than the registered for
LFP/PEDOT(blend). This fact suggests that the synthesis method
mainly affects on the resistance related to the intercalation/extraction
Li* hindrance in the oxide host. In the case of the capacities values,
the four cathodes show similar values, with a peak around 3.6V (redox
reaction), so it is the resistance value which determine the best
behavior.

Effect of the C-coating at low frequencies in the LFP
electrodes

In case of C-LFP electrode an extra arc at low frequencies is present,
which needs a resistance (R:) and a capacitance (C.) parallel
subcircuit to get a good fitting, as it can be seen in Fig S5. a. In Fig
S5.b values of these parameters are plotted for charge and discharge
profiles. It is observed that resistance data are approximately
constant in the range voltage with a value close to 0.5 g, which is
almost two orders of magnitude lower than the other two resistances.
The capacities related to the C film are close to 10° F g that is two
orders of magnitude lower than the registered for Cg;.
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Abstract

Li-O; batteries are claimed to be one of the future energy storage
technologies since it could provide a specific energy as high as
3500Wh kg'. A great number of scientific and technological
challenges should be solved firstly to transform Li-O, battery from a
promise to real practical devices. Proposed mechanisms for oxygen
reduction assume a reservoir of solved LiT jons in the electrolyte.
However, the role that adsorbed Li* on the electrode surface might
have on the overall oxygen reduction reaction (ORR) has not
deserved much attention. Adsorbed Li* consumption is monitored
here providing a new perspective on the design of Li-O, batteries. The
discharge process of a Li-air battery has been analyzed by impedance
spectroscopy identifying kinetically-separated steps. Adsorbed Lit is
inferred from extended electrochemical double layer capacitance,
which depends on the carbon matrix surface area. The presence of O,
drastically reduces the amount of adsorbed Li* signaling the kinetic
competition between Li" surface adsorption and its consumption only
for potentials corresponding to the oxygen reduction reaction.
Noticeably double layer capacitance remains unaltered after cycling.
This fact suggests that the ORR products (Li:O. and Li2COs) are not
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covering the internal electrode surface, but deposited on the outer
electrode-contact interface, hindering thereby the subsequent
reaction. Current results show new insights into the discharge
mechanism of Li-O, batteries and reveal the evidence of Li'
desorption from the C surface when the oxygen reduction reaction
starts.

Published
Advanced Energy Materials 2 (2015) 1500369,
DOI:10.1002/admi.201500369

1. Introduction

In an increasingly energy-dependent society, the need for renewable
energy sources together to its storage is paramount to maintain
current society paradigm in a sustainable way with the environment.
Albeit Li batteries (LIBs) have invaded the electronic market, their
energy densities are usually limited below 250 Wh kg! !. This
limitation is mainly originated by the mechanisms through which the
chemical energy is stored in the present commercial LIBs that is based
on the reversible reaction of the electrode materials with Li™ ions by
means of intercalation mechanisms. Therefore, approaches based on
new chemistry are necessary to increase the energy density in
batteries, such as Li-S and Li-Os,, which can provide more than 1000
Wh kg! 2. In particular, Li-O, batteries have received a great deal of
attention as they can deliver the highest energy density among any
other type of batteries. Li™ ions and O, directly react with each other
in the absence of any heavy transition metals or crystal framework. *
Nevertheless, Li-O, battery technology is in its infancy and many
fundamental issues are needed to be addressed before their practical

application.
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The chemical energy storage in Li-O, batteries is based on the oxygen
reduction reaction (ORR) during discharge and oxygen evolution
reaction (OER) in the charge, 2 Li* + O2 + 2 e = Li,O, (E° = 2.96
V, with theoretical specific energy of 3500 Whkg'). To date, Li-O»
has been identified as the main discharge product by different
techniques like Raman spectroscopy ! and AFM °. LixO. is
electronically insulating, very oxidative and insoluble, precipitating
onto the electrode what causes the increase of the necessary potential
for oxygen evolution reaction (OER) and the oxidation of the carbon
electrode and/or electrolyte giving Li>COj;, ®and as consequence the
decrease of the cycleability of the Li-O, battery. Also, some authors
note that the insulating nature of Li,O, avoids its possible reduction
to Li.O, in this situation, Li-O, batteries would provide energy
densities as high as 5200 Wh kg'".

It is then noticeable that to fully exploit the capacity of Li-O,
batteries, the thermodynamic and kinetic mechanisms that govern
and limit their functioning must be understood. From the pioneering
studies of Abraham et al.® on the ORR to date, the oxygen reduction
reaction has been widely analyzed in Li-O, batteries ?, and several
models have been proposed, which have been recently unified by

1. 1% Generally, the adsorption of O, molecules onto the

Bruce et a
cathode with one electron interchanged with the electrode is
considered as the first step (02 + ¢ = O*, E® = 2.71 V). This
adsorbed O% reacts with Li* ions to produce LiO» adsorbed or as solid
dissolved in the electrolyte. Depending on the solvent nature and the
chemisorption strength with the cathode different mechanisms have
been proposed for the reaction of the adsorbed LiO, with Lit ions
until Li»O» is reached as final product. In all these studies, the ORR
starts with the reduction of oxygen in the context of free electrode
surface and solved Li* ions in the electrolyte. However, the role that
adsorbed Lit ions on the electrode surface might have on the overall
ORR has not deserved much attention. This last contribution was
pointed out by Qu et al. ', although no experimental evidence was
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provided. The monitoring for the first time of the desorption process
of Li* ions induced by ORR provides here revealing insights on the
cathode surface processes in Li-O» batteries.

