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Abstract

To be able to solve the 21st century’s renewable energy challenge, en-

ergy storage is key. While numerous strategies have been proposed and

implemented for stationary energy storage, so far only lithium ion bat-

terieshave had large success for mobile applications such as cars and

smartphones. However, to be able to further penetrate the market,

improvements in charging speeds are critical. Therefore, strategies to

characterize and reduce ionic and electronic resistances at the material

interfaces are required. This doctoral thesis introduces a new strategy

to quantify ion diffusion at interfaces of commercially relevant materials

by applying a combination of i) morphology controlled synthesis, ii) ex-

periments at large scale facilities, iii) ab initio molecular modelling, and

iv) electrochemical measurements. We provide a full picture of the un-

derlying processes that induce changes in charge dynamics hence paving

the way to new strategies to engineer interfaces.

Part 1 introduces the challenges in LIB technology and what large

scale facilities can contribute towards their solution. Thanks to the large

public attention that LIBs have attracted, numerous new experiments at

synchrotrons and other particle accelerators have been adapted to the

special needs of lithium ion batteries in the last decade, creating new

opportunities for an understanding and optimization of the complex in-

teractions within the LIB.

Part 2 focuses on the morphology controlled hydrothermal synthe-

sis of LiFePO4 platelet particles. We introduce a novel low-temperature

synthesis of micrometer sized platelet particles that maintain a high crys-

tallinity. We end up with a size series of particles with different surface

to volume ratios, offering the possibility to track surface effects. By in-
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Abstract

troducing coatings, we can then actively change the surface environment.

Part 3 studies the effect of the surface reconstruction on lattice vibra-

tions. Performing inelastic neutron scattering experiments on the size se-

ries synthesized earlier, we can separate bulk and surface effects. We find

changes in the Fe–O and Li–O phonon modes at the LiFePO4 - carbon

interface hence suggesting changes in the charge dynamics. Following up

on these results, we quantify the activation barrier of interface diffusion

in Part 4 via a combination of muon spin spectroscopy, electrochemical

characterizations, and nudged elastic band simulations. With an activa-

tion barrier of ∼180 meV, the Li diffusion barrier through the LiFePO4

(010) surface is strongly reduced.

In Part 5 we add more complexity to our system by characterizing

the impact of surface terminations to charge dynamics. Extending our

approach to electronics, we get important insights in the full mechanism

of interface dynamics. We find that the strongly enhanced interface ion

dynamics in carbon coatings are in fact a result of enhanced electronic

transport that allows for decoupled ion and electron motion. Based on

this finding, we rationally engineer particle coatings that can homoge-

neously (de)lithiate cathode active materials hence creating coatings that

allow for longer active material lifetime without affecting charging rate

capability.

vi



Zusammenfassung

Damit die Stromversorgung des 21. Jahrhunderts durch erneuerbare Ener-

gien zu ermöglichen, ist Energiespeicherung eine grosse Herausforderung.

Insbesondere die Speicherung von Energie für lokale und mobile Anwen-

dungen (z.B. im Transportsektor) setzt hohe Ansprüche an die Ener-

giedichte und Lebensdauer welche bis dato nur durch Lithium-Ionen-

Akkumulatoren (LIBs) erreicht werden kann. Um jedoch weitere Akzep-

tanz in der Bevölkerung zu erreichen, sind Verbesserungen der Lade-

geschwindigkeiten von entscheidender Bedeutung. Dies kann aber nur

erreicht werden wenn Widerstände zwischen den Grenflächen der Bat-

teriekomponenten charakterisiert und optimiert werden können. Diese

Doktorarbeit stellt eine neue Strategie zur Quantifizierung der Ladungs-

trägerdiffusion an Grenzflächen kommerziell relevanter Materialien vor,

die auf einer Kombination aus i) morphologiekontrollierter Synthese, ii)

Experimenten in Teilchenbeschleunigern, iii) ab initio molekularer Mo-

dellierung und iv) elektrochemischen Messungen basiert. Es entsteht ein

vollständiges Bild der zugrunde liegenden Transportmechanismen, die so

durch gezielte Fortschritte im Bereich der Materialbeschichtungen den

Weg zu neuen Technologien ebnen.

Teil 1 der Doktorarbeit setzt den Fokus ganz auf neue Experimente

die durch Teilchenbeschleunigern ermöglicht werden. Dank der großen

öffentlichen Aufmerksamkeit die LIBs auf sich gezogen haben, sind im

letzten Jahrzehnt zahlreiche dieser Experimente an die besonderen Bedür-

fnisse von Lithium-Ionen-Akkumulatoren angepasst und komplexe Wech-

selwirkungen abgebildet worden. Nach einem kurzen Einblick in die Kom-

plexität der stattfindenden Reaktionen in Akkumulatoren, werden in die-

sem Teil Experimente an Synchrotrons, Neutronenquellen, Elektronen-

mikroskopen und Myonen-Quellen vorgestellt. Am Ende des Kapitels

folgt ein Ausblick in die zukünftige Entwicklung der Teilchenbeschleuni-
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Zusammenfassung

ger und wie sie weiter die Zunkunft der LIBs prägen werden.

Teil 2 konzentriert sich auf die kontrollierte hydrothermale Synthe-

se von LiFePO4 - Plättchenpartikeln. Eine neuartige Niedertemperatur-

synthese von mikrometergroßen LiFePO4 Plättchen wird vorgestellt, die

neben der Partikelgrösse eine hohe Kristallinität aufweist. Basierend auf

dieser Synthese werden dann Partikel mit verschiedenen Grössen und

damit unterschiedlichen Oberflächen-Volumen Verhältnissen hergestellt.

Durch das Beschichten dieser Partikel können die Oberflächenumgebung

aktiv verändert und Oberflächeneffekte gesteuert werden.

Teil 3 untersucht die Auswirkung der Oberflächenrekonstruktion auf

Gitterschwingungen. Durch inelastische Neutronenstreuungsexperimen-

te an den zuvor synthetisierten Partikeln verschiedener Grösse können

wir Volumen und Oberflächeneffekte trennen. Änderungen in den Fe-

O- und Li-O-Phonon-Schwingungsmoden an der LiFePO4 - Kohlenstoff-

Grenzfläche die auf Änderungen im Ladungstransport hindeuten, werden

gemessen und analysiert. Um den Einfluss dieser Oberflächenveränderungen

auf die Lithiumdiffusion zu verstehen, wird die Aktivierungsbarriere der

Grenzflächendiffusion in Teil 4 über eine Kombination aus Myonen-

spinspektroskopie, elektrochemischen Charakterisierungen und Nudged

Elastic Band Simulationen charakterisiert. Eine stark reduzierte Lithi-

um Diffusionsaktivierungsbarriere von ∼ 200 meV wird entdeckt.

In Teil 5 wird der Einfluss verschiedener Oberflächenbeschichtungen

im Ladungstransport betrachtet. Durch die Ausweitung der Studien auf

sowohl die ionische als auch die elektronische Leitfähigkeit werden wich-

tige Einblicke in den vollständigen Mechanismus des Grenzflächentrans-

ports erhaltet. Es stellt sich heraus, dass der verbesserte Li-Ionentransport

an der LiFePO4 - Kohlenstoff Grenzfläche ein Ergebnis eines verbesserten

elektronischen Transports ist, der eine entkoppelte Ionen- und Elektro-

nenbewegung ermöglicht. Basierend auf diesen Erkenntnissen konstruie-

ren wir eine Partikelbeschichtung, die Elektrodenmaterialien homogen

(ent)laden können, und dadurch ohne Beeinträchtigung der Ladezeit ei-

ne längere Lebensdauer der LIBs ermöglichen.
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1 Part I: The role of Large Scale

Facilities in Li ion Battery

Research

1.1 Motivation

As suitable energy storage devices for renewable energy, lithium ion bat-

teries (LIBs) are a crucial part to achieve a net carbon neutral society.

Yet, to fulfill the vast challenges regarding energy storage in the future,

further development in LIB technologies are essential. Thereby, the key

objective is to increase three performance parameters (without increasing

the cost per kWh): energy density, rate capability, and cycle life (Figure

1.1a). This target, however, is not simple at all [115, 218]. The mate-

rials used in LIBs cover basically all the known material classes from

organic liquid electrolytes and binder polymers over to transition metal

oxide ceramics and metallic current collectors [145, 161]. They form an

interwoven structural network with a multitude of interfaces. As a re-

sult, not just the materials but also the interfaces between the materials

in their 3D structure have to be understood and stabilized [36, 115].

This makes optimizations in LIBs a multiscale problem with character-

istic length scales spanning ten orders of magnitude from Ångstroms to

Meters [118].

While such an analysis is already challenging in a static case, a contiu-

ous flow of electrons and ions takes place during, LIB operation. Thus,

the materials and the structure will change upon battery cycling and

create both chemical and mechanical stresses that destabilize the mate-

rial interfaces [17, 118]. In addition, the relevant dynamics in LIBs occur

1



1 Part I: The role of Large Scale Facilities in Li ion Battery Research

with characteristic time scales ranging from local ion transport (t∼1 ps)

to battery aging (t∼1 a) spanning eighteen orders of magnitude [67]. As

a result, a very detailed understanding of the reactions that occur in

LIBs is required for rational optimization.

Due to all these intricacies, an understanding of the key processes

in LIBs cannot be met with electrochemical characterizations alone and

even supporting measurements using laboratory scale equipment quickly

reach their experimental limits. As a result, most experimental research

involved in understanding the complex interactions that occur in LIBs

rely on an additional key ingredient: experiments at shared large-

scale facilities.

On a completely pragmatic view, there is little difference between

large-scale facilities and lab scale equipment except for their size (Fig-

ure 1b). Similar to lab equipment, beam lines at large-scale facilities

can only provide beams of x-ray photons, neutrons, electrons, and spin-

polarized particles. These beams will then interact with the sample via

the same five general mechanism as in any other lab equipment: re-

flection, absorption, transmission, (in)elastic diffraction, and (induced)

decay. Both the particles and their interactions are independent of the

setup’s size.

The only difference of large-scale facilities is their design. Compared

to lab scale equipment typically bought from companies, large-scale facil-

ities can be seen as complex experimental sites where beamline scientist

constantly try to improve the provided experimental environment. As a

result, not just the particle beam brilliance but also the beamline optics,

energy, the sample environment, and particle detection can create ever

improving new possibilities such as novel operando LIB measurements

[15].

In the following, we will discuss how large scale facilities have been

able to contribute to the understanding of LIBs. We will also mention

some of the limitations of the setups and efforts to overcome those in

near future.
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Figure 1.1: a) Future LIB technologies targets for energy density, cycle lifetime and
rate capabilities. To meet these targets the challenges between materials,
(micro)structure, and interfaces have to be solved in the highly dynamic
Li ion battery. b) Summary of all the techniques that can be provided
at large-scale facilities with their matter of interaction within the studied
samples.
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1 Part I: The role of Large Scale Facilities in Li ion Battery Research

1.2 Photon Large Scale Facilities

Characterization of matter with the aid of photons can be considered as

the parent of all characterization techniques. Starting with wave optics

and luminescence experiments, the interaction of photons with materi-

als is well understood and has created a vast number of spectroscopical

methods. Especially photons with wavelength close to interatomic dis-

tances, i.e., x-rays, have received large attention due to their high energy,

their scattering interaction with the electronic structure of the system,

and deep penetration depth.

There are different ways to generate x-rays. On a labscale, they are

often generated in x-ray tubes where an accelerated electron hits a metal

target therby causing characteristic photon radiation. In large scale fa-

cilities such as synchrotrons and free electron lasers, x-rays are generated

by undulating high energy electrons. Using the second method, one can

achieve extremely high x-ray beam brilliance and coherence, resulting in

unmatched x-ray flux.

The most commonly used method to study LIB materials is x-ray scat-

tering. X-ray scattering is well established on a laboratory scale and can

provide structural information of electrode materials. One can distin-

guish two types of x-ray scattering: small angle x-ray scattering (SAXS)

and wide angle x-ray scattering (WAXS or XRD). Both methods can

be measured very well on a laboratory scale with high resolution x-ray

scattering spectra available in minutes [25, 175].

When moving to in operando scattering, however, the time resolution

may not be sufficient anymore. In this case, the high intensity of the

synchrotron beam can offer full spectra in periods as short as four sec-

onds hence allowing to study lattice dynamics in LIBs at (dis)charging

rates of 10 C and a very high resolution (1 C describes a full charge in

one hour) [114]. As a result, structural transitions and kinetic effects

can be obtained at commercially relevant time scales.

4



1.2 Photon Large Scale Facilities

Another disadvantage of labscale setups is the relatively large field of

view (typically in the range of cm). The x-ray optics combined with

the high intensity of synchrotrons allow to resolve local inhomogeneities

in LIBs, such as the formation of lithiation phases in a graphite elec-

trode as a function of distance from the separator (see Figure 1.2a)

[228]. Using this experiment, ionic gradients within a graphite electrode

can be resolved (Figure 1.2b), providing visual proof how the effective

transport of the electrolyte through the anode becomes rate-limiting [53].

While XRD can resolve very small repetition units such as lattice

constants, SAXS can provide information about the nanostructure of

system e.g. pore sizes and particle shapes. Again, synchrotron measure-

ments can offer faster in operando measurements that facilitate studying

the electrochemical double layer in confined nanoporous systems [157].

Also, thanks to the large detectors at synchrotrons, a simultaneous mea-

surement of XRD and SAXS is possible and allows for a calculation of

the pair distribution function (PDF). As a result, intercalation reactions

[76, 176] and the growth of interphases [170, 190] can be studied at very

high detail.

With their relatively large energy, x-rays can be absorbed by atoms

and excite core electrons to a free electronic state. Thereby, x-ray ab-

sorption spectroscopy (XAS), or more specifcially, x-ray absorption near-

edge structure (XANES) and extended x-ray absorption fine structure

(EXAFS) are methods to analyze the chemical environment and the

oxidation state of the respective atoms. This makes EXAFS/XANES

experiments especially suitable to study the mechanisms of electrode

material reduction and oxidation. Especially, transition metal oxide

cathodes that contain multiple transition metals have benefited by XAS

as it could determine the electroactive species at a certain potential in

operando [146, 187]. Furthermore, XAS can assist in understanding the

electrochemical reactions at very high voltages, e.g. when LiCoMnO4 is

charged to a voltage of 5.3 V [38].