In this manuscript, Li-O- discharge process in different cathodes has
been monitored by electrochemical impedance spectroscopy (EIS).
This technique has been recently used suggesting that the
overpotential during discharge is caused by internal resistance, and is
dominated by the charge transport through the deposited Li,O, at
the end of discharge. ® > Our study is based on a cathode made by
carbon Super P with 30% of NiOCoO as catalyst in the presence and
absence of O,. Actually, both cathodes (with and without O2) show
the same impedance spectra from 4.0 to 2.7 V, in which extended
electrochemical double layer capacitance (EDLC) made up by
adsorbed Li* is observed. This behavior has been verified on different
systems and tested that is dependent on the surface area of the
cathode. At lower voltages, the electrode in the presence of Os shows
a huge capacitance increase at the same time that the EDLC is
reducing. This fact evidences the depletion of the adsorbed Li+
during the ORR. The results show three steps with their
characteristic reaction time and resistance in the Li-O, discharge: 1)
interfacial phenomena, ii) extended electrochemical double layer
capacitance (EDLC), and iii) chemical capacitance generated by
oxygen reduction reaction (ORR Capacitance). This study gives new
insights onto the Li-O, discharge mechanism provided by impedance
spectra, and highlights the key contribution on the overall ORR of
adsorbed Li* on the electrode surface.

75



2. Results and discussion
2.1. Electrochemical behavior in the presence and
absence of O2

Figure la shows the cyclic voltammetry (CV) of SP@30NiOCoO in
the presence of O, during cycling and in absence of O, (third cycle).
Without O, the CV signal shows some hysteresis (in the order of few
mA g.') without any remarkable peak (inset of Fig. 1a). This shape
is characteristic of supercapacitors in which the hysteresis is
attributed to the extended electrochemical double layer capacitance
(EDLC) built by the adsorption of Li* ions onto the carbon surface
3] In the present case, the hysteresis is low because the surface area
of the carbon matrix is small (Sger=75 m’ g"') compared to the carbon
materials used for supercapacitors. The CV changes drastically in the
presence of Os, where a cathodic peak is observed with an onset at
2.9 V and the maximum at 2.4 V, with the typical shape reported in
the literature » . The shift of ORR peak from 2.7 V to 2.4 V has
been attributed to the EC mechanism, that is, electrochemical
reduction (O: + & —0?%) followed by a chemical step (reaction of Li*
with O%) that severely deplete the concentration of O* *. With the
number of cycles, the cathodic peak reduces conspicuously, and in
rather less extension the anodic peak. For this air cathode (of low
Seer), the capacity is ca. 500 mAh g;! (Figure SI.1). The main species
formed in the discharge process is Li,O», which is almost decomposed
during charge process, as revealed the XPS spectra (Figure SI.2) that
provides molecular percentage of Li in the form Li,O. at 2.4 V and
3.4 V after 3, 5 and 7 cycles (Table 1). XPS also shows that, in this
case, Li,COjis formed once Li>O. (very oxidative species that can
react with the C of the electrode and/or the electrolyte) is produced,
6.15 albeit in little amount. Nevertheless, the decomposition of this
residue is low and while Li,O, almost disappears during charge
process, the residue reduces nearly a half. The evolution of the
electrode composition is observed by XPS, where we could observe
that Li,CO; is accumulated, as also pointed out by XRD (Figure 1b).
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Before cycling, the electrode shows the peaks ascribed to the mesh
substrate and the catalyst, NiOCoO, the same result than the
electrode at 3.4 V (before reduction process) after being cycled 3
times. Nevertheless, the characteristic peaks of Li»O, are observed
after 5 CV, peaks that disappear after 7 cycles, where the
characteristic Li»CO; peaks are clearly observed.
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Figure 1a.CV of SP@Q30NiOCoO in the presence of Oz along different number of
cycles and in the absence of O2 (inset). Scan rate: 0.1 mV s?. b. XRD patters of
air cathode before being cycled (pristine) and after 3, 5 and 7 cycles. The patters
of the mesh, Li2O2, NIOCoO, and Li>xCOj3 are also shown.

Specie (% mol)
Sample — —
Li (LixO») Li (Li>CO;3)
3 cycles, 2.4V 3.6 1.4
3 cycles, 3.4V 0.3 0.6
5 cycles, 3.4V 5.6 11.2
7 cycles, 3,4V 6.9 194