Similar to XAS, resonant inelastic x-ray scattering (RIXS) absorbs x-

rays to excite a core electron to a free electronic state. This creates a core

5
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Figure 1.2: a) Projection of a cross section of a LiNi0.5Co0.2Mn0.3O2 versus graphite
electrode. The L0-L4 regions depict the layers of x-ray diffraction (XRD)
measurements. b) Operando XRD measurments of the regions L0-L4

show that the average Li content in the graphite layer is not uniform but
rather highest close to the separator while charging. Conversely, the Li
concentrations requires the longest time to reduce in the L4 region. The
images are adapted from [228].

hole state that subsequently is filled by an electron in the valence band

while releasing x-rays to reach to lower energy state. As a result, RIXS

can give insights about the valence band energies and binding states,

making it an effective tool to study the partial density of states of a given

element [222]. In LIBs, it can be used to analyze structural transitions

and the resulting changes in the density of states. Using RIXS together

with ab initio simulations has shown that the oxygen redox feature in

the RIXS spectra of Li2Ir1.5Sn0.5O3 (Figure 1.3a) is closely coupled to

the formation of Li-Sn/Ir antisite defects (Figure 1.3b) which shift the

oxygen partial density above the fermi level (Figure 1.3c) and cause

the oxygen oxidation reaction [93].
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Li2Ir1.5Sn0.5O3. The white arrow marks a characteristic feature found
in oxidized oxygen. b)-c) Proposed mechanism of the oxygen oxidation.
The formation of antisite defects moves the Ir-O double bonds above the
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[222].

As with visible light, x-rays can be used for imaging. The high pene-

tration depth allows to take images in transmission mode with contrasts

arising from attenuation, phase shifts, or diffraction [71]. X-ray imaging

can be performed on a lab scale with computed tomography (CT) where

CT measurements can provide images of commercial cells in a resolution

of a few micrometers within a few hours [160]. Using synchrotrons with

much higher brilliance, these images can be taken much faster up to a

time resolution of microseconds, enabling to study ultrafast reactions

such as the thermal runaway of a commercial 18650 cell [60].

To be able to resolve the electrode structure, x-ray optics in the syn-

chrotron can be installed which magnify the image but typically also

7
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tend to reduce the field of view and increase the required imaging time

[156]. Furthermore, tuning the incident x-ray energy can lead to differ-

ent image contrasts. For instance, setting the x-ray energy to the XAS

region of an element, oxidation state contrast imaging can be achieved.

This can allow to map the dynamic phase separation behavior of elec-

trode materials, e.g. LiFePO4, in the electrode [105].

Three-dimensional (3D) imaging of structures can be performed using

tomography. These measurements require multiple images taken of the

same area. As a result, the synchrotron beam could damage the samples.

To avoid this, higher energy x-rays with lower absorption can be used.

With these harder x-rays, 3D micro x-ray computed tomography (XCT)

can be performed in operando. First operando XCT measurements were

based on attenuation contrast imaging of the expansion of SnOx anodes

[54]. For graphite anodes, however, pure attenuation contrast in not

sufficient anymore and has to be combined with phase contrast imaging

[155].

Using appropriate optics (e.g., creating divergent x-ray beams that

geometrically magnify the image area [156]), 3D tomography can be

performed to analyze the structure of particles with resolutions down

to 50 nm. Such analysis is sufficient to understand ageing and elec-

trochemomechanical properties in secondary particles [196] Furthermore,

measurements on full electrodes can provide insights on the distribution

of the carbon black binder domain (CBD) in a Silicon/Graphite anode

(Figure 1.4). Such an approach has enabled to measure the degree of

electrical disconnection of Si particles due to the growth and retraction

of the solid electrolyte interphase (SEI) [140]. Note, that to enhance

the contrast of the CBD, carbon black has to be replaced with carbon

coated metal nanoparticles [137].

A final way to perform high-resolution 3D imaging of LIBs is by diffrac-

tive imaging. Theoretically, the resolution in diffractive imaging is only

limited by the wave length of the incident x-rays [71, 136]. As a result,

diffractive imaging is extremely promising for nanostructure and inter-

face analyses. Among the diffraction imaging methods, ptycographic x-
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Figure 1.4: Raw and Segmented X-ray computed tomography (XCT) image of a
silicon-graphite electrode with resolved carbon black binder domain
(CBD). Figure taken from [140].

ray computed tomography (PXCT) has received large attention. PXCT

bases on a combination of scanning transmission x-ray microscopy and

CT where the tomographic projections are calculated from 2D diffrac-

tion patterns that are collected on localized points of the sample. It has

been used for cathode materials such as LiFePO4 nanoparticles [232] and,

more recently, single secondary particles of LiNi1-2xMnxCo4O2 ([162]).

In all these measurements, the resolution of the particles depends on

the incident energy, measurement time, and sample size. In the above

examples, the true resolution of the small LiFePO4 network resulted at

sim11 nm (Figure 1.5) while larger secondary particles reach a resolu-

tion of 40 nm [194]. Very recently, also the 3D structure of electrodes

has been imaged. By first milling a pristine electrode using a pulsed

laser milling technique, Müller et al. [139] could image a silicon - car-

bon composite electrode with a resolution of 40 nm that allowed for a

detailed characterization of the interactions between the CBD and the

active materials.

9
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The remaining limitations of PXCT are based on measurement time

and sample size. To date, only 2D images can be measured in operando.

While this allows to measure particle strain maps with a resolution of

∼100 nm [57], 3D imaging still requires approximately one day for a high

resolution 3D reconstruction. Concerning sample size, the cell may not

be larger than 50µm for a suitable 3D reconstruction, making a repro-

ducible cell design with commercial cycling behavior challenging.

Overall, 3D x-ray imaging has improved extremely in recent years.

Yet, large challenges remain when it comes to studying nanometer sized

interfaces at microstructurally representative length scales of tens of mi-

crometers. At these interfaces, also the effect of beam damage will play a

crucial role and will require special low-dose spectroscopic approaches on

tailor-made electrochemical cells that are developed to counteract beam

damage [28, 143].

While synchrotrons are by far the most important large-scale source of

x-rays to date, x-ray photons from FEL sources should not be forgotten.

Though no FEL studies have been published on LIB materials yet, the

unique combination of high flux and femtosecond pulses will allow to

study the effect lattice and electron dynamics thereby creating a unique

chance to characterize correlation between electronics and ion diffusion

that has only been studied theretically, so far [62]. Therefore, we ex-

pect that FELs will play a critical role to understand the fundamental

transport mechanisms at battery material interfaces in the near future

[174].
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Figure 1.5: Ptychographic x-ray computed tomography (PXCT) image of partially
delithiated Li0.5FePO4 particles. Three arbitrary particles show the reso-
lution capabilities with the ability to separate between LiFePO4 rich (red),
FePO4 rich (blue) and the solid solution FexPO4 rich voxels (green). The
scale bar for the single particles is 50 nm. Images adapted from [232].
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1.3 Neutron Large Scale Facilities

Compared to synchrotron x-ray scattering techniques, neutron scatter-

ing has a few key advantages. While x-rays scatter with the electron

density in the solid, neutrons scatter with nuclei and nuclear spins. As

a result, the scattering cross section does not depend on the core elec-

tron number but on the isotope. This makes neutrons beneficial when

studying small elements such as hydrogen or lithium in Li ion battery

materials [241]. The capability of resolving lighter elements, however,

comes at a cost. Neutron beams are difficult to generate and handling

requires large-scale spallation or reactor sources. Furthermore, neutrons

have relatively small scattering cross sections and penetrate deep into

the samples hence requiring large sample amounts in the range of grams

[168].

With the capability of resolving the positions of lithium ions accu-

rately, neutron powder diffraction (NPD) experiments on ex situ sam-

ples play an important role in structure characterization [166] which

can even give insights about the bulk lithium ion dynamics in a material

[144] or the pair distribution function [173]. In addition, due to the large

penetration depth of lithium ions, NPD allows for studying structural

changes occurring in a full cylindrical 18650 cell in operando [29]. Re-

cent advances in neutron beamline optics and sample environment even

allow for high quality NPD scans in times as short as 10 s making NPD

scan times compatible to synchrotron x-rays [108].

The capability of measuring full cells has drawn a lot of interest to-

wards operando small angle neutron scattering (SANS) as well. Similar

to SAXS, SANS measurements can provide information about the pore

size distribution in a size regime of 1 nm to 300 nm and are ideally suited

to study changes in the nanostructure of LIBs [169]. A good application

is studying the growth of the SEI in mesoporous carbons as a function of

the electrolyte [82, 83]. Using operando SANS, the SEI volume growth,

the lithium content of the SEI layer, and the pore-pore distance change

can be determined simultaneously (Figure 1.6). Thus, operando SANS

can provide a link between SEI growth and its effect on the electrode
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Another technique to measure local lithium concentrations is neutron

depth profiling (NDP). The technique is based on the induced decay of
6Li nuclei when activated with a neutron (Figure 1.7a),

6
3Li+1

0 n −→3
1 H +4

2 He. (1.1)
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The thus created tritium and helium nuclei travel then through the sam-

ple and get detected (see Figure 1.7b). Thereby, their resulting energy

can give an insight about the depth where the 6Li+ ion lay and a very

accurate depth profile of the lithium ion concentration can be made in

operando [203].

With the aid of NDP, a preliminary test could show that lithium did

not intercalate into the Al current collector when Sn was used as a neg-

ative electrode [112]. This opens the possibility of replacing the Cu

current collector with lower cost and thinner Al. Another, more recent,

study [206] showed the irreversible lithium ion loss in garnet-type all-

solid state lithium ion batteries as a function of Li plating and stripping

cycles (Figure 1.7c). A constant portion of irreducible lithium plating

was forming close to the Cu current collector which became ionically

disconnected from the solid electrolyte when the cell was charged.

Due to the low energy of neutrons in the range of 10-1000 meV, inelas-

tic scattering measurements can be performed with a very high energy

resolution. Quasi-elastic neutron scattering (QENS) can be considered a

standard experiment to study the solid molecular and ionic diffusion in

solids [90, 165, 197]. In addition, inelastic neutron scattering (INS) can

provide insights into the lattice dynamics, ionic transport, and thermal

conductivity of the active materials [141, 225]. Even phonons modes

at the interface between an active material particle and its coating can

be analyzed via a combination of inelastic neutron scattering measure-

ments, a particle size series (Figure 1.8a) and ab initio simulations

(Figure 1.8b). Using this combination, a higher phonon energy of Li-O

surface lattice vibrations was found at the (010) surface of LiFePO4 (see

Chapter 3) hence suggesting stronger Li-O bonds and enhanced surface

transport.
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1.4 Electron Microscopy Centers

Compared to x-rays and neutrons, the key difference of electrons is their

negative charge. While this reduces the interaction volume significantly,

it makes deflecting and accelerating the electrons simpler. As a result,

electron beams of high flux can be created in relatively small systems

such as the column of an electron microscope. Furthermore, the intro-

duction of aberration corrected electron lenses has enabled sub-Ångstrom

resolution measurements [89].

Most electron microscopes are typically lab scale tools. Their versatil-

ity, required maintenance, numerous detector systems, corrected lenses,

and cost, however, has led to the creation of microscopy centers that

often times work proposal-based much alike large scale facilities. In this

section, we will mostly focus on the results that such high-end micro-

scopes in microscopy centers have provided in the past years.

To date, scanning electron microscopy (SEM) and (scanning) trans-

mission electron microscopy ((S)TEM) can be seen as a standard for

material characterization. While these methods can be used to image

objects with resolutions down to atomic scale[224], they can also be

used for elemental analyses. When the electron beam hits the sample,

element specific x-rays are reflected that can be detected via energy dis-

persive x-ray spectroscopy (EDS) [233]. The electron beam can also

scatter elastically with the sample and create local electron diffraction

(ED) patterns. Finally, the electrons can scatter via an inelastic scat-

tering pathway where they can lose energy due to, e.g., the excitation

of electrons. As a result, electron energy loss spectroscopy (EELS) can

provide local information about the electronic and lattice structure sim-

ilar to XAS (Figure 1.9a). In LIBs, this can be very useful to study

interphase effects between electrode and solid electrolyte which other-

wise would not be possible to resolve [213] (Figure 1.9b).

In situ characterizations using sealed liquid cells [221] or direct re-

actions with Li metal [102] can give insights about material expansion

[27], the growth of interphases [102], or provide insights about lithia-

tion kinetics. The latter can be studied using a combination of ED and
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Figure 1.9: a) Experimental design to study the solid-solid interface between LiCoO2

and the LiPON solid electrolytes. b) Electron energy loss spectroscopy
(EELS) patterns collected at different points at the ordered-disordered
LiCoO2 interface. When the cell is charged in situ, a phase between
ordered and disordered LiCoO2 arises. This interphase contains Li2O2

and Li2O. Images adapted from [213].

high accuracy STEM (Figure 1.10a) and has provided high resolution

lithiation maps in LiFePO4 nanoparticles and could even reveal local

Li concentration reversal reactions due to the phase separation reaction

(Figure 1.9b-f) [238].

However, due to the strong interaction of charged electrons with the

sample, the electron beam can strongly damage organic matter such as

the electrolyte, the binder, and the SEI. To overcome this issue, the sam-

ple can be rapidly frozen with liquid ethane or argon and kept in a cryo-

genic environment in the electron microscope [209]. Cryogenic electron

microscopy (cryo-EM) has enabled studying the SEI in its pristine state

on numerous electrode materials (see [209] for a summary). Based on

these findings, fluorine-containing additives could be introduced which
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Figure 1.10: a) Bright field image of a LiFePO4 nanoparticle with an enlarged area
of the particle. The scale bar is 50 nm or 5 nm, respectively. b)-e)
Heat map of lithium content x in LixFePO4 at different time steps (blue
to red for increasing x). The scale bars are 5 nm. f) Normalized Li
concentration through different nanoparticle regions (see b) as a function
of time. Locally, the Li concentration peaks and then reduces itself. On
a larger scale, the Li concentration equilibrates to the typical LiFePO4

polarization curve. Image adapted from [238].

enable a dense growth of the SEI that does not create large stresses in

the cell [8, 35, 78] (Figure 1.11).

While (S)TEM measurements can provide important interphase and

material information, very thin samples in the range of 100 nm are re-

quired. Therefore, (meso)structural predictions are practically impossi-

ble. SEM, however, is based on measuring reflected electrons making it

prone to studying surfaces on practically arbitrarily thick samples. To

be still able to get depth information, the imaged surface can be milled

19



1 Part I: The role of Large Scale Facilities in Li ion Battery Research

with a focused ion beam (FIB), revealing a new surface to be analyzed in

the SEM. Repeating this step numerous times eventually creates a tomo-

graphic 3D structure of the system. FIB-SEM tomography can resolve

the structure of separators [96, 97] and full electrodes [73]. However, as

both milling and infilling can damage the microstructure of the sample,

a combination of microscopy with other techniques (e.g. electrochemical

impedance spectroscopy [99]) is needed for data validation. Further-

more, FIB milling is a slow process, making FIB-SEM tomography of

larger samples very challenging. To overcome this technical challenge,

Xe Plasma milling has been recently introduced and will greatly enhance

milling speeds hence generating a larger representative volume at a faster

rate [30, 216].

FIB-SEM imaging can also be extended to study the mechanical prop-

erties of electrodeposited lithium. By selecting single electrodeposited

Li dendrites with the FIB, Citrin et al. could measure elastic moduli on

single dendrites while imaging them in the SEM [42].
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Figure 1.11: a) Cryogenic electron microscopy (cryo-EM) image of the solid elec-
trolyte interphase (SEI) grown on a Li metal anode. The inset below
shows the energy-dispersive x-ray scattering (EDS) spectrum which sug-
gests an inorganic-rich SEI. b) Cross sections of Li metal anodes before
and after 60 and 100 cycles, respectively. The LiFSI electrolyte solution
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Li layer and reducing the dendrite growth.Images adapted from [35].
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1.5 Spin-Polarized Beams at Large Scale

Facilities

While the techniques mentioned before can help understand the struc-

ture and dynamics in time scales down to milliseconds, lithium ion diffu-

sion through materials and interfaces can be many orders of magnitude

faster. To resolve such fast processes, pump-probe experiments, e.g. nu-

clear magnetic resonance (NMR) are required. In 7Li NMR (Figure

1.12a), Li ion diffusion can be measured by analyzing the 7Li spin re-

laxation rate [185]. Using such an approach, ionic diffusion can be de-

termined for different materials, e.g. lithium containing ceramics [214]

and lithium air batteries [52].

7Li NMR measurements are very sensitive to magnetic moments of

iron and cobalt hence making 7Li NMR measurements unsuitable for

transition metal based cathode materials [127, 179]. To overcome this

issue, a spin-polarized beam of antimuons is implanted into the sample.

Similar to NMR, the muons then probe local spin fluctuations due to

the mobile Li ions (Figure 1.12b). Such muon spin resonance (µ+SR)

measurements allow to determine Li ion diffusion coefficients and acti-

vation barriers in a number of transition metal oxides [178] and lithiated

graphites LixC6 [198].

Recent advancements in particle accelerators enabled so-called β-NMR

measurements where resonance experiments are performed by implanting

a 8Li ion [122, 178] (Figure 1.12c). When the free 8Li ion is implanted,

the 8Li nuclear spin will interact with the local structure and, based on

its relaxation, can give insights about the 8Li dynamics moving in the

lattice. As a result, Li diffusion can be measured in materials that con-

tain very little Li ions such as polymers with different salt concentrations

[133, 134] (Figure 1.12d).

Due to the raising attention of µ+SR by the battery community, nu-

merous advancements have been achieved in recent years in terms of

sample design. This includes the developments of in situ cell prototypes
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[132] and a detailed characterization of ionic transport at interfaces be-

tween active materials and their coatings [21]. Furthermore, both muons

and 8Li ions are charged particles and their penetration depth can be

modulated with electric fields (Figure 1.13a). This allows to measure

lithium ion hopping in both thin films and powders (Figure 1.13b) [134]

and, with improvements on the muon beam lines with respect to beam

intensity, could allow for new depth and interface dependent studies of

ion dynamics.

Other than diffusion, spin polarization experiments can give insights

about the chemical structure in disordered materials. Dynamic nuclear

polarization (DNP) NMR is a very accurate tool to measure chemical

shifts with a high sensitivity to surfaces [84, 101]. This makes DNP NMR

an ideal tool to study the organic components in the SEI (Figure 1.14).

In addition, the isotopic ratios of materials can be studied and give in-

sights about the isotope exchange rates of 6LiFePO4 in a 7Li-electrolyte

environment. Specifically, it can reveal the effect of antisite defects in
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LiFePO4 [113]. Apart from NMR, operando electron paramagnetic res-

onance (EPR) is a great tool to study electronic property changes in

oxidation states of transition metals e.g. in lithium rich layered transi-

tion metal oxides [189].
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1.6 Summary and Outlook

The possibility of better time, energy, and size resolution in large-scale

facilities has had a large impact on understanding LIBs. Each beam of

particles can help understand important aspects of materials, structure,

and interfaces. While neutrons and x-rays can provide complementary

structural and material information on large size scales, recent findings

in cryo-EM have allowed to determine interphase stability and structure.

Furthermore, the introduction of diffraction contrast based imaging have

allowed to bridge the gap between these size scales.

In parallel, operando characterization techniques continue to improve

at all large-scale facilities and realize acquisition times in the range of

seconds. The future of Li ion battery characterizations at these facili-

ties looks very bright. Many large-scale neutron and muon facilities are

in the process of upgrades to increase both the flux of particles to the

samples and the detection systems leading to an overall increase of the

signal to noise ratio by at least an order of magnitude (see Table 1.1

and Table 1.2). Similarly, also synchrotron sources and electron micro-

scopes are constantly improved.

While improvements on the sources are very important, they are by

not sufficient. An increase of beam flux hitting the sample requires an

active investment in optimized detector stations that are able to read out

the additional detectors generated and data analysis tools that can cope

with increased stream of data. But if these additional requirements are

synchronized well, upgrades open a vast room for opportunities in the

design of new beam lines. Exemplary for this is the plan of upgrading

the linear accelerator (Linac) at the Oak Ridge National Laboratories.

The increase of power due to the Linac will need numerous upgrades of

the first target station and requires a very close collaboration with the

Oak Ridge Supercomputing Center that is aiming to provide on-site data

analysis and computational services [6]. In addition, the Linac upgrade

will enable to build a second neutron target station with high intensity

cold neutrons and a new µ+SR center. Similarly, the European Spalla-

tion Source will not only have an extraordinarily strong proton source
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1 Part I: The role of Large Scale Facilities in Li ion Battery Research

but also beam paths in the range of ∼100 m hence allowing for extremely

high accuracy in scattering angles that are especially interesting for to-

tal scattering and PDF analysis. Finally, the Japanese muon source at

J-PARC which has finished their upgrade in 2018, is pioneering with a

special high flux low energy µ+SR beam line that, once it is ready, is

expected to be able to measure depth-resolved µ+SR with resolutions

in the range of 10 nm while maintaining high enough flux for fast ion

dynamics measurements.

In synchrotrons, the flux is less of an issue compared to the sample

environment and the optics. The main challenges will lie in optimizing

the setups further towards the needs of the LIB community. Exemplary

for this are activities to reduce beam damage or to improve PXCT algo-

rithms and data collection times [31]. Considering electron microscopy,

aberration corrected low dose microscopes are continuously improving.

Possibly, this could allow studying the formation of interphases in situ

under more relevant ambient conditions.

With this set of tools available to study LIBs, the remaining challenge

will be the analysis of the highly complex interactions between each bat-

tery part in a correlative manner. This includes a top-down process from

commercially relevant batteries where regions of interest are studied in

more detail via correlative imaging techniques [31]. As suggested in the

Battery 2030+ initiative roadmap [2], this will crucially require a closer

collaboration between computational data analysis groups, experimen-

talists, and beamline scientists. Having said that, beamline experiments

alone will never capture the complexities of LIBs. Virtually all the stud-

ies mentioned in this review rely heavily on computational simulations,

be it either for data analysis or to back up the results. This makes devel-

opments in computational methods (deep learning, ab initio modelling,

reconstruction algorithms, etc.) as crucial as advancements on beam

lines. In addition, translatability of the findings to commercial LIBs can

only be assured if electrochemical characterization techniques are applied

rigorously as well. This does also mean that publications should include

some benchmark cell parameters [69] that could help both scientific and

industrial partners in the interpretation of the results. Overall, battery
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1.6 Summary and Outlook

research remains a highly interdisciplinary field that requires a lot of

collaborative efforts to achieve significant fundamental understanding of

the limiting reactions and device improvements.
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2 Part II: Morphology Control in

the Synthesis of LiFePO4

Nanoparticles

2.1 Remarks on Part II

To allow for a comprehensive experimental characterization of the dy-

namics at the interfaces of Li ion battery materials, a high control of

the particle crystallinity, size, and shape are crucial. Choosing LiFePO4

(LFP) and its (010) termination as an examplary material interface,

we perform a detailed characterization of the hydrothermal synthesis

to achieve an in-depth control of particle morphology and bulk/surface

crystallinity. Chapter 2.2 focuses on the effects of particle crystallinity

as a function of temperature and time. By controlling precursor concen-

tration and introducing ethylene glycol (EG) as additive, we can achieve

a very high crystallinity of LFP platelet particles without the need of

high reaction temperatures. As a result, we can create LFP particles

with a very low energy consumption [22]. Chapter 2.3 describes the

control of particle size of LFP nanoparticles. While maintaining the

platelet shape, we propose a strategy to change the particle size by more

than one order of magnitude without affecting the crystallinity of the

LFP samples [21, 23]. Chapter 2.4 is devoted to the coatings of LFP

nanoparticles with special focus on the preparation of pristine surfaces

and a zinc(II) oxide termination.

This work was performed in close supervision of Prof. Dr. Maksym

Yarema. The hydrothermal reactors needed by him were designed by

Nils Wenzler.
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2 Part II: Morphology Control in the Synthesis of LiFePO4 Nanoparticles

2.2 Low-Temperature Hydrothermal Synthesis

of LiFePO4

2.2.1 Motivation

Lithium iron(II) phosphate (LFP) is a commercially-used lithium ion

battery (LIB) cathode material that offers some advantages over other

cathode materials due to the fact that it does not contain cobalt, and

that it has a flat voltage profile and a high rate capability [91]. It is com-

mercially produced in a solid-state synthesis route; however, this well-

established preparation offers less morphology and composition control

than wet chemistry approaches [231]. A large number of solvothermal

syntheses have emerged for LFP [130], especially using water as sol-

vent (i.e., hydrothermal syntheses) [33, 37, 50, 55, 107, 119, 130, 158,

223, 227]. Typically, these hydrothermal syntheses are performed with

a precursor concentration in the range of 0.1-0.3M, at temperatures

between 150 °C and 200 °C, and for a time on the order of ten hours

[33, 103, 158, 227]. Rather high process temperatures (150 - 200 °C) pose

two issues towards commercialization: (i) the energy consumption for

hydrothermal production of LFP is significantly higher than for the solid-

state LFP synthesis and (ii) the vapor pressure of water can reach more

than 10 bar, requiring a special reactor design [51]. A commercially vi-

able LFP hydrothermal synthesis will therefore require reduction of the

reaction temperature.

To find the parameters at which the specific energy consumption of a

hydrothermal synthesis process could compete with the solid state one,

we develop a model to estimate the energy required for the hydrothermal-

based synthesis of LFP from mine to ready-to-use cathode material. Ex-

tending upon existing literature [51, 86, 111, 123, 164, 177], we consider

the impact of the key parameters such as synthesis temperature, precur-

sor concentration, and reaction time on the specific energy consumption.

Details of the model are given in Appendix A.3, and the dependence

specific energy on reaction temperature and precursor concentration is

shown in Figure 2.1. The energy consumption of the hydrothermal

synthesis is largely related to the large heat capacity of water, which
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2.2 Low-Temperature Hydrothermal Synthesis of LiFePO4

makes the heating of the reactor (not the time held at a specific temper-

ature) energy intensive. Our model shows that the reaction temperature

as well as the precursor concentration, Ctot play a role in energy usage.

The larger Ctot, the smaller the specific energy consumption because,

at lower concentrations, a smaller mass of LFP is created for the same

heated volume of water. For temperatures of 150 °C, a hydrothermal

synthesis can only compete with the 3 MJ/kg energy consumption of a

solid-state synthesis if the precursor concentration were at the solubility

limit of LiOH in water. With decreasing the reactor temperature, the

dependence of energy consumption on concentration weakens, allowing

a larger range of possible precursor concentrations.

Based on this analysis, we aim to develop a synthesis at 115 °C that

still yield battery grade material. At this temperature, the specific en-

ergy consumption can be lowered to 3 MJ/kg using a feasible precursor

concentration (i.e., one below the solubility limit) and the vapor pres-

sure in the reactor will be about 1.5 bar, presenting convenient operating

conditions, similar to a pressure cooker.

The hydrothermal synthesis of high-quality LFP at low temperatures

is a challenging chemistry task [37, 158, 223]. Low temperature syntheses

result in slow growth kinetics and produce LFP with poor crystallinity

and a large number of antisite defects (i.e. Fe atoms populating the Li

positions). These antisite defects block the [010] Li transport channels

in the LFP structure and ultimately decrease specific charge capacities

[40, 61, 144, 208].Moreover, the slow growth kinetics lead to a low num-

ber of nuclei, leading to thicker LFP particles and thus longer [010] Li

channel lengths such that there is a higher probability of antisite defects

blocking them [125].

Here, we present a study of low-temperature hydrothermal synthesis of

LFP platelets. In particular, we optimize the precursor concentration

and reaction time in order to achieve battery-grade LFP material. We

then perform the carbon coating of LFP platelets and show electro-

chemical performance on par with that synthesized at higher tempera-

tures with specific discharge capacities of up to 150 mAh/g at C/5 and

120 mAh/g at 1 C rate.
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Figure 2.1: Specific energy consumption of the LFP synthesis step as a function of hy-
drothermal reaction temperature and total precursor concentration. The
blue shaded region indicates the energy consumption of typical hydrother-
mal syntheses, the synthesis reported here is indicated green. The iso-
energy line corresponding to 3 MJ/kg is shown in bold, corresponding to
the specific energy consumption of a solid-state synthesis. The shaded
triangular region below this line represents a temperature and precursor
concentration window where a hydrothermal synthesis consumes less en-
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2.2.2 Results & Discussion

Figure 2.2 shows our low temperature synthesis approach. As detailed

in the Experimental methods, we use typical precursors for hydrother-

mal synthesis of LFP: LiOH, H3PO4, and FeSO4 · 7 H2O [33, 37, 55, 103,

119, 158, 223, 227]. We also use ethylene glycol (EG) as an additive

[158, 227], which is known to decrease the solubility of the precursors,

increase the number of nucleation sites, and thereby achieve smaller par-

ticle dimensions[227]. Here, to ensure that the role of the EG is primarily

in coordination of the LFP surfaces and to be close to a possible commer-

cial application, we work with small additive concentrations and select

a fixed molar ratio of [Li+] : [Fe2+] : [PO4
3-] : [EG] = 3 : 1 : 1 : 0.1 for all

syntheses.

To assess our ability to control material quality as well as particle

shape and size with our low temperature hydrothermal synthesis, we

systematically look at the effect of (1) precursor concentration and (2)
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2.2 Low-Temperature Hydrothermal Synthesis of LiFePO4

reaction time. Since density function theory (DFT) calculations suggest

that the symmetric stretching band of the PO4 group is redshifted when

the antisite defect concentration is increased [158], we use Fourier trans-

form infrared (FTIR) spectroscopy to assess material quality. Scanning

electron microscopy (SEM) enables us to obtain approximate the particle

morphology [167].