Table 1. Molecular percentage of Li in the form of Li2O2 and Li2COs determined
by XPS (all data shown in SI} in the sample cycles three, five or seven times at
different stop voltage: 2.4 and 3.4 V.
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In order to assay the electrode in a representative state during Li-
O, charge-discharge process, the electrochemical impedance
spectroscopy was performed after three CV. The first cycle is
discarded because it is not representative of a steady operation,
and atthe third cycle residual compounds are negligible, as XPS
(Table 1 and Figure SI.2) and XRD (Figure 1.b) data demonstrate.
The EIS measurements were carried out potentiostatically at
different stages of Li" ion insertion at a very low rate to ensure the
steady-state condition. Figure 2 shows three different Nyquist
diagrams, representative of the different stages during the
discharge process. The low frequencies range of the impedance
spectra (below 5 Hz, indicated in Figures 2a and 2b) of both
systems give the same Nyquist plot from ca. 3.6 to 2.8 V. At 4.0 V
(Figure 2a), the system with O, shows lower resistive behavior
probably due to the degradation of the carbon cathode and the
electrolyte solvent in the presence of Os, since carbon becomes
unstable at voltages above 3.5 V '%. At 2.6 V (and lower voltages),
the Nyquist plot of the cathode in presence of O changes
drastically and the arc associated to the low frequency decreases
dramatically. A new electrochemical feature is now observed at
frequencies lower than 10 mHz (Figure 2f). This process should be
related to the limiting step for ORR and O, diffusion. At high
frequencies (above 5 Hz, Figures 2d-f), the Nyquist plots of the
battery in absence of O, show one arc while there are two smaller
arcs in the presence of Oa.
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Figure 2. Nyquist plots of SP@30% NiOCoO with and without Oz The low

frequency (<5 Hz) region of the EIS is observed in graphs a-c, and the figures d-f

show an enlargement of the high frequency region. The experimental data are

represented by solid symbols and the lines are obtained by the fitting with the

equivalent circuit model shown in Figure 4b.

To gain deeper insight on the Li-O, discharge kinetics, the impedance
data are represented in terms of capacitance (C = 1/ioZ) in Figure
3. In this representation, the real part, C’, is related to the electrode
charging while the associated resistance caused by kinetic limitations
determines the value reached by the imaginary part, C”. As explained
elsewhere ', capacitive representation allows straightforwardly
extracting contributing capacitors and, consequently, inferring on
charging mechanisms. Each arc in a capacitance plot is assimilated
to a RC series subcircuit. In the region of low frequencies (below 5
Hz) an arc is observed that closes to ca. 6.5 F g.! in the two systems
(with and without O,) within the voltage range 4.0-2.8 V. At lower
voltages, a new arc is observed in the presence of O, that is more
than two orders of magnitude higher than the previous one, and hides
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it. At high frequencies (see Figure SI.3), smaller arcs linked to
different capacitive features in the multistep discharge process are
observed for both systems, although the capacitance in presence of
0O is larger than in its absence.

6134v (b)
Q4 50 mHz .
o l Bl
w w
" /m’ °
0
0 2 4 6
C'(Fg)) C'(Fg,) C'(Fg))

Figure 3. Capacitance plot of SP@30% NiOCoO with and without O: The
experimental data are represented by solid symbols and the lines are obtained by
the fitting with the equivalent circuit model shown in Figure 4.b.

2.2. Electrode mechanisms through equivalent circuils

Figure 4a represents the capacitance spectra, C’, vs. characteristic
time (inverse of measuring frequency) of the SP@30NiOCoO cathode
in the presence (solid lines) and absence (dashed lines) of O, The
horizontal axis is also represented in frequency scale, inversely than
usually drawn, from high to low frequency in order to maintain the
same reading direction of the equivalent circuit model. In this
representation, a plateau is demonstrative of a capacitive step in the
discharge mechanism occurring at a certain frequency range. For
electrodes with and without O, two plateaus are observed: the first
one at intermediate frequencies (ca. 100 Hz) is O, dependent, while
the second at low frequencies (ca. 0.01 Hz) is O, independent only at
higher potentials. These two plateaus correspond to the two arcs
described in Figures 3 and SI.3. The plateau at low frequencies is

unaltered by the presence of O in all the discharge process until 2.6
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V. Noticeably below this potential the presence of O, induces the
capacitance decreasing by one order of magnitude showing a plateau
that ends at 10 mHz. At lower frequencies the capacitance further
increases in relation with the diffusion and reaction process discussed
in Figure 2.f.

By observing Figure 4a one can distinguish three steps in the
discharge process, which are marked with squares and represented in
the different subcircuits of the equivalent circuit model shown in
Figure 4b. The fitting of the proposed equivalent circuit model is
represented in Figures 2 and 3 with solid lines. The observed steps
during discharge are:

i) Interfacial phenomena (high frequency: > 5 Hz) that is O,
dependent. In the presence of O, two arcs are observed in the Nyquist
plot, which are represented by two resistances (Ri and Riz) in parallel
with two capacitances (Cy and Ci). In the absence of O,, only one
arc is observed that is equivalent to a resistance (R;) in parallel to

the capacitance (C;).

ii) Extended electrochemical double layer capacitance (EDLC)
(intermediate frequency: 10 mHz < f < 5 Hz) that is O, independent
at high potentials. This mechanism is connected to the Li* adsorption
on the internal electrode surface. This capacitance, Cgpr, is associated
to an arc in the C” vs C’ representation that can be modeled by a

1718 The associated resistance Rads accounts for

series RC circuit |
the Li* transport in the electrolyte within the porous matrix. More

details of this subcircuit model are in Supporting Information.

iit) Chemical ORR capacitance (low frequency: <10 uHz) that
only appears in the presence of Q.. When O, starts to react (at 2.8 V
and below) a new parallel branch to the EDLC is represented in the
equivalent circuit model by the chemical capacitance, C , in series to
the associated resistance, Rorr, accounting for the reduction reaction.
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Figure 4.(a)C’ vs characteristic time and frequency (in opposite order than usual,
from fast to slow electrochemical processes for a more intuitive reading) for
SP@30NiOCoO in the presence (solid lines) and absence (dashed lines) of O:.
Inset: Scheme of the three processes of the Li-O2 discharge mechanism. The ORR
is represented on the cathode surface by a graphitic layer, in which adsorbed Li'
react with Oz. (b) Equivalent circuit model for the system in the absence and

presence of Os.
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2.3. Interfacial phenomena

The electrochemical processes related to the interface are monitored
by EIS at high frequencies. In the absence of O,, a single semi-circle
is observed in the Nyquist representation (Figure 2 d-f) that is
associated with a semi-circle to the C” vs C’ representation, Figure
SI3. This capacitance, C;, and resistance, Ri, can be associated to the
impedance generated at the contact interface between the electrode
and the electrolyte solution. ' In the presence of Os, two small arcs
are distinguished in Figure 2 d-f. One of the arcs can be ascribed to
the formation of the isolating layer formed by Li>O, and Li;CO;(as
XPS and XRD shown) and the other to the impedance at the contact
interface, as it has been assigned in the absence of O.. In any case
these resistive elements introduce limitations into the overall charging

mechanism.

The fitting values obtained by the equivalent circuit model are
represented in Figure 5. With the calculated values, we can indicate
that Ci and R are related to the electrode/electrolyte contact since
they are constant independently of the applied voltage. In this
assumption, Cy and Ri should be related to the solid electrolyte
interface (LixO,and Li,CO;) formed on the cathode, which explains
why the capacitance increases with the oxygen reduction reaction.
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starts.

84



2.4. Electrochemical double layer capacitance

With the equivalent circuit model (Figure 4b), the main parameters
of the LiT adsorption step in the discharge process are obtained,
Figure 5. In the absence of O,, the capacity is practically constant,
6.5F ge-1(that corresponds to ca. 8 uF cm.? considering an area Sgpr=
75 m*g'), independently of the voltage. This value is within the range
of reported electrochemical double layer capacitances in

132 Tn this

supercapacitors based on carbon materials (5-20 pF ¢cm™?)
case, the capacitance is in agreement with a lower value obtained
with supercapacitors when an organic electrolyte is used compared to

20, Associated to the charge accumulation by

aqueous electrolytes
physical electro-adsorption there is a resistance that has been related
to the ion transport along the tortuous path of the micro/meso-
porosity of the carbon matrix ?!. In the presence of O, the EDL
capacitance is unaltered at high voltages and noticeably decreases
when the ORR starts. This is in accordance with recent capacitance
analysis. '? The resistance of the Li" adsorption process consistently
increases, showing the kinetic competition between Li* adsorption
and consumption by ORR at voltages lower than 2.8 V. At the same
time, the parallel resistance, Rorr, decreases dramatically (close to
three orders of magnitude) giving further support to the idea that the
current runs along the parallel branch corresponding to the ORR
subcircuit in Figure 4b. At lower voltages than ORR reaction, (i.e.
2.2 V), the capacitance of the EDL starts to increase again signaling
a full recovering of the double layer features. We infer that the ORR
branch in Figure 4b is kinetically favored at potentials 2.4-2.8 V.

To check the role of species involved in the EDLC formation as a step
in the discharge mechanism, other systems have been measured for
consistency. The same results have been obtained in the absence of
catalyst (Figure SI.4) and the study with carbons of different Sger
has revealed that EDLC can be considered only dependent on the
carbon surface area (Figure SI.5). This point is further discussed in
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the SI since depending on the size of the pores the area can be active
or not to the formation of the EDL like in the case of the
supercapacitors.

In order to analyze the effect of cycling on the formation of the electric
double layer, the electrochemical impedance spectrum at 3.4 V
(during lithiation process) has been registered along several CV
cycles. The Nyquist and capacitance plots are represented in Figure
6 and the obtained fitting parameters in Figure SI1.6. Surprisingly, no
significant differences are observed in the Nyquist plots and the EDL
capacitances are practically constant, independently of the cycling
number. This result shows that the electrode textural property is not
modified with the number of cycles, and Li* cations can freely adsorb
in the carbon porosity, independently on the formation of Li»O-. and
Li»COj, which presence is evidenced by XPS and XRD.
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Figure 6. a) Nyquist and b) EDL capacitance plots of the SP@30% NiOCoO air
cathode at 3.4 V at different number of CV cycles.

With all the data in mind, the fact that EDL capacitance decreases
when ORR starts due to a hiding phenomenon can be discarded since
the EDL capacitance remains unaltered after cycling. If the reaction

products (mainly Li,O-) partially cover the carbon surface one would
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expect a reduction of the EDLC with c¢ycling that does not occur at
3.4 V (Fig. 6b). Therefore, the EDLC decrease with ORR should be
associated to Li" desorption, which can be either caused by: i)
displacement of physisorbed Li* by chemisorbed O* when ORR
starts, followed by the subsequent chemical reaction between
adsorbed O* with the solved Li* in the electrolyte or ii) to a direct
reaction between the physisorbed Li* with the molecular O, at the
oxygen reduction potential to give Li,O.. Nevertheless, once the
potential of ORR is surpassed (i.e. 2.2 V), the EDL capacitance
increases again, what suggests that Li,O, is not forming a monolayer
on the top of the carbon surface. This idea is also supported by the
study of Cepr with the number of cycles, in which is observed that
the same capacitance is obtained independently on the number of CV
cycles, and then, on the formation of Li-O, and Li>COj;. This result
discards that the transport limitation and the cause of the low
rechargeability of the current battery is the formation of an insulating
layer (LixCOs or Li;Os) on the carbon porosity, as some authors have

6. 92

reported. | Therefore, the transport blocking most probably
become from the accumulation of these two species on one of the two
sides of the electrode (electrode-electrolyte or electrode-O,). Since the
surface phenomena monitored by EIS (related to the electrode-
electrolyte interface) are scarcely affected by the presence of these
two species, one can infer that the accumulation of both, Li;Os and
Li,COy, is at the electrode-Os interface, that finally limits the O,
diffusion. * Noticeably EDLC remains unaltered after cycling. This
fact suggests that the ORR products (LixO, and Li,CO;) are not
covering the internal electrode surface, but deposited on the outer

electrode-O» interface, hindering thereby the subsequent reaction.