3eq LiOH(aq) LiFePO4(s) 2) 1eq H3PO4(aq) 
115°C

600°C Ar/H2

LiFePO4/C 
battery grade 

1) 0.1eq EG 
 

 

3) 1eq FeSO4(s), N2 

OH
OH

 Ethylene glycol (EG)

> 6h

Figure 2.2: Preparation procedure of battery grade LiFePO4.

Even though it is generally accepted that the total precursor con-

centration influences the supersaturation [95] and therefore the reaction

kinetics, crystallinity, and particle size, it has not been extensively stud-

ied in hydrothermal syntheses of LFP [55]. We investigate measurements

performed on LFP samples after 16 h of reaction. The FTIR spectra of

the PO4 stretching modes of each sample at different concentrations are

shown in Figure 2.3a. Increasing the precursor concentration, Ctot,

results in LFP particles that show sharper spectral features and a shift

of the PO4 stretching band towards lower wavenumbers, both indicating

smaller defect concentration (Figure 2.3b). These FTIR results are

consistent with Rietveld refinements on X-Ray diffractograms (Figure

A.2) [120], from which we find a decrease of antisite defects with in-

creased Ctot (Fig. 3S�). The decrease in antisite defect with increasing

precursor concentration can be explained by faster reaction kinetics at

higher concentrations, whereby the LFP crystals form faster and have

more time within the set reaction time of 16 hours to recrystallize. This

is supported by SEM images (Figure 2.3c) showing that, at low Ctot,

the particles are not all evolved, while uniform platelets are formed for

increasing Ctot.

Increasing the precursor concentration also affects the particle mor-

phology. With increasing Ctot, the average particle thickness decreases

from 220 nm to 150 nm (Figure 2.3d) while the platelet diameter re-
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2 Part II: Morphology Control in the Synthesis of LiFePO4 Nanoparticles

mains approximately constant around 1.6µm (Figure 2.3e). These

results can be explained by DFT calculations [61] and previous experi-

mental results [158, 227], which suggest that both water and EG cap the

(010) facet, inhibiting growth in the [010] direction.
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Figure 2.3: Dependence of defect concentration and particle morphology as a func-
tion of molar concentration of precursors, Ctot, in water. Precursors are
fixed in a ratio of [Li] : [Fe] : [PO4] : [EG] = 3 : 1 : 1 : 0.1. (a) FTIR spectra
and (b) position of the symmetric P–O stretching band peak for samples
synthesized at different precursor concentrations. (c) SEM images, (d)
mean particle thickness, and (e) mean particle diameter are also shown
for different precursor concentrations.

To investigate the optimal reaction time for a low temperature hy-

drothermal synthesis, we construct a sampling reactor that enables us

to remove material at different times during the reaction (see Appendix

A.5). We consider a reaction with a precursor concentration Ctot = 0.55 M.

As shown in Figure 2.4a, with increasing reaction time, the average

particle thickness tends to increase slightly and the distribution of thick-

nesses broadens (i.e. 130 nm± 50 nm at 3 h to 150 nm± 70 nm at 72 h),

reflecting the Ostwald ripening process [148]. At the same time, defect

concentration (as quantified by the peak position of the symmetric PO4

stretching band) decreases with longer reaction times (Figure 2.4b) due

to recrystallization of LFP. This poses a trade-off, because for the highest

charge capacity both thin platelet morphology LFP particles (i.e. short

[010] Li channels) and low antisite defect concentrations are required.

We thus expect a reaction time in the middle of those tested (e.g. 48 h)
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2.2 Low-Temperature Hydrothermal Synthesis of LiFePO4

to exhibit the best electrochemical performance.

To test the electrochemical performance of our newly obtained mate-

rial, we prepare the LFP particles for electrochemical cycling by carbon

coating them. The LFP particles are mixed with D-glucose, pressed

into pellets, and annealed at 600 °C resulting in LFP particles with a

coating of 3 wt% of carbon. XRD, FTIR, SEM, and transmission elec-

tron microscope (TEM) measurements suggest that the carbon coating

step removes the solvent incorporated in the crystal and provides a con-

ductive coating but does not affect the particle crystal structure or the

antisite defect concentration. As described in the methods (see Ap-

pendix A.2), electrodes are made from different particle batches and

cycled vs. lithium in a half-cell configuration.

Figure 2.4c shows the electrochemical voltage vs. capacity curves

for C/10 (dis)charge for three LFP batches prepared with the same

precursor concentration of Ctot = 0.55 M and reaction times of 16, 48,

and 72 hours. All three samples exhibit a flat voltage plateau and low

polarization at a C/10 rate. Our parameter sweep indicated that the

best electrochemical performance should result from particles synthe-

sized for ∼48 hours, and indeed this sample performs best with a spe-

cific discharge capacity >150 mA h g-1. Importantly, such high discharge

capacity of LFP material is already comparable to values obtained by

high temperature hydrothermal syntheses and improves upon previous

reports for low temperature hydrothermal LFP synthesis [158, 223]. Fur-

thermore, our LFP samples show only very small capacity fading after

50 charge/discharge cycles (Figure A.5). Using galvanostatic cycling,

the specific discharge capacity at different C rates (1C = 0.17 A g-1) is

determined from the LFP particles synthesized for 48 hours. Figure

2.4d shows the average discharge capacity and standard deviation of

sample electrodes prepared in different batches. The specific charge ca-

pacity drops to 130 mA h g-1, when the cycling rate is increased to 1C,

which is comparable to high temperature hydrothermal LFP syntheses

[33, 37, 55, 103, 119, 158, 223, 227].
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the error bars on the measurements, which are determined by measur-
ing five cells containing different electrodes prepared from two different
batches of material.

2.2.3 Summary

Table 2.1 summarizes the specific energy consumption of our proposed

hydrothermal synthesis, a high temperature hydrothermal approach pro-

posed by Chen et al. [37] and a solid state synthesis. This comparison

includes the carbon-coating step in our hydrothermal synthesis for which

we assume an extra energy consumption of 2 MJ kg-1. By increasing the

concentration and decreasing reaction time, our synthesis saves more

than 30 % compared to high temperature hydrothermal syntheses, but

still consumes more energy than solid state syntheses. However, an ex-
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2.2 Low-Temperature Hydrothermal Synthesis of LiFePO4

cess of lithium is used in the hydrothermal process, which leads to the

formation of Li2SO4. If this co-product was recycled, the precursor en-

ergy consumption would decrease by up to 50 % eventually making the

synthesis beneficial from an energy perspective. Of course, energy con-

sumption during synthesis is only a small part of the costs of the overall

material production. For instance, the aforementioned temperature de-

pendent pressure in the reactor has a high impact on investment cost

due to increased safety requirements. However, while increased reaction

time has only a small effect on energy consumption (heating up to and

not holding the temperature is the energy intensive step as highlighted in

Figure A.6), it does impact throughput. Therefore, a multi-parameter

optimization of temperature, reaction time, and the process (e.g. using

flow reactor set-up) would be necessary for commercial introduction of

a hydrothermal process.

In conclusion, we synthesized LFP platelet particles in a hydrothermal

synthesis with a low reaction temperature of 115 °C. Increased precursor

concentration together with small amounts of EG as an additive lead

to highly crystalline particles with a platelet-shaped morphology hav-

ing small dimensions along [010]. Using a sampling setup, we found the

counteracting effects of recrystallization and Ostwald ripening lead to

an optimal reaction time in the range of 48 hours. Our analysis shows

that reduction of reaction temperature and increase of precursor concen-

tration can bring the energy consumption of a hydrothermal synthesis

in line with that of a solid state approach, while enabling particle size

and shape control not available with solid state approaches. This work

highlights the open potential for optimization of hydrothermal processes

at lower temperatures and higher concentrations.
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2 Part II: Morphology Control in the Synthesis of LiFePO4 Nanoparticles

Table 2.1: Overview of the specific energy consumption of LFP prepared by different
synthetic approaches.

Solid State High Temperature Our
Synthesis hydrothermal Approach

Synthesis Energy 3 MJ kg-1 19 MJ kg-1 5 MJ kg-1

Precursor Energy 22 MJ kg-1 26 MJ kg-1 26 MJ kg-1

Reactor Pressure 1 bar 10 bar 1.6 bar

Total Energy 25 MJ kg-1 45 MJ kg-1 31 MJ kg-1

40



2.3 LiFePO4 Platelet Size Control

2.3 LiFePO4 Platelet Size Control

To experimentally observe differences between the (010) surface and in-

terior electron/ion dynamics, we produce platelet-shaped LFP particles

of four different sizes, Large, Meso, Medium, and Nano (Figure 2.5.

Platelet size can be systematically decreased by increasing the reac-

tion temperature and the percentage of ethylene glycol (EG) as a co-

solvent, which increases supersaturation and decreases nucleation rate

[50, 55, 61, 158, 212, 223]. We make Large platelets in 0.4 v% EG at a

reaction temperature of 115 °C Meso platelets in 0.4 v% EG at 180 °C,

Medium platelets in 50 v% EG at 180 °C, and Nano platelets in 100 v%

EG at 180 °C. See Appendix B.1 for the Experimental details.

Large Meso Medium Nano

(010)

Channel 
Length L[010]

Diameter
d(010)

Figure 2.5: Schematic drawing of the LiFePO4 platelet particle size series.

Figure 2.6 shows SEM images of the platelet samples, and Table

2.2 and Table 2.3 summarize the particle size and shape parameters,

respectively. We measure [167] platelet thickness, which is equivalent to

the [010] channel length L[010] and the diameter d(010) of the platelet

(010) surface (see Figure 2.5). Assuming a circular platelet shape,

we then estimate (Appendix A.9) characteristic parameters such as

a length to thickness aspect ratio and the percentage of atoms located

at the (010) surface. Due to the platelet-morphology, for all samples,

the majority of the surface is a (010) facet. In the case of the Nano

sample, almost 11% of the atoms thus populate the (010) surface, while

in the Large sample only 0.4% of atoms occupy this surface. This means

that the dynamic contribution of the Nano LFP sample will exhibit a
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2 Part II: Morphology Control in the Synthesis of LiFePO4 Nanoparticles

signifiicant contribution from the (010) surface, while the contribution

from the (010) surface will be negligible for the Large LFP.

200nm

200nm

200nm

200nm

e 

g h

fBulk Meso

Medium Nano

Figure 2.6: Scanning electron microscopy (SEM) images of the a) Large, b) Meso, c)
Medium, and d)Nano LFP samples. Their size characterization is sum-
marized in Table 2.2.

Table 2.2: Measured dimensions of the LiFePO4 (010) platelet particles.

Length L[010] Diameter d(010)

Nano 11 (2) nm 55 (13) nm
Medium 48 (13) nm 117(29) nm
Meso 66 (23) nm 270 (120) nm
Large 300 (90) nm 1600 (500) nm
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2.3 LiFePO4 Platelet Size Control

Table 2.3: Morphology characteristics obtained from the platelet dimensions of the
LiFePO4 (010) platelet particles.

Aspect ratio Atoms on (010) to entire Atoms on
(010) surface surface ratio other surfaces

Nano 5.0 (24) 10.9 (20)% 71 (8)% 5.7 (13)
Medium 2.4 (13) 2.5 (7)% 55 (12)% 2.7 (7)%
Meso 4.1 (32) 1.8 (6)% 67 (17)% 1.2 (5)%
Large 5.3 (33) 0.40 (12)% 73 (12)% 0.20 (6)%
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2 Part II: Morphology Control in the Synthesis of LiFePO4 Nanoparticles

2.4 Coating LiFePO4 Nanoparticles

To study the effect of different surface terminations on Li ion interface

diffusion, we look at four different surface terminations. First, in Part 3

and Part 4, we study electronically conductive carbon coated LiFePO4

particles that allow us to solely on ionic conductivity at the interface.

In Part 5, we extend our analysis to a pristine and an electronically

insulating ZnO coating. Finally, we create a combined ZnO/C coating.

C coating

To achieve a commercially relevant battery performance, LiFePO4 parti-

cles have to be coated with a conductive coating, typically carbon [207].

All LFP samples shown in Part 2, 3, and 4 with carbon.

To coat LFP particles with 3 wt% carbon, we add D-glucose (Sigma) to

the uncoated LFP particles (Figure 2.7a). We then grind the mixture

thorougly, press a pellet, and anneal it under Ar/3 wt% H2 for 6 h at

600°C. A uniform carbon coating with a typical thickness of 2-7 nm (de-

pending on the particle size) forms (Figure 2.7b). Raman spectroscopy

measurements on the C coated LFP particles suggests that the carbon

layer is amorphous and contains both sp3 and sp2 hybridized C-C bonds

(Figure 2.7c).

Pristine surface termination

For the pristine LiFePO4 particles, the LFP particles obtained from the

hydrothermal synthesis are first etched with 0.1 M H3PO4 (Sigma) to

reduce organic residues. After drying and pressing into a pellet, the

LFP particles are annealed in Ar/3 wt% H2 for 16 h at 400°C. Based

on energy dispersive x-ray scattering scanning transmission electron mi-

croscopy (EDS-STEM) maps, the resulting LFP particles has a pristine

termination with an undetectable surface layer (Figure 2.8b).

ZnO Coating

We coat the LFP powders with 3wt% ZnO in three steps. As with the

pristine particles, we first etch the raw LFP particles with 0.1 M H3PO4.

Secondly, we grind the particles together with zinc acetate (Sigma) and

press them into pellets. These pellets are then annealed under Ar/3 wt%
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2.4 Coating LiFePO4 Nanoparticles

H2 flow for 16 h at 400°C. Using this method, we obtain a uniform ∼3 nm

thick amorphous, ZnO coating (see Figure 2.8c).

ZnO/C Coating

The combined ZnO/C coating is made along the ZnO coating step. Af-

ter etching the hydrothermally obtained raw LFP particles, a 2.5 wt%

ZnO / 2.5 wt% C coating is prepared by pressing a ground mixture of

LFP, zinc acetate, and D-glucose into pellets. These pellets are then an-

nealed under Ar/3 wt% H2 flow for 8 h at 500°C. We observe a C coating

with local ZnO clusters (see Figure 2.8d).
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Figure 2.7: a,b) Scanning and transmission electron microscopy (SEM and TEM)
images of a) the pristine and b) the C coated Large LFP particles. c)
Raman spectrum of the C coated LFP particles.
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Figure 2.8: Energy dispersive x-ray scattering scanning transmission electron mi-
croscopy (EDS-STEM) images of a) C coated, b) Pristine, c) ZnO coated,
and d) ZnO/C coated LiFePO4 Nano particles.
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2.5 Part II: Summary

The investigations of the hydrothermal LiFePO4 synthesis have allowed

us to have an effective control of particle size, shape, and crystallinity.