In all the models for Li-O, discharge mechanism, the surface of the
cathode is considered as a raw graphitic layer where the Li™ ions
arrive from the electrolyte side. This study demonstrates that the
surface is already covered by adsorbed Li* when ORR starts what
could imply that once the soluble O, react with Li*, the molecular O,
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can first react with the adsorbed Lit on the surface nearly the O,
forming Li,O» and avoiding further reaction. Qu et al. ! reported that
the discharge capacitance can be increased with O, pressure higher
than 1 atm since the electrolyte was forced back from the interface
and the complete wetting of the cathode is avoided. Therefore,
adsorbed Li* consumption provides a new context of the cathode
surface where the oxygen reduction reaction develops.

2.5. ORR Capacitance

At low voltages the reduction reaction of O, takes place. ORR is the
main process in Li-O» batteries that provides the unique high
capacity, but the main drawback for following this reaction by EIS is
its extremely slow rate; it is registered at frequencies below 10 mHz.
For this reason, the fitting of the data is only partial. In Figure 4b
has been represented by a resistance in series with the chemical
capacitance for the purpose of clarity. Nevertheless, in the Nyquist
plot is observed that the real part of the impedance (-Z’) increases,
then signaling an extra resistive behavior in addition to the capacitive
one observed in Figure 4a. For this reason, more elements than the
chemical capacitance are certainly needed. It is indeed the final
limiting step related to the O, diffusion through different layers. It is
obvious that it is necessary to fast up this process in order to make
it fully observable by impedance methods.

3. Experimental

All the agents were purchased from Sigma Aldrich, and were used as
received. The cathodes were prepared by painting a carbon/PVdF
slurry onto a stainless steel mesh. The slurries were prepared by
mixing carbon black/PVdF/catalyst (60:10:30 % wt) and the
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addition of 1-Methyl-2-pyrrolidone. All the cathodes were dryed in
vacuum, at 110 °C overnight. Mixed-metal oxides are proved to be
good catalysts for both ORR and OER in Li-O, batteries. 24 In this
study, a commercial nanopowder, nickel cobalt oxide, (of size lower
than 150 nm, CAS 5859-45-0, Sigma-Aldrich) was observed to
accelerate H.O, oxidation (Figure SI.8) and, consequently, it is a good

2] albeit no reference of its

candidate as catalyst for Li-O, batteries,
use has been found in the literature. Despite its study is out of the
topic of this manuscript, we have seen that its main contribution is

the reduction of the charge transfer resistance (Figure SL.9).

Cell assembly (Swagelok type) was carried out in a N filled glovebox.
This consists simple in clamping together a Li metal foil anode, an
electrolyte-soaked  separator, the electrolyte that is 1M
hexafluorophosphate lithium salt (LiPFg) dissolved in tetraethylene
glycol dimethyl ether (TEGDME), the cathode under study and the
stainless steel current collector. The cathode collector is a tube in
which pure O, (>99.9999 to avoid contamination issues) flows, the

pressure is maintained at 1 atm during all the experiment.

Electrochemical characterization was performed using a PGSTAT-30
potentiostat from Autolab equipped with an impedance module. The
CV was carried out in the voltage window of 2-4.0V at 100 V s'scan
rate. After 3 CV scans, the EIS spectra were performed (every 200
mV) within this voltage range with an amplitude perturbation of 10
mV, and in the frequency range of 1 MHz to 1 mHz. The
approximation to the different voltages of measurement was
potentiostically controlled at 10 V - s to assure the quasi-equilibrium
state of the battery. Also, before each measurement the system was
stabilized during 30 minutes. All the data are normalized to the

carbon mass.

The cycled electrodes were characterized by means of X-ray powder
diffraction (XDR) using Bruker AXS-D4 Endeavor Advance X-ray
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diffractometer using Cu, radiation. X-ray photoelectron spectroscopy
(XPS) was performed on Sage 150 de Specs with non- monochromatic
radiation Al Ko (1486.6 ¢V) to 20 mA and 13 kV, a constant pass
energy 75 eV for global analysis and 30 eV for specific binding energy
of each element analysis, and an area measuring 1x1 mm? The base
pressure of XPS chamber was 7x10° hPa. XPS spectra were fitted
with CasaXPS software, which models the Gauss-Lorentzian
contributions, after background subtraction. Also, energy spectra
were calibrated by setting the C 1s photoemission peak for sp*
hybridized carbon to 284.8 eV. Samples were washed out by
anhydrous dimethyl carbonate (DMC, Sigma-Aldrich) solvent several
times, and dried in a vacuum chamber at 60 °C for 2 h previous XRD
and XPS measurements. %