Modifying the EG concentration, reaction temperature and reaction time

enables LFP platelet particles with the (010) surface as main surface and

a size control between 10 nm and 300 nm. Together with the following

ZnO and carbon coating steps, we lay the ground for the follow-up stud-

ies in the next chapters that will focus on studying the charge dynamics

at the surfaces of these particles.

In parallel, we found a new low-temperature solvent-based LFP syn-

thesis route that can pave the way for novel technologies, moving away

from batch-type reactions to flow reactors.
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3 Part III: Studying Surface

Phonons of Li ion Battery

active materials

3.1 Remarks on Part III

After a succesful synthesis of LFP particles with different morphologies

(see Part 2), we have the necessary tools to study interface dynamic

properties of the battery materials. In this chapter, we will focus on the

studying the changes of collective lattice vibrations (or Phonons) at the

surface.

This work is based on a collaboration with the research groups of

Prof. Dr. Martin Mansson (MM), Dr. Fanni Juranyi (FJ), and Prof.

Dr. M. Saiful Islam (MSI). While MM and FJ assisted with the neutron

scattering measurements at the SINQ neutron spallation source of the

Paul Scherrer Institute, the group of MSI performed the computational

work on the bulk phonon density of states (PDOS) of LiFePO4 and

FePO4.

3.2 Motivation

Interface reactions of lithium ion battery active materials in their elec-

trode environment are key to further improvements in performance,

safety, and lifetime. Such active material interface reactions include

ion exchange to or from the electrolyte, electron charge transfer [116,

121, 128] to or from the conducting additives (e.g., carbon-black and

binder composite), or electrolyte reactions which can create solid elec-
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3 Part III: Studying Surface Phonons of Li ion Battery active materials

trolyte interphases [58, 204] and enable catalytic phase changes [58, 59].

Local distortions of the crystal lattice of the active material and their

vibrational energy can influence the rates at which these physical and

chemical processes occur [121, 159, 199]. In this chapter we experimen-

tally and computationally investigate how surface vibrational modes at

the surface of active materials can differ from those in the interior of an

active material particle and how surface coatings can be used to control

the vibrational structure of the surface.

We select LiFePO4 (LFP) as a model material (Figure 3.1). Due

to its olivine structure, LFP features one-dimensional bulk transport

of lithium ions in the [010] direction [144] and therefore exhibits one

surface (the (010) surface) that is particularly important to consider

when studying interface effects. Furthermore, because the lithium chan-

nels along the [010] direction can be easily blocked by antisite defects

[41, 81, 87, 130], commercial LFP is found as nanoparticles with short

channel lengths (i.e. short L[010]) and large surface to volume ratios.

Both these aspects make LFP a useful system to systematically study

how vibrational modes at the surface of a battery active material differ

from those in the interior of the particle.

C Coating

Li

LiLi

Li

Li

Channel 
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Diameter
d(010)

a b
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Li
Fe
P
O
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a
c

c

(010)

 

Figure 3.1: a) Schematic drawing of the LiFePO4 (LFP) platelet particles. b)
Schematic view of the Li ion transport channels along the [010] direc-
tion and the carbon coating at the particle surface. c) Crystal structure
of LFP.
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3.2 Motivation

To experimentally observe differences between surface and interior vi-

brational modes, we produce platelet-shaped, carbon coated LFP parti-

cles (see Figure 3.2 of four different sizes, Large, Meso, Medium, and

Nano, and measure their phonon density of states (PDOS) using inelas-

tic neutron scattering (INS). To reduce 6Li neutron absorption [168], we

prepare enriched 7LFP samples. With the morphology controlled syn-

thesis of LFP (see Chapter 2.3), the ratio of atoms at the (010) surface

to atoms in the particle interior ranges over from 0.4% for the Large sam-

ple to 11% for the Nano LFP. This means that the vibrational density

of states of the Nano LFP sample will exhibit a significant contribution

from the (010) surface, while the contribution from the (010) surface will

be negligible for the Large LFP.

In order to identify the contribution of lithium atoms in the vibrational

states observed, we electrochemically delithiated these LFP particles to

FePO4 (see Appendix B.2). Due to the limited charge capacity of the

Large FePO4 sample, we delithiated the Nano and Meso LFP particles

(see electrochemical data of samples in Figure B.4 and B.5). We

therefore study three LFP particle sizes (Nano, Medium, and Large)

and two delithiated LFP sizes (Nano and Meso).

10nm Coating
LiFePO4

Figure 3.2: Transmission electron microscopy (TEM) image of the Large LFP sample
with the carbon coating. TEM images of the Medium and Nano sample
are shown in Figure B.6.
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3 Part III: Studying Surface Phonons of Li ion Battery active materials

3.3 Results and Discussion

Using the samples above, we perform INS measurements to measure the

phonon density of states. The data from the low- (below 15 meV) and

high- energy (above 100 meV) range of the INS spectra partly lack accu-

racy due to paramagnetic scattering of Fe3+ and neutron time-of-flight

acquisition frame overlap, respectively. To minimize the influence of the

paramagnetic scattering, we discard the scattering vectors with values

less than 3 Å-1 [13, 64]. More details are found in the Experimental

methods in Appendix B.5.

The measured PDOS of the Nano,Medium, and Large LFP platelets

are shown in Figure 3.3a and that of Nano and Meso delithiated LFP

(i.e. FePO4) are shown in Figure 3.3b. The PDOS of the Large LFP

are consistent with previous INS measurements [64]. PDOS calculations

based on density functional theory (DFT) methods [18, 26, 92, 154, 192]

show good agreement with the experimental Large LFP and Meso FePO4

measurements.

In the energy range between 50 and 80 meV (Figure 3.3a box), we

observe a difference in the phonon density of states as a function of par-

ticle size. With decreasing particle size, the two distinct peaks seen in

the Large LFP sample merge into a plateau feature in the Nano sample.

The phonon density of states spectra of the delithiated FePO4 (Figure

3.3b), however, show no difference between the Meso and Nano sample,

indicating that the change in the phonon density of states in LFP as

a function of particle size is potentially related to different vibrations

involving Li ions. Indeed, the element specific partia phonon density of

states (Figure 3.3c) indicate that in the vibration modes around 50-

80 meV primarily P-O and Li-O bonds are involved. We perform Fourier

transform infrared spectroscopy (FTIR) and XRD in order to confirm

that the changes in the phonon density of states as a function of size

stem from the percentage of (010) surface atoms relative to atoms in

bulk LFP and not from impurities or structural defects. The most com-

mon structural defects in LiFePO4 are Li/Fe antisite defects [41, 81],
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3.3 Results and Discussion

which have been shown to influence the stretching P-O vibration mode

at ∼120 meV (980 cm-1) [158]. However, FTIR analyses of the Large,

Medium, and Nano particles show no substantial changes of that mode

(Figure B.11). From XRD, we find traceable amounts (<10 wt%) of

Li3PO4 in the XRD spectra of the Nano-sized sample (Figure B.12).

However, the P-O phonon mode in the range of 50 to 80 meV in Li3PO4 is

broad [182], which suggests that the influence of Li3PO4 is unlikely to be

the sole cause of the merging of the peaks into a plateau (Figure B.13).
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Figure 3.3: The experimentally measured phonon density of states for a) LiFePO4

(LFP) and (b) delithiated LFP (i.e., FePO4) samples of different sizes.
The shading around the points indicates the error of the measurement.
The dashed lines show the calculated phonon density of states.c) Calcu-
lated total and elemental partial phonon density of states of LFP (black)
and FePO4 (gray) from bulk density functional theory simulations. Full
spectra are shown in Figure B.10.

Having confirmed that the changes in the phonon density of states as

a function of particle size most likely come from the differences between

vibrational modes at the (010) surface and those in the bulk of LFP, we

look into the possible atomistic origins of these surface modes. Figure

3.3 shows that as the sample size decreases (i.e., the percentage of (010)

surface atoms increases), a feature appears between the P-O and Li-O

modes suggesting a redshift (reduction of phonon energy) of the P-O

or a blue-shift (increase of phonon energy) of the Li-O vibrations with
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3 Part III: Studying Surface Phonons of Li ion Battery active materials

additional broadening.

Shifts in vibrational energies can occur under tensile or compressive

stress [147] or due to surface reconstruction [65]. Since Rietveld refine-

ments on our samples do not show any tendency of a change in the lat-

tice parameter when moving from bulk to nano-sized particles (Figure

B.14) [120], we therefore conclude that the shift in the vibrational en-

ergies comes from how the LFP (010) surface interacts with the carbon

coating or from Li deficiencies and surface defects at the particle surface

[12].

The exact nature of the coated carbon is not known [207] and differ-

ent surface reconstructions are possible: loosely bound carbon coating

atoms could leave the LFP surface unaffected as if it were surrounded by

vacuum. Alternatively, the affinity of carbon and oxygen could lead to a

weak C-O bond between coated carbon atoms and the phosphate groups

in LFP. Residual oxygen atoms in the coating are not likely due to the

reductive Ar/H2 environment used during the coating process. Finally,

Li vacancies could result in a lithium-deficient LFP surface with local

Fe3+ centers.

To determine whether any of these scenarios explain the observed

change in the phonon density of states, we perform DFT calculations on

slabs with dimensions of 1 unit cell length in [100], 3.5 unit cell lengths

in [010], and 2 unit cell lengths in [001] (Figure 3.4) [70, 110, 182, 200,

201, 208]. The (010) surface has one of three different terminations:

vacuum, a carbon atom in the vicinity of a surface oxygen, or missing

Li ion (Figure 3.5a-c). Each structure is relaxed, and we extract the

distributions of Li-O, P-O, and Fe-O bond lengths for the surface and

the interior of the slab (Figure B.16 and B.17). The mean Li-O, P-O,

and Fe-O bond lengths from the interior of the slab and the slab surface

are plotted in Figure 3.5d-f and compared to the experimental bond

lengths. Despite the average Fe-O bond lengths being underestimated

by about 0.08 Å, the average bond lengths in the slab interior match well

with the values found experimentally, indicating that our simulations are

representative of observed trends.
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Figure 3.4: Rendering of the particle slab on which the DFT calculations are per-
formed, showing the atoms included as an inner slab and the surface
contributions. Inset: depiction of metal–oxygen bond lengths in bulk
LiFePO4 obtained from Rietveld refinement.

While the calculated Li-O, P-O, and Fe-O bond lengths in the interior

of the slab are independent of surface termination, the Li-O and Fe-O

bond lengths change as a function of the slab surface; these results indi-

cate that surface reconstruction and the vibrations at the (010) surface

of LFP will be different than in the interior of the particle. Only the P-O

bond (Figure 3.5e) is unaffected by the three different surface termina-

tions. The mean Fe-O bond length decreases at the particle surface for

all three surface terminations (Figure 3.5f), particularly in the case of

a Li deficient surface. This can be explained by the fact that the absence

of one lithium atom (Li vacancy) changes the oxidation state of an Fe

from Fe2+ to Fe3+, thereby increasing the strength of the ionic bond.

The weakest effect on the Fe-O bond length is found in the case of a car-

bon environment, where a C–O bond in the vicinity of the Fe atom may

counteract the bond length reduction of an undercoordinated Fe atom

at the surface. The mean Li–O bond length is also shorter at the vac-

uum terminated surface and the carbon terminated surface, compared

to the particle interior (Figure 3.5d). Both a vacuum termination and

a carbon termination result in an undercoordinated Li ion. This ion will

try to compensate its electronic charge by moving towards the oxygen

atoms thus reducing the Li–O bond length. This is reduced in the Li
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3 Part III: Studying Surface Phonons of Li ion Battery active materials

deficient case due to the smaller number of surface Li atoms.

The reduction of the Li-O bond length with a vacuum or a carbon

termination at the (010) surface of LFP helps to rationalize the depen-

dence of the PDOS on the particle size. A shorter Li-O bond suggests

a larger bond strength and higher energy vibrations, in agreement with

the observed blue-shift in the phonon density of states in the region of

Li-O vibrations (Figure 3.3). This effect is strongest when the surface

is terminated by vacuum or carbon atoms. Li deficiency at the surface,

however, only weakly reduces the Li–O bond lengths, but changes the

Fe–O bonds in a strong manner that should manifest itself in the Fe-O

vibrations. A small blue shift in the Fe-O vibrational energy predicted

from the DFT calculations should also be present when comparing vac-

uum and carbon terminated (010) surfaces. However, these small shifts

may not be observed because these vibrations are in an energy range

dominated by paramagnetic scattering (Figure 3.3c).
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Figure 3.5: Three different LFP surfaces are simulated: b) a vacuum terminated sur-
face, b) a carbon terminated surface, and c) a Li-deficient surface. The
mean calculated bond lengths in the inner part of the slab (line) and
for the different surfaces (points) and the experimental bond lengths ob-
tained from Rietveld refinement (left) are shown for d) Li-O, e) P-O, and
f) Fe-O. The width of the line and the error bars for the calculated values
indicate deviations in the mean value for the given dataset.
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3.4 Summary

In conclusion, using an effective combination of INS and ab initio simu-

lation techniques we found that the Li-O bonding character at the (010)

surface and the interior of the LFP particle are different. This sur-

face reconstruction is related to the carbon surface termination of the

LFP. These findings have implications for lithium ion transport in bat-

tery active materials. Lattice vibrations assist the quasi one-dimensional

lithium ion transport and the (de)intercalation of the lithium into and

out of the material [121, 159]. Indeed, the important role of phonons

in enabling lithium ion conduction [159, 193] is seen by the fact that

lithium ion vacancy hopping is reported at a temperature of 250 K (cor-

responding to a thermal energy of ∼ 20 meV) [11, 181]; while Li ion

diffusion along the [010] channels occurs with an estimated migration

barrier energy of 300–600 meV [45, 80, 138, 149]. Changing the vibra-

tional densities and energies at the surface will influence, for example,

the relative activation energies of lithium ion transport on the surface

and in the bulk of the particle and therefore the rate-dependent lithiation

behavior [105]. Furthermore, the predicted shift in the Fe-O bonding in

the case of a lithium deficient region (i.e., during delithiation) suggests

that the activation energy associated with lithium transport may vary

as a function of state-of-charge.

This work highlights the fundamental importance of active particle

coatings of battery electrodes. We showed that changing the coordina-

tion and bonding of surface atoms can be used to selectively tune the

vibrational energies at the surface. These insights are of significant im-

portance for further improvements in the electrochemical performance

of lithium ion battery materials and devices, particularly in relation to

reducing surface reactivity and degradation.

58



4 Part IV: Quantifying Diffusion

through Battery Interfaces

4.1 Remark on Part IV

The findings in Part 3 suggest a change of Li ion dynamics at the

LiFePO4 interface that is caused by a change in the surface reconstruc-

tion. However, phonon density of states calculations cannot provide

a clear answer as to how ionic transport, that is typically a multi-

phonon process, will be influenced by the particle surface termination. In

this part, we combine electrochemical, computational, and spectroscopic

techniques to quantify Li ion diffusion at the LiFePO4-carbon interface

[21].