4. Conclusions

This manuscript analyzes the discharge process of Li-O, batteries by
impedance spectroscopy and provides a novel equivalent circuit
model. In this model, different electrochemical processes during
discharge mechanism are identified: i) interfacial phenomena, ii)
extended electrochemical double layer capacitance (EDLC), and iii)
ORR. chemical capacitance. EDLC has been monitored in Li-O»
batteries and it is observed to be independent of the presence of O»
at voltages higher than those at which oxygen reduction reaction
occurs. Noticeably EDLC is fully recovered after electrode charging,
and remains unaltered after cycling. This fact suggests that the ORR
products (Li>xO; and Li2COs) are not covering the internal electrode
surface, but deposited on the outer electrode-O; interface, hindering
thereby the subsequent reaction. At this moment, further research is
necessary to elucidate if these adsorbed Li™ at the internal electrode
double layer can directly react with the O, molecules at the voltage
where ORR starts or they are merely displaced by the reduction of
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O, molecules. The novel equivalent circuit model and the
consideration that Li* ions are already adsorbed on the carbon surface
when ORR starts provide new tools in the study and design of Li-O-
cathodes.

Acnknowlegments

We thank financial support from Generalitat Valenciana (ISIC/
2012/008 Institute of Nanotechnologies for Clean Energies). The
authors acknowledge Dr. Conchi Ania from National Institute of
Carbon for providing PSCo and AG carbons and their

characterization.

References

1. P. G. Bruce, S. A. Freunberger, L. J. Hardwick, J.-M. Tarascon,
Nature materials 2012, 11, 19-29.

2. N. S. Choi, Z. Chen, S. A. Freunberger, X. Ji, Y. K. Sun, K.
Amine, G. Yushin, L. F. Nazar, J. Cho, P. G. Bruce,
Angewandte Chemie International Edition 2012, 51, 9994-
10024.

3. (a) Z. Peng, S. A. Freunberger, Y. Chen, P. G. Bruce, Science
2012, 337, 563-566; (b) H.-G. Jung, J. Hassoun, J.-B. Park, Y .-
K. Sun, B. Scrosati, Nature chemistry 2012, 4, 579-585; (¢) B.
G. Kim, H.-J. Kim, S. Back, K. W. Nam, Y. Jung, Y.-K. Han,
J. W. Choi, Scientific reports 2014, 4; (d) Z. L. Wang, D. Xu,
J. J. Xu, L. L. Zhang, X. B. Zhang, Advanced Functional
Materials 2012, 22, 3699-3705.

4. Z. Peng, S. A. Freunberger, L.. J. Hardwick, Y. Chen, V.
Giordani, F. Bardé, P. Novak, D. Graham, J. M. Tarascon, P.
G. Bruce, Angewandte Chemie 2011, 123, 6475-6479.

91



10.

11.

12.

R. Wen, M. Hong, H. R. Byon, Journal of the American
Chemical Society 2013, 135, 10870-10876.

B. McCloskey, A. Speidel, R. Scheffler, D. Miller, V.
Viswanathan, J. Hummelshgj, J. Ngrskov, A. Luntz, The
Journal of Physical Chemistry Letters 2012, 3, 997-1001.

B. Scrosati, K. M. Abraham, W. A. van Schalkwijk, J. Hassoun,
Lithium Batteries: Advanced Technologies and Applications,
Wiley, 2013.

C. O. Laoire, S. Mukerjee, K. Abraham, E. J. Plichta, M. A.
Hendrickson, The Journal of Physical Chemistry C 2009, 113,
20127-20134.

(a) M. D. Radin, D. J. Siegel, Energy & Environmental Science
2013, 6, 2370-2379; (b) C. O. Laoire, S. Mukerjee, K. Abraham,
E. J. Plichta, M. A. Hendrickson, The Journal of Physical
Chemistry C 2010, 114, 9178-9186; (c¢) M. Safari, B. D. Adams,
L. F. Nazar, The Journal of Physical Chemistry Letters 2014,
5, 3486-3491; (d) B. Horstmann, B. Gallant, R. Mitchell, W. G.
Bessler, Y. Shao-Horn, M. Z. Bazant, The Journal of Physical
Chemistry Letters 2013, 4, 4217-4222; eJ.-J. Xu, Z.-L.. Wang,
D. Xu, L.-L. Zhang, X.-B. Zhang, Nature communications 2013,
4.

(a)L. Johnson, C. Li, Z. Liu, Y. Chen, S. A. Freunberger, P. C.
Ashok, B. B. Praveen, K. Dholakia, J.-M. Tarascon, P. G.
Bruce, Nature chemistry 2014, 6, 1091-1099; (b) K.-H. Xue, E.
McTurk, L. Johnson, P. G. Bruce, A. A. Franco, Journal of
The Electrochemical Society 2015, 162, A614-A621.

C. Tran, X.-Q. Yang, D. Qu, Journal of power sources 2010,
195, 2057-2063.

J. Hgjberg, B. D. McCloskey, J. Hjelm, T. Vegge, K. Johansen,
P. Norby, A. C. Luntz, ACS applied materials & interfaces
2015, 7, 4039-4047.

92



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

(a) P. Simon, Y. Gogotsi, Nature materials 2008, 7, 845-854;
(b) M. Haro, G. Rasines, C. Macias, C. Ania, Carbon 2011, 49,
3723-3730.