The work shown in the section is part of a collaboration between Dr.

Fanni Jurányi (Paul Scherrer Institute (PSI)) and the research group

of Prof. Dr. Martin Månsson (KTH Stockholm) who both assisted in

the Muon spin spectroscopy measurements performed at the ISIS Neu-

tron and Muon source in the UK. In addition, DFT simulations were

performed with the help of Dr. Nuri Yazdani. Finally, the magnetic

properties of the samples were measured by Dr. Marisa Medarde at

PSI.
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4.2 Motivation

Lithium-ion battery performance and cycle life [58, 115] are linked to

the internal resistances in the cell. High ionic and electronic resistances

can result in large voltage drops and ionic concentration gradients, par-

ticularly at high currents. This in turn can lead to lost capacity, lithium

plating, and hitting both thermal and voltage limits. Understanding the

origins of resistances and how to reduce them is thus key to obtaining

better batteries that allow short (dis)charge times [10, 115].

Internal resistances stem from processes with characteristic length

scales spanning from a single particle to the full cell level (Figure 4.1a).

Electronic resistances on the cell level are tuned by the thicknesses of

the current collectors, the carbon black and binder phases, and their

adhesion to the current collector and the active particles [63]. On the

electrode scale, the effective ionic resistivity of the electrolyte arises from

resistance of the liquid electrolyte itself [236] and the microstructure of

the electrodes and the separator [53, 96]. Strategies to mitigate these

resistance losses include improvements of the electrolyte conductivity

through additives and microstructural design [53, 97, 220, 236].

At the single-particle scale (Figure 4.1b), resistances occur in the

bulk of the material and at the particle-electrolyte interface. Ionic

transport in the bulk of the battery active materials can be experimen-

tally measured with a number of complementary techniques and is rel-

atively well understood. Diffusion coefficients can be measured by both

resonance-based [16, 34, 56, 90, 179, 181] and electrochemical techniques

[9, 59, 124]. Diffusion paths can be derived from diffraction experiments

[144] and ab initio simulations [226], with the latter typically providing

estimates of activation energies for the diffusion process [45, 81, 138, 199].

Understanding the charge at the active particle-electrolyte interface

is key because both ions and electrons have to be transferred across

this interface and spatially separated to the electrolyte and the carbon

black phase (Figure 4.1c). Ions and electrons can diffuse on surfaces

via a hopping mechanism [45, 186], which can be facilitated by partial
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solvation of the ions [63]. Indeed, the particle–electrolyte interface is

particularly complex and hard to study. In addition to the difficulty of

decoupling effects of the center of the particle (i.e., the bulk) from the

particle surface and from the different effects occurring at the interface,

the interface of the active particles changes during cycling. Furthermore,

the passivating solid electrolyte interphase forms on the active particles

during the first cycles and adds complexity because of the multiple prod-

ucts from electrolyte decomposition [204, 217, 233].

In this part, we focus on interface diffusion, that is, the diffusion

through the first atomic layer(s) of the active particle, where the bulk

diffusion will be altered because of surface reconstruction effects, and

show with theory and experiment that the activation energy for diffu-

sion of lithium through this interface differs from the activation energy

in the particle bulk. Choosing LiFePO4 (LFP) as a model material be-

cause of the preferential path for lithium diffusion in LFP in the [010]

direction, we concentrate on interface diffusion through the (010) surface

[138, 144]. We begin with ab initio simulations to gain insights into dif-

ferences that can be expected between the diffusion through the interface

and through the bulk. In experiments, we isolate the activation energies

from interface and bulk diffusion by performing experiments on parti-

cles of different sizes, prepared with ratios of atoms at the (010) surface

to atoms in the bulk ranging from 1 : 100 to 10 : 100. With muon spin

spectroscopy (µ+SR), we measure local ion diffusion [127, 179] and find

activation energies in agreement with the simulations. Cyclic voltamme-

try (CV) measurements on LFP half cells show that the differences in

interface and bulk diffusion are apparent in electrochemical experiments.

Because the work presented in Part 3 indicates that the type of surface

reconstruction occurring on LFP (010) can be influenced by the type of

coating on the LFP, our findings point to the possibility of engineering

particles with surface reconstructions that reduce the resistance associ-

ated with charge and ionic transport at interfaces.
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Figure 4.1: a) Lithium and electron diffusion in a lithium-ion battery electrode while
charging. b) Lithium-ion and electron diffusion at a single-particle level.
Electrons move through the carbon black network, while lithium ions are
transferred by the electrolyte (marked in brown hexagons). c) Mecha-
nisms of ion diffusion in a system of one-dimensional ion transport chan-
nels. Four processes can be distinguished: bulk diffusion (i.e., away from
the particle interface), charge transfer, in-plane diffusion, and interface
diffusion.
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4.3 Ab initio Calculations

Lithium-ion diffusion DLi is a thermally activated hopping process and

is typically described in the form

DLi = D0 exp

(
−Ea
kT

)
, (4.1)

where D0 is the exponential prefactor and EA is the activation energy.

To gain insight about the changes in the lithium-ion trajectory and the

associated energy barrier between the interface and the bulk, we perform

nudged elastic band (NEB) simulations [32, 70, 72, 110, 153, 200, 201].

We choose the LFP slab from Part 3, which contains (2.0/3.5/1.0) unit

cells along the ([100]/[010]/[001]) directions and has periodic bound-

ary conditions along the [100]/[001] directions (which creates an infinite

(010) platelet). The size of this slab is optimized such that the middle of

the slab has on average bulk crystalline properties, while the number of

atoms (196) is small enough to enable reasonable computing times. We

remove two lithium atoms from the slab (one at the surface and one in the

center of the slab) and geometrically relax it. We then calculate the tra-

jectory of a Li atom to these vacancies at the slab surface and in the bulk

(see Figure 4.2a). To save computational resources, these calculations

are performed with fixed atom positions except for the traveling lithium

ion. We find that the lithium ions follow a curved path to the vacancy

parallel to the (001) plane, passing over an energy barrier of 450–750 meV

(Figure 4.2b). The reported range is due to the fact that in the finite

slab with a lithium vacancy studied here, the starting and ending en-

ergies are not symmetric as small local distortions of the lattice have a

relatively large impact on the energy. In a perfect crystal, there will be

a symmetric ion diffusion trajectory because of the mirror plane paral-

lel to the crystallographic [010] direction of LFP (space group Pnma).

Nonetheless, an energy barrier of 450-750 meV is in good agreement with

previous studies of bulk diffusion [45, 56, 138, 152, 183, 237] (indicated

in Figure 4.2b with shading). At the (010) surface of the slab, the path

is shifted toward the local potential minima (Figure C.1a) of the less

constrained surface. The energy barrier for diffusion across the interface
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4 Part IV: Quantifying Diffusion through Battery Interfaces

layer is 230 meV, which corresponds approximately to half of the bulk

energy barrier. This is consistent with our understanding of reorganiza-

tion energy upon lithium hopping: at the surface, the lithium ion is not

fully coordinated and therefore fewer atoms must move in response to

its presence. These results also align with previous computational work

on the LiFePO4(010)/Li3PO4(100) interface [182], which also found en-

hanced lithium-ion mobility at the interface. Therefore, in experiments,

we expect to see an interface diffusion activation energy that is lower

than the bulk diffusion activation.
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Figure 4.2: a) Lithium-ion trajectories found in the slab by performing NEB calcula-
tions. b) Resulting energy of the paths shown in a). The gray area in the
background shows the range of reported values from earlier simulations.
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4.4 Muon Spin Spectroscopy Measurements

To experimentally confirm the decreased activation energy for interface

diffusion in LFP, we perform µ+SR measurements. µ+SR is a well-

established method to track local magnetic fields in solids and has been

used to measure lithium-ion motion in active materials [127, 178, 179].

We perform measurements on Large ([010] channel length L[010] =

121(26) nm), Medium ( L[010] = 51(12) nm), and Nano (L[010] = 9.6(26) nm)

platelets prepared via a solvothermal approach followed by a combined

annealing and carbon-coating step. The differently sized particles lead

to a (010) surface with bulk atom ratios: 1.0% for the Large platelets,

2.5% for Medium platelets, and 12.5% for Nano platelets. Details about

the particle synthesis (that follows the same route as described in sec-

tion 2.3, the morphology, and defect characterization can be found in

Appendix C.1. Note, that the values for the size of the Large, Medium,

and Nano samples differ slightly from the ones found in Part 3 due to a

change of the lithium hydroxide precursor to a cleaner but non-enriched

LiOH·H2O.

µ+SR is based on the implantation of spin-polarized anti-muons in a

solid, where they get trapped in potential minima (Figure 4.3a) and

couple to local spins until they decay (τ = 2.2µs) into positrons, which

can be detected [229]. In the case of LFP, there are two possible poten-

tial minima for anti-muons (µ+) in the proximity of oxygen atoms near

either the Fe or Li sites [181]. This leads to spin coupling with either

the lithium or iron nuclei or the unpaired iron electrons. If lithium ions

are mobile, the nuclear field experienced by the implanted anti-muon

changes as a function of time and the field fluctuation rate can be taken

as a measure for lithium-ion hopping [178]. The field fluctuation rate

is extracted by fitting the time-dependent difference in the number of

positrons observed at the detectors in front of and behind the sample

(i.e., the asymmetry, AFB).

For each sample, example asymmetry curves for a few different tem-

peratures and zero magnetic field (B = 0 G) conditions are shown in Fig-
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ure 4.3b-d. The temperature dependence of the field fluctuation rate

(νKT1), extracted from simultaneous fitting of all asymmetry curves at

all magnetic field strengths and all temperatures, is shown for each sam-

ple in Figure 4.3e-g. A detailed explanation of the asymmetry curve

fitting procedure [184] is found in Appendix C.5.

The Large sample shows nearly temperature-independent relaxation

of the asymmetry over the measured temperature range (100-400 K)

(Figure 4.3b), suggesting quasi-static nuclear spin contributions (i.e.,

no moving ions). Indeed, the extracted field fluctuation rate (νKT1) is

constant with temperature (Figure 4.3e). In contrast, the muon spin

asymmetry relaxation becomes slower for the Medium and Nano par-

ticles at high temperatures (Figure 4.3c,d), indicating ion dynamics.

For these samples, we find a temperature-dependent field fluctuation

rate that exhibits an Arrhenius-type behavior with an activation energy

of 160 meV (Figure 4.3f,g).

We identify this field fluctuation as coming from lithium ions moving

in the interface layer, for which a 230 meV energy barrier was determined

from NEB calculations. Because the NEB calculations indicate a larger

energy barrier ∼400 meV for lithium ions in the center of a particle (i.e.,

bulk diffusion), a field fluctuation due to lithium hopping in the particle

center will be negligible below 550 K (see the inset in Figure 4.3e) and

therefore not visible in these µ+SR data. Considering the surface-to-

volume ratio of the particles, the interface contribution to the diffusion

for the “Large” sample will be approximately 3× smaller than that in

the Medium sample and 12× smaller than that in the Nano sample.

Therefore, moving from Nano to Large samples, the signal-to-noise ra-

tio for local field fluctuations will become progressively smaller, making

it increasingly difficult to identify the motion of lithium ions through

the interface in Medium and Large particles. It is therefore reasonable

that (1) the error bars for the Medium sample (Figure 4.3f) are larger

compared to the Nano sample (Figure 4.3g) and (2) we only observe

background field fluctuations for the Large sample (Figure 4.3e).
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4.4 Muon Spin Spectroscopy Measurements

In earlier µ+SR studies on LFP, activation energies between 60 and

100 meV were found [11, 16, 85, 180, 181], which was identified as bulk

LFP diffusion, although this was not consistent with other measurements

and calculations. We note that all of the studied particles had [010] chan-

nel lengths in the range of the Medium platelets or smaller (see Figure

S10 for images from Sugiyama et al. [181]), suggesting that this signal

may have in fact come from what we identify as the interface diffusion.

Finally, although the µ+SR results agree with the results for interface

diffusion expected from calculations, it is important to remember that

we do not know for certain how the anti-muons and the lithium ions

interact. For example, implantation of a positively charged anti-muon

[98] may activate the diffusion process by repelling the lithium ion, mov-

ing it within the lattice. Detailed simulations of anti-muons in different

materials could provide important insights into this and increase the

opportunities to tailor µ+SR to explore specific phenomena.
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Figure 4.3: a) Working principle of µ+SR measurements. A pulse of spin-polarized
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shows an Arrhenius-type fit with an activation energy of 450± 150 meV.
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4.5 Electrochemical Characterization

The findings from µ+SR and NEB simulations build a consistent pic-

ture that interface diffusion through the (010) surface layer has a lower

activation energy than that in the bulk. To determine whether this is

observable and relevant during electrochemical cycling, we perform CV

measurements on Large, Medium, and Nano as a function of different

temperatures to extract the activation energy.

We choose CV over galvanostatic intermittent titration (GITT) [188]

and electrochemical impedance spectroscopy (EIS) [9, 188] because the

electrochemically active area in LFP electrodes is a function of charg-

ing rate and particle size and only saturates at high currents [106]. To

rule out other contributions to the activation energy, measurements are

repeated for 6-10 cells per sample, with each LFP electrode having a

different thickness. In the case of the Nano sample, the carbon black

content is also varied.

We determine the activation energy in three steps. First, for each

sample, the CV spectra are recorded at different sweep rates (Figure

4.4a). Second, we correct the maximal current for contributions from

the electrochemical double layer and use the Randle–Sevcik equation

[208] to calculate the diffusion coefficient. This is repeated at four dif-

ferent temperatures (Figure 4.4b) and the temperature dependence of

the diffusion coefficient is plotted in an Arrhenius-type fit, resulting in

the activation energy of the diffusion process (Figure 4.4c). See Ap-

pendix C.6 for details of the electrochemical experiments analysis.

We obtain activation energies of 176(31), 271(23), and 341(34) meV for

the Nano, Medium, and Large samples, respectively. The findings from

CV are consistent with those from µ+SR and NEB simulations, where

the activation energy for interface diffusion is expected to be smaller

than that for bulk diffusion. We note that the fast sweep rates in the

CV eliminate the features coming from lithium ions that are impeded by

antisite defects, which have an activation energy of above 600 meV [45].

This results in smaller activation energies than the ones obtained from
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EIS or GITT [9].

One might assume that the observed differences in activation energy

between the Nano and Large samples occur either because of the forma-

tion of a solid solution in the nanoparticles which is not present in larger

particles [14] or from charge transfer dynamics. However, the solid solu-

tion or charge transfer argument would not be able to explain the lower

activation energy observed in the µ+SR measurements, which probe the

local dynamics on fully lithiated LFP particles without any electrolyte

(i.e., lack of the electrolyte prevents the formation of a solid solution).
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4.6 Discussion and Conclusion

In conclusion, µ+SR, when combined with theory and electrochemical

validation, can be used to study ion diffusion in lithium-ion battery ac-

tive materials. The implementation of a synthesis approach that enables

control over particle size and shape, and thereby systematic variation

of the particle surface area-to-volume ratio, allows us to separate effects

at the surface of a battery active particle from diffusion deeper in the

particles. Table 4.1 summarizes the activation barrier obtained from

simulations and experiments. Both CV and µ+SR measurements suggest

an activation energy, Ea, for delithiation below ∼160-170 meV for the in-

terface diffusion and 350 meV or higher for bulk diffusion, which is con-

sistent with NEB calculations indicating an energy barrier of ∼230 meV

at the interface and ∼450 meV in the bulk. The differences between

calculated and experimental activation barriers probably arise from the

carbon coating of LFP particles and from the fact that neighboring atoms

were fixed during the NEB calculations. Thus, nanosizing LFP not only

improves the accessible capacity of the particles by decreasing the num-

ber of antisite defects within a channel [125] but also offers a larger

surface with reduced activation energy associated with solid-state diffu-

sion and thereby the associated overpotential.

These findings also shed fundamental understanding into the mecha-

nism of delithiation in LFP. Fast diffusion of lithium at the interface will

favor solid solution formation over phase separation during LFP delithia-

tion [142]. Although this can be induced at very high rates in larger LFP

particles [114], LFP nanoparticles show solid solution formation also at

lower rates. Our findings suggest that this formation of a solid solution

in small LFP particles is not only a result of the strain within the two

phase regime but also of the fast interface diffusion in LFP [104, 105, 142].

These results highlight the importance of understanding the impact

of the surface reconstruction on charge and ion transport. Control-

ling the interface diffusion may become a valuable method to induce

a solid solution to reduce stresses within the electrode. In addition to

the delithiation process studied here, future studies should consider lithi-
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ation, which could be performed by studying FePO4 particles, where a

few recent studies suggest interesting ion-gradient fluctuation phenom-

ena [238]. It is also key to understand the role of the electron at the

interface. Within an LFP particle, it is assumed that the electron moves

with the lithium ion via a small polaron hopping mechanism, such that

studying the lithium ion is sufficient. At the particle interface, however,

a conductive carbon coating could result in a change in electron density

and motion of the electron relative to the ion. These approaches to study

dynamical changes at the interface of particles will aid in the engineering

of particle surfaces.

Table 4.1: Summary of obtained activation barriers for the bulk and interface diffu-
sion.

Method Ea Bulk diffusion Ea Interface diffusion
NEB 450-750 meV 230 meV
µ+SR 350 meV 160(40) meV
CV 341(34) meV 176(31) meV
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5 Part V: Controlling Li ion

battery (de)intercalation

dynamics through interface

design

5.1 Remarks on Part V

Finding a strongly reduced lithium diffusion barrier at the LiFePO4-C

interface opens the question whether and how other surface terminatons

might affect the interface dynamics. In Part 5, we characterize the ef-

fect of other terminations on both electronic and ionic diffusion. This

is done in the context of spinodal decompositions where recent findings

[105] suggest that interface dynamics play a key role in the phase separa-

tion kinetics of battery active materials. Basing our analysis on in-depth

simulations, muon spin spectroscopy and electrochemical analyses, we

develop a theory of how interface diffusion is affected by electronically

conductive and insulating coatings and predict future coatings that can

suppress the unwanted phase separation of active Li ion battery materi-

als.

The work shown in the section is part of a collaboration between seven

research groups. Together with Dr. Fanni Jurányi (Paul Scherrer Insti-

tute (PSI)) the research groups of Prof. Dr. Martin Månsson (KTH

Stockholm) and Prof. Dr. Yasmine Sassa (Chalmers University of Tech-

nology), and Dr. Stephen Cottrell (ISIS), muon spin spectroscopy mea-

surements have been performed at the ISIS Neutron and Muon source

in the United Kingdom. The group of Dr. Andreas Borgschulte (Eid-
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genössische Materialprüfungsanstalt, EMPA) assisted in the XPS mea-

surements. Finally, the magnetic properties of the samples were mea-

sured by Dr. Marisa Medarde at PSI. Xueyan Zhao and Dr. Ramesh

Shunmugasundaram assisted in the optimization of the electrochemical

properties of the coated LiFePO4 electrodes. Finally, Annina Moser col-

lected transmission electron microscopy images.

74



5.2 Motivation

5.2 Motivation

To be able to store energy in lithium ion batteries (LIB) reversibly over

thousands of cycles, homogeneous transport of electrons and lithium

throughout the entire cell is crucial. To achieve such an evenly dis-

tributed current density in a complete cell, LIBs consist of complex, hi-

erarchical structures containing electrochemically active materials, ion

conducting electrolytes, and electron conducting carbon black-binder

[36]. While optimization of the slurry mixing and electrode fabrication

is used to achieve uniformity on the microscale, maintaining uniformity

on the nanoscale requires engineering of the active particles and their in-

terfaces to the electric and ionic networks [106, 109, 139, 171, 238]. One

challenge is the change of the Li concentration within the active mate-

rials that influences the chemical potential and intercalation dynamics

[20]. While many insertion materials (e.g., layered transition metal ox-

ides) typically maintain a single solid solution phase (Figure 5.1a), the

active particle can suffer from a spinodal decomposition into Li rich and

Li poor phases seen as a characteristic plateau in voltage vs. capacity

plots during (dis)charge (Figure 5.1b). This phase separation implies

a non-uniform current distribution in and around the active particles.

As a result, local current hotspots and new phase boundaries give rise

to overpotentials, leading to loss of (dis)charging rate capability, specific

capacity, and ageing [126, 142].

Significant work has been conducted during the last decades to under-

stand and solve phase separation on a single particle level. Leveraging

LiFePO4 (LFP) as a model material that exhibits a single, two-phase de-

composition into LiFePO4 and FePO4 domains, researchers have identi-

fied three key phenomena. First, when the primary particle size decreases

below the characteristic phase boundary size (∼50 nm[14, 124, 205]), the

formation of multiple phases within one single particle is destabilized

by the coherent strain between the two phases leading to a formation

of a solid solution (Figure 5.2a)[19]. Second, phase separation is af-

fected by the (dis)charging rate. For rates above 5C, a solid solution

can be maintained over a larger state-of-charge window [74, 114, 240],

particularly during lithiation [20, 109, 142]. Third, particles with a solid
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Figure 5.1: Comparison of the local current density in the vicinity of the active parti-
cles in the case of a) solid solution behavior and b) phase separation and
the resulting voltage polarization.

solution LixFePO4 left at open circuit potentials in electrolyte revert to

phase separated LiFePO4 and FePO4 due to an electrolyte-induced sur-

face diffusion route [105, 240].

The theoretical framework developed by Nadkarni et al. [142] and

confirmed by Li et al. [105, 109] explains these findings through the ex-

change current densities and charge transfer overpotentials that change

as a function of lithiation and which lead to auto-catalysis or -inhibition

of spinodal decomposition [20, 126]. In a simplified picture[104], two

scenarios emerge (Figure 5.2b): I) When the charge transfer reaction

rate is small, Li ions move at the particle surface to form Li rich and Li

poor regions such that the exchange current density remains constant

and phase separation occurs. II) At charge transfer reaction rates faster

than the surface diffusion, lithium intercalates directly into LixFePO4

and solid solution formation is favored. Therefore, the critical current,

which delineates the regimes where lithiation occurs via spinodal decom-

position or via solid solution, is determined by the lithium and electron
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surface diffusivity and the charge transfer reaction rate. However, due

to the lack of understanding of how charge transport occurs at the sur-

face of Li ion battery materials, particularly those coated with ceramics

[100, 239] or, in the case of LiFePO4, carbon [49], reduction of the criti-

cal current has been achieved by experimental trial and error.

Here, we computationally and experimentally study interfacial charge

dynamics in order to rationally design and demonstrate a coating that

reduces the critical current, therefore enabling lithiation via a solid so-

lution mechanism over a broad range of discharge rates. We synthesize

LiFePO4 particles with different surface coatings in order to experimen-

tally study the lithium ion dynamics at the surface of LiFePO4 and its

impact on the lithiation mechanism. We gain further insight into our

experimental findings via density functional theory and ab initio molec-

ular dynamics calculations of surface electronics and ionics. Based on

these findings, we propose and demonstrate a coating that enables solid

solution LixFePO4 at cycling rates as low as C/10 while also maintaining

the rate capability and (dis)charge capacity. This work highlights how

coatings can be used to control charge dynamics at interfaces and pro-

vides a rational approach to designing novel coatings to suppress phase

separation in lithium-ion battery active materials.
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Figure 5.2: Strategies to mitigate phase separation. a) By reducing the particle size,
surface strain can destabilize the spinodal decomposition. b) Charge dy-
namics at the particle interface can lead to two scenarios. When the
surface charge diffusion is faster than the charge transfer, lithium ions
can phase separate into Li rich and Li poor regions. Conversely, a reduc-
tion of the surface charge diffusion allows for solid solution behavior
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5.3 Rationale for the investgated system

Whether lithiation occurs via phase separation or solid solution will be

determined by the rate at which lithium ions and electrons arrive at or

leave a particle and the relative rates of bulk diffusion, interface diffusion,

surface diffusion for that particle (Figure 5.3a). For a coated particle,

one must further consider the impact of charge motion in the coating.

Ideally, we would be able to measure each diffusion rate; however, in

practice, it is extremely challenging to experimentally differentiate bulk,

interface, and surface diffusion.

Our selection of LFP as a model system simplifies some of the consid-

erations for bulk diffusion significantly since it is well-established that

lithium diffusion occurs in one dimension along the [010] direction. For

the particle bulk, previous work has shown that the lithium ion and elec-

tron (obtained from oxidation of Fe from Fe2+ to Fe3+) move collectively

through the lattice via a small polaron hopping mechanism (Figure

5.3b) [56, 138]. The lithium hopping to a neighboring site (separated

by 3 Å) via an interstitial site at ∼1.8 Åis activated by a multi-phonon

process with an activation barrier of approximately 350 meV[45, 66, 138].

More challenging is differentiating between surface and interface diffu-

sion. We know that surface reconstruction affects the local LFP structure

and vibrational motion at the surface (see Part 3) and, undercoordina-

tion of the LFP surface leads to a lower activation barrier of ∼200 meV

for Li interface diffusion (see Part 4). In the case of surface diffu-

sion, electrolyte molecules (or water) can shuttle Li ions from one site

to another and carbon-coated particles accelerate this surface diffusion

process [105].

We therefore use LFP with different coatings in order to systematically

distinguish between processes involving the particle bulk, interface lay-

ers, surface, and coatings. Specifically, we compare uncoated LFP, LFP

with an electronically insulating ZnO coating, and LFP with a conduc-

tive C coating. Because Li concentrations in coatings are low [39, 207],

differences in the experimental or computational findings on Li dynamics

in the steady-state can be attributed to either surface or interface diffu-

sion. The contrasts in the electronic properties of the conductive carbon
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and insulating ZnO allow us to distinguish between surface electronic

effects.

We synthesize coated LiFePO4 nanoparticles based on the synthesis

shown in Part 2.4. (Figure 5.4a) [22, 23]. We work with particles

∼60 nm in diameter (Figure 5.4b), which means that size should not in-

fluence whether phase separation occurs (size below which solid solutions

occur is 50 nm [19, 124, 205]). An amorphous zinc oxide or carbon coat-

ing is obtained by annealing zinc(II) acetate or D-glucose, respectively,

with the LiFePO4 nanoparticles at 400-600°C (see Part 2). Energy dis-

persed x-ray scattering scanning tunneling microscopy (Figure 5.4c) in-

dicate an approximately 3-5 nm thick amorphous coating (Figure D.1).

X-ray diffraction (Figure D.2) and Fourier transform infrared spec-

troscopy (Figure D.3) suggest that the bulk properties of the LiFePO4

samples are unaffected by the coating. X-ray photoemission spectroscopy

(XPS) show no change in the Fe2p energy states and that all surfaces are
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Li+
e-

Li+e-

b

Li+
e-

Diffusion
Bulk

Diffusion
Interface

Diffusion
Surface

Diffusion
Coating

Coating

LiFePO4

a

Figure 5.3: a) Schematic image of the four different diffusion pathways have to be
considered in coated LiFePO4 particles. b) General bulk diffusion mecha-
nism in LiFePO4. Li ions and electrons move collectively along the lattice
via one interstitial Li ion site.
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Fe2+ terminated [46], confirming that the LiFePO4 surface is unaffected

by the coating (Figure 5.4c and Figure D.4).
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Figure 5.4: a) Energy dispersive x-ray scattering scanning transmission electron mi-
croscopy image of the pristine, ZnO, and C coated LiFePO4 nanoparticles.
b) Particle size dispersion of the three samples. c) X-ray photoemission
spectra of the three samples, displayed at the Fe L edge.
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5.4 Investigation of ion dynamics in LiFePO4

To measure lithium-ion dynamics, we employ muon spin spectroscopy

(µ+SR), where one measures the spin relaxation behavior of a pulse of

spin-polarized antimuons implanted into the sample [178, 214]. We se-

lect µ+SR for three reasons. Firstly, as a resonance-based technique,

µ+SR can probe local motion of the Li ions. As a result, the absence

of the Li ions in the coating layers allows us to neglect coating diffusion

contributions. Secondly, the high gyromagnetic ratio of muons allows to

distinguish between paramagnetic Fe and dynamic Li contributions in

LiFePO4 [181], making it more suitable than more conventional lithium

nuclear magnetic resonance spectroscopy. Thirdly, we could show in

Chapter 4 that, by using carbon coated LFP nanoparticles with a high

surface to volume ratio and thus a large percentage of surface atoms

contributing to a signal, µ+SR is sensitive to lithium diffusion at the

interface.

Here, we fit the µ+SR data over the investigated temperature range

of 100-400 K (Appendix D.2) and find that carbon-coated LFP par-

ticles show an Arrhenius-type behavior with an activation energy of

160(30) meV, which we associate with lithium ion hopping (Figure 5.5).

In contrast, the ZnO coated and pristine terminated samples exhibit no

signal, which means that, similar to lithium hoping in bulk LFP, any

lithium hopping within or at the surface of the ZnO-coated LFP occurs

with an activation energy above 350 meV (which would only be visible

above 400 K).

If undercoordination were the only reason for the reduced interface

diffusion activation barrier, the pristine sample should also show a low

activation energy for surface ion hopping (see Part 4. Therefore, we hy-

pothesize that possible differences of electronic structure (with which Li

ion motion is coupled) might impact the Li ion hopping in the C coating

as well.