(a) S. Y. Kim, H-T. Lee, K.-B. Kim, Physical Chemistry
Chemical Physics 2013, 15, 20262- 20271; (b) F. Li, R. Ohnishi,
Y. Yamada, J. Kubota, K. Domen, A. Yamada, H. Zhou, Chem.
Commun. 2013, 49, 1175-1177.

S. A. Freunberger, Y. Chen, N. E. Drewett, .. J. Hardwick, F.
Bardé, P. G. Bruce, Angewandte Chemie International Edition
2011, 50, 8609-8613.

M. M. Ottakam Thotiyl, S. A. Freunberger, Z. Peng, P. G.
Bruce, Journal of the American Chemical Society 2012, 135,
494-500.

F. Martinez-Julian, A. Guerrero, M. Haro, J. Bisquert, D.
Bresser, E. Paillard, S. Passerini, G. Garcia-Belmonte, The
Journal of Physical Chemistry C 2014, 118, 6069-6076.

M. Haro, T. Song, A. Guerrero, L.. Bertoluzzi, J. Bisquert, U.
Paik, G. Garcia-Belmonte, Physical Chemistry Chemical
Physics 2014, 16, 17930-17935.

W.-C. Chen, T.-C. Wen, Journal of power sources 2003, 117,
273-282.

C. Vix-Guterl, S. Saadallah, K. Jurewicz, E. Frackowiak, M.
Reda, J. Parmentier, J. Patarin, F. Beguin, Materials Science
and Engineering: B 2004, 108, 148-155.

F. Béguin, E. Frackowiak, Carbons for electrochemical energy
storage and conversion systems, CRC Press, 2009.

P. Albertus, G. Girishkumar, B. McCloskey, R. S. Sanchez-
Carrera, B. Kozinsky, J. Christensen, A. Luntz, Journal of The
Electrochemical Society 2011, 158, A343-A351.

S. Sandhu, J. Fellner, G. Brutchen, Journal of power sources
2007, 164, 365-371.

(a) J-J. Xu, Z.-L. Wang, D. Xu, F.-Z. Meng, X.-B. Zhang,
Energy & Environmental Science 2014, 7, 2213-2219; (b) J. J.

93



Xu, D. Xu, Z. L. Wang, H. G. Wang, L. L. Zhang, X. B. Zhang,
Angewandte Chemie International Edition 2013, 52, 3887-3890.
25. V. Giordani, S. Freunberger, P. Bruce, J.-M. Tarascon, D.
Larcher, Electrochemical and Solid-State Letters 2010, 13,
A180-A183.
26. M. H. Rui Wen, and Hye Ryung Byon, Journal of the American
Chemical Society 2013, 135, 10870 - 10876.

Figure Captions

Figure 1. (a) CV of SP@30NiOCoO in the presence of O, along
different number of cycles and in the absence of O. (inset). Scan rate:
0.1 mV s'. (b) XRD patters of air cathode before being cycled and
after 3 and 7 cycles. The patters of the pristine mesh, LixOs,
NiO - CoO, and Li.CO; are also shown.

Figure 2. Nyquist plots of SP@30% NiOCoO with and without Os.
The low frequency (< 5 Hz) region of the EIS is observed in graphs
a-c, and the figures d-f show an enlargement of the high frequency
region. The experimental data are represented by solid symbols and
the lines are obtained by the fitting with the equivalent circuit model

shown in Figure 4 b.

Figure 3. Capacitance plot of SP@30% NiOCoO with and without
O,. The experimental data are represented by solid symbols and the
lines are obtained by the fitting with the equivalent circuit model

shown in Figure 4.b.

Figure 4. (a) C’ vs characteristic time and frequency (in opposite
order than usual, from fast to slow electrochemical processes for a
more intuitive reading) for SP@30NiOCoO in the presence (solid
lines) and absence (dashed lines) of O.. Inset: Scheme of the three
processes of the Li-O» discharge mechanism. The ORR is represented
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on the cathode surface by a graphitic layer, in which adsorbed Li*
react with O,. (b) Equivalent circuit model for the system in the
absence and presence of Os.

Figure 5. Parameters determined during discharge process by the
EIS fitting with the equivalent circuit model shown in Figure 4.b: (a)
resistance and (b) capacitance associated to the interface
phenomena;(c) resistance, Raa, and (d) capacitance, CepL, associated
to the formation of the electrochemical double layer; (e) parallel
resistance, Rorr, which decrease at the applied voltages when the
ORR starts.

Figure 6. (a) Nyquist and (b) EDL capacitance plots of the SP@30%
NiOCoO air cathode at 3.4 V at different number of CV cycles.
Adsorbed Lit consumption is monitored during oxygen reduction
reaction (ORR) providing further understanding on the discharge
process of Li-O, batteries. Adsorbed Li" is inferred from extended
electrochemical double layer capacitance (EDLC), which is function
on the carbon matrix surface area. EDLC is independent of the
presence of Li»O, and Li;CQO;, what indicates that the precipitation
occurs at the electrode-O, interface and not inside the electrode

porosity.
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Figure SI.1. Charge-discharge plot SP@30% NiOCoO in the presence of Oz at 50
mA gt
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Figure SI.2. XPS spectrum of samples which were assayed with three, five or seven
cyclic voltammetry and stopped at different potential in case of three CV. (a) Li-1s

spectrum (b) O-1s spectrum.
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Figure SI.3. Capacities of SP@30% NiOCoO with (red triangles) and without (black
squares) Oz. The experimental data are represented by solid symbols and the lines
are obtained by the fitting with the equivalent circuit model shown in Figure 4.b.

97



40V (a) 34V (b) 26V ©)

<" (Fg")
c" (Fg")

0 2 4

0 2
C'(Fa™) C'(Fah C'(Fg")

Figure SI. 4.Nyquist representation of SP with (red triangles) and without (black
squares) Oz, The experimental data are represented by solid symbols and the lines
are obtained by the fitting with the equivalent circuit model shown in Figure 4.b.
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Figure SI. 5.Nyquist representation of three different carbons: SP (Sper = 75 m? g
B, AG (Seer = 626 m? g') and PSCo(Serr = 1040 m? g*) with 15% of NiOCoO and
in the presence of Q2 The experimental data are represented by solid symbols and
the lines are obtained by the fitting with the equivalent circuit model shown in
Figure 4.b. AG is an aerogel while PSCo is a carbon template synthesized. In this
figure small differences are observed that can be ascribed to the different pore size
distribution. PSCo has a well-defined mesoporosity while AG has a wide distribution
of pore sizes.
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Figure SL.6. Fitting parameters of the EIS spectra registered at 3.4 V vs Li'/Li
upon cycling for the air cathode SP@30% NiOCoO: (a) resistance (Ri = Ri + Riz)
and capacitance (1/Ci= 1/Cu +1/Ci2) at the electrode-electrolyte interface.
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Figure SL.7. (a) C” vs Frequency of SP@30% NiOCoO, where the peak related to
EDLC is observe at 0.1 Hz. (b) Fitting values of the frequency obtained by the model
Figure 4.b, where it is observed the good match with the experimental data.

Subcircuit related to EDL

This capacitance is associated to an arc in the C” vs C’ representation
that can be modeled by a RC serie circuit, which product (R - C)

U The resistance is

gives the characteristic time, c, of the process !
represented by a constant phase circuit element (CPEads) in which

has the value between 0 and 0.2 2
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Catalyst activity

The decomposition of Li;O, (Li:O> — 2Li + O,) can be studied if it
is correlated with the decomposition reaction of diluted hydrogen
peroxide aqueous solution (H:0» — H,O + % O,).* This allows us to
study quickly, qualitative/quantitative, the ability of catalyst to
perform the expected reaction during charge process in batteries.

According to Giordani’s experimental conditions we evaluated the
NiOCoO catalyst activity: 25 mg of nanopowder were introduced into
three-necked glass vessel containing 40 mL H.O and it was sealed and
purged with Ar. The outlet gas was analyzed by a
chromatographAgilent  Technologies AG-490 (with thermal
conductivitydetector (WTCD) together with a narrow-bore column)
to measure the volume of oxygen that was generated. The suspension
was maintained under vigorous stirring and carry out at 25 °C.

First, knowing the no-oxygen is present in the system, we inject H,O»
to achieve a concentration of 0.1 mol/L aqueous solution of H.O,
(Sigma Aldrich, d = 1.135, 30% in water), and immediately were
taking data as a function of time to assess the reaction progress. In
our experimental conditions 45.6 mL is maximum volume which could
be get with initial HoOs amount. Fig 8 shows the amount of O,
released as a function of time for NiOCoO and compared to the
carbon matrix, SP.Due to the good activity of this nanostructured
oxide material regards H.O, degradation, we decided to use NiOCoO
as catalyst in the current study.
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Figure SI.8. 02 evolution in the H202 degradation study in the presence of NiOCoO
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Figure SI.9.a, b) Nyquist plots in the region of high frequency of three electrodes
with different amount of catalyst: SP (without catalyst), SP with 15% of NiOCoO
and SP with 30 % of NiOCoO. It is observed that the second arc related to the
charge transference decreases with the amount of catalyst. In this case, the

normalization was performed to the electrode mass (carbon-+catalyst) in place of the

SP carbon mass
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Abstract

Tons migrate through the hybrid halide perovskite lattice allowing for
a variety of electrochemical applications as perovskite-based
electrodes for batteries. It is still unknown how extrinsic defects as
lithium-ions interact with the hybrid perovskite structure during the
charging process. It is shown here that Li" intake/release proceeds by
topotactic insertion into the hybrid perovskite host, without drastic
structural alterations or rearrangement. KEven the perovskite
electronic band structure remains basically unaltered upon cycling.
The occurrence of conversion or alloying reactions producing metallic
lead is discarded. Stable specific capacity 200 mA h g'is delivered
which  entails outstanding  Li-ion  concentration, x in
Li,CH3;NH3;PbBr;, approaching 3. Slight distortions of the perovskite
lattice upon cycling explain the highly-reversible Li*T intercalation
reaction that also exhibits an excellent rate capability.

TOC figure

Potential (V vs. Li / Li")

Specific Capacity (mAhg”)
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Hybrid perovskites have emerged as a family of multifunctional

2 optoelectronics,®?

materials with applications in photovoltaics,
lasers,®™ and electrochromism.® Besides the interesting electronic and
photonic properties exhibited by hybrid perovskites, ionic migration
allows for a variety of application in electrochemical devices. lon
transport within the lattice of perovskite compounds have
applications in solid-oxide fuel cells and oxygen permeation

910 Tt is also known that hybrid perovskites behave as

membranes.
charge sto