We computationally study the electronic properties of the LFP par-

ticles with ZnO and C coatings locally impact lithium dynamics. We
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Figure 5.5: Li ion hopping rate of the coated LiFePO4 (LFP) nanoparticle powders
obtained from muon spin spectroscopy. On the carbon coated LFP, Li
ion dynamics show an activation energy of 160 meV.

perform density functional theory (DFT) using the CP2k package that,

as a hybrid plane wave and orbital based method, offers a high sensitiv-

ity to local surface effects [79, 153, 201]. We construct and geometrically

relax LFP slabs with a thickness of 3.5 unit cells along the [010] direction

with periodic boundary conditions perpendicular to the [010] direction to

obtain quasi-infinite platelet particles (Figure 5.6a) with (i) a pristine

LiFePO4 (010) surface (Figure 5.6b), (ii) an amorphous ZnO-coated

LiFePO4 (010) surface (Figure 5.6c), and (iii) a covalently-bonded,

carbon-coated LiFePO4 (010) surface (Figure 5.6d). We validate these

calculations by comparing the calculated electronic structure to that

determined by XPS and UV-visible absorption spectroscopy (Figure

D.4-D.5).

We determine the elemental and positional origin of each electronic

state (Figure D.9-D.11), allowing us to plot the partial electron den-

sity of states (PEDOS) within the slab (Figure 5.6a) and at the surfaces

(Figure 5.6b-d). In agreement with literature calculations and mea-

surements [131, 151, 182, 208], the pristine LFP slab has a band gap of
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5 Part V: Controlling Li ion battery (de)intercalation dynamics through interface design

3.6 eV within the slab with hybridized Fe-O valence band states and Fe

conduction band states (Figure 5.6a). At the pristine surface (Figure

5.6b), the valence and conduction band states remain unchanged, sug-

gesting only minor differences in electronic structure between surface and

bulk. This is further supported when looking at the highest occupied and

lowest unoccupied electronic states (inset of Figure 5.6b), where sig-

nificant contributions to the electronic wave functions arise from deeper

within the slab. When the (010) surface is terminated with ZnO (Figure

5.6c), electronic states stemming from ZnO are present within the LFP

band gap. The carbon termination (Figure 5.6d) also results in mid-

gap states. However, in contrast to the ZnO case where the mid-gap

wave function states are strongly localized in the ZnO layer (inset Figure

3d), the carbon coating leads to a Fe-O-C hybridization with electronic

density between the coating and the particle bulk (inset Figure 5.6d).

These results suggest that, while the ZnO termination will not signifi-

cantly affect electronic or ionic transport at the LFP surface, the carbon

coating will cause a delocalized electronic bond between carbon and Fe.

As a result, electron transport at the LFP-carbon interface is likely no

longer a slow small polaron hopping process. This will positively impact

on Li ion dynamics at the LFP surface, which is consistent with our

findings from the µ+SR measurements.

We confirm the enhanced Li ion dynamics computationally by per-

forming ab initio molecular dynamics simulations (AIMD) on the LiFePO4

slabs described above at a cryostat temperature of 1000 K, where the

thermal energy is high enough to observe lithium ion hopping with-

out impacting the structural integrity of the slab [45, 144, 182] (Figure

D.12). First, we calculate the lithium mean squared displacement (MSD)

using the pinball model [88], where all atoms are fixed to their 0 K equi-

librium position except for the Li atoms (Figure D.13), in order to

study the motion of the Li atoms independent of the motion of other

atoms in the lattice. In all samples, the Li ions exhibit small quasi-

harmonic fluctuations at a frequency of approximately 5-15 THz, which

corresponds to typical Li-O vibrations in LFP [23, 182] (Figure D.1);

however, the amplitude of these vibrations varies significantly among

the samples (Figure 5.7). Within the slabs and at the surface of the
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ZnO and pristine terminated samples, Li atoms fluctuate with a MSD of

∼0.5 Å2, implying an amplitude of motion of 0.7 Å. In contrast, in the

carbon coated samples, the MSD increases to 1.1 Å2, leading to a dou-

bling of the amplitude of lithium motion to∼1.0 Å. Since the distance be-

tween two interstitial Li hopping sites is ∼1.8 Å[144], the quasi-harmonic

Li ion motion in the carbon termination can make up for almost 60% of
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the hopping distance, compared to 40% for the pristine and ZnO termi-

nated LFP surface. As a result, the energy needed from the host lattice

to enable Li ion hopping in the carbon-coated LFP will be relatively

small. Increased Li-ion hopping between free lattice sites is indeed what

we find from the AIMD simulations where all atoms are allowed to move

(Figure D.14). Within the slab, at the pristine surface, and with a ZnO

termination, vibrations of the host lattice increase the MSD to 2.0 Å2,

4.0 Å2, and 3.0 Å2, respectively. Meanwhile, in the carbon terminated

LFP, the vibrations of the host lattice increase the MSD one order of

magnitude higher to 25 Å2.
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Figure 5.7: Amplitude of the Li atom mean squared displacement (MSD) when the
host lattice is fixed. The Li atoms are significantly more flexible close to
the carbon termination with the other interfaces being relatively similar
to Li ion dynamics. Inset: Li ion trajectory of the pristine LFP sample
when all atoms are allowed to move.

Based on AIMD, we also distinguish between surface and interface

diffusion. From the Li atom trajectories (inset Figure 3f and Figure

D.11), we can infer that Li ions are mobile at the LFP interface along

both the surface and interface diffusion directions. However, the effec-

tive distance travelled by the ions is different in the two cases. From the

MSD (Figure D.15-D.16), we find that, while interface and surface
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diffusion are very local in the ZnO and pristine terminated LFP, the

surface diffusion dominates for the carbon-coated LFP.

Our combined experimental and computational approach on differ-

ently coated LFP particles suggests that the carbon termination shows

strongly enhanced interface and surface diffusion. We observe that the

electronic structure difference at the LFP-coating interface does play an

additional key role. We hypothesize that the hybridization of Fe orbitals

with carbon causes a new electron transport pathway, decoupling the ex-

isting combined electron-Li ion transport route and allowing the Li ion

to move freely at the LFP-coating interface. This results in the observed

reduction of the interface diffusion energy barrier and the fast surface

diffusion.
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5.5 Consequences for the Li (de)intercalation

We expect that these differences in Li ion surface diffusion for the dif-

ferent coatings will influence the lithiation reaction we find for the LFP

samples. Specifically, we anticipate that ZnO and pristine coated LFP

with their slow surface diffusion will have a reduced critical current and

favor lithiation via a solid solution while fast surface diffusion in carbon

coated LiFePO4 will have an enhanced critical current that drives phase

separation.

To check this, we perform in-operando x-ray diffraction (XRD) mea-

surements on LiFePO4 half cells (Figure 5.8a-c). For reasons of the

XRD data quality, all operando XRD spectra are measured at a rate

of 0.1C; however, measurements at a fast rate of 1C show the same

charge–discharge behavior as at 0.1C (Figure D.17). Focusing on the

LiFePO4/FePO4 (020)/(211) peaks that are sensitive to the lithium ion

distribution [109, 114], we see that the surface terminations indeed lead

to different behavior during discharge (i.e. lithiation). In agreement with

our expectations, only the carbon coated sample (Figure 5.8a) exhibits

a miscibility gap indicative of phase separation. Meanwhile, the pris-

tine (Figure 5.8b) and ZnO-coated (Figure 5.8c) LiFePO4 particles

demonstrate solid solution behavior (monotonous change in the XRD

peak) and a curved voltage plateau (dQ/dV plot in Figure D.19).

During charge (i.e., delithiation), we would expect a miscibility gap

in all samples due to the auto-catalytic nature of the spinodal decom-

position [20, 105, 142]. We find this is indeed the case for the pris-

tine LFP sample where a miscibility gap is observed that contains the

same Li rich FePO4 and Li deficient LiFePO4 phases as the C coated

LFP sample where a miscibility gap between Li0.2FePO4 and Li0.8FePO4

is observed. In the ZnO coated LFP sample, however, the miscibility

gap is strongly diminished and only appears between Li0.55FePO4 and

Li0.7FePO4. Looking closer at the XRD pattern of the ZnO coating at a

normalized state of charge of 50% (Figure 5.9a; other samples shown in

Figure D.18), we observe an asymmetry between lithiation and delithi-

ation. During discharge (lithiation), the (020) and (211) peaks broaden
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into each other as reported for solid solution lithation [142]. During

delithiation, the peaks only shift and lift the degeneracy without signif-

icant broadening, indicative of compressive strain [44]. We hypothesize

that the rigid ZnO coating causes this added coherency strain during

delithiation, thereby causing the miscibility gap to reduce [43, 135]. The

benefits of the ZnO coating thus appear to be two-fold: it blocks Li sur-

face diffusion forcing solid solution lithiation during discharge and also

changes the mechanical properties at the surface broadening the range

of a LiFePO4 / FePO4 solid solution during delithiation (charge).

While these findings on ZnO coatings appear promising, they high-

light an underlying conflict in interface engineering. As expected for a

conductive coating that facilitates charge transfer to/from the carbon

black network [77], the rate capability of the C coating is strongly en-

hanced compared to the pristine or ZnO coating (Figure 5.9b). While

enhanced electronic conductivity through carbon coatings is crucial to

extract the desired capacities above 150 mAh/g, decoupling electron and

Li ion diffusivity enables fast surface diffusion which leads to phase sepa-

ration instead of the solid solution lithiation. In contrast, a coating that

forces lithium diffusion into the particle instead of along the LFP sur-
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face such as a ZnO coating results in the desirable solid solution based

lithiation, but lower achievable capacities.
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5.6 Decoupling Electronic and Ionic Transport

To facilitate solid solution (and thus reduce inhomogeneous currents)

while decoupling electronic and ion transport (and thereby enabling im-

proved rate capabilities), we propose a coating that promotes electron

delocalization while impeding the long-range surface diffusion of lithium.

To test this hypothesis, we propose a carbon coating that contains ZnO

regions, and prepare LiFePO4 particles with such a 2.5 wt% ZnO and

2.5 wt% carbon coating by mixing zinc acetate and D-glucose during the

coating step (Figure D.20). As sketched in Figure 5.10, we expect

that delocalized electronic transport will occur in the carbon phase while

the lithium ion surface diffusion will be impeded by the ZnO clusters,

which will instead promote lithium ion transport through the coating

into the particle. Indeed, operando XRD of the ZnO/C coated LFP

(5.11a) reveals the same solid solution behavior for the ZnO-coated

LiFePO4 (Figure 5.8c). However, the electrochemical impedance of

the ZnO/C coated LFP remains the same as for the carbon coated LFP

(Figure D.19), and the rate capability of the ZnO/C-coated LiFePO4

is on par with carbon coated LFP (Figure 5.11b). Optimization of the

ZnO and C ratios and their distribution within the coating would likely

offer additional possibilities to improve the material performance.

LixFP

ZnO / C Coating

Electrons
Lithium
Defects

Electron Conducting Phase

Figure 5.10: Schematic explanation of the ZnO+C Coating. Due to the ZnO defect
regions, the surface diffusion of Li is impeded and the coating mechan-
ically stabilized while the carbon matrix still allows for high rate capa-
bility and capacity retention.
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5.7 Conclusion and Outlook

This work highlights how surfaces can be used to control the (de)lithiation

in battery active materials. Our findings provide an explanation for the

discrepancies in the reported LFP ion diffusivities. For example, Kang

et al. [91] showed that a complex amorphous coating could lead to very

high rate capabilities in LFP. Based on our findings, we hypothesize that

the high diffusivity arises due to a hybridization of the Fe surface states

that allows for enhanced charge dynamics. Also the inconsistency of

measured LFP diffusivities using µ+SR can be linked to surfaces, where

solid state syntheses that are more prone to create amorphous interfaces

[207], typically lead to higher diffusivities [16, 181] than solvothermal

syntheses that typically form insulating hydroxide-terminated surfaces

[11, 85].

The finding that phase separation can be effectively eliminated by cre-

ating coatings that impede Li hopping but allow for fast charge transfer

into the material can be transferred to other phase separating battery

chemistries (e.g. Li air batteries [75], transition metal oxides [150], etc.)

and materials where small polaron transport is the only available electron

transfer path. Furthermore, our approach to study interface dynamics

is transferable to other systems where interface dynamics has yet to be

understood, e.g. solid electrolyte interphases[117, 170] and solid state

electrolyte interfaces [17]. Continuous developments of µ+SR based on

in situ setups [132], muon focusing to interfaces [219], and beam line up-

grades will allow for increasing capabilities to measure surface dynamics

in the near future. Combining this with novel modelling descriptions

that include electronic contributions in the lithium ion diffusion process

[62] might pave the way to understand charge transfer through complex

systems, allowing new battery chemistries with higher rate capabilities,

capacities, and longer battery life.
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6.1 Summary

In this thesis, we describe a new method to study charge dynamics at

interfaces between different battery components. Starting with the de-

velopment of a hydrothermal synthesis of LiFePO4 platelet particles with

an excellent size and coating control (see Part 2), we obtain particles

with large surface to volume ratios and different surface terminations.

Applying a size series of these particles, we perform first studies of ion

dynamics on carbon coated LiFePO4 particles. By measuring the vari-

ations of lattice vibrations between large and nanoparticles via inelastic

neutron scattering (Part 3), we find that Li–O surface vibration modes

are shifted to higher energies, suggesting a change in the dynamic struc-

ture of LiFePO4. Combining, muon spin spectroscopy studies on the

same size series of carbon coated LiFePO4 particles with nudged elastic

band simulations and detailed cyclic voltammetry measurements (Part

4), we obtain a quantitative estimate of the Li ion interface diffusion

activation energy of ∼200 meV, approximately half as what we would

find within the bulk of LiFePO4.

In Part 5 we further study surface diffusion in coated LiFePO4 nanopar-

ticles. Extending our combined theoretical and experimental approach

to both ionic and electronic mobility, we find that the carbon coating

creates an additional electron conduction pathway that is faster than the

initial coupled Li ion - small polaron hopping mechanism. As a result, Li

ion hopping and electronics are decoupled, hence resulting in enhanced

Li ion surface diffusion.
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Based on our results, we rationally design a combined ZnO/C coating

with ZnO regions that hinder Li ion surface diffusion and hence reduce

the phase separation reaction during battery operation. By introducing

this coating, we obtain a complete suppression of phase separation on

particles that maintain a high specific capacity of 150 mAh at a fast rate

of 1C.

In summary, we have shown a method to both understand and engi-

neer ionic and electronic transport at the active material surface hence

creating a completely new set of tools for future coating applications.

6.2 Outlook

The findings in this thesis have the potential to contribute to the solution

of some of the remaining questions in LIBs. Regarding LiFePO4 charge

dynamics, a separated quantification of surface and interface diffusion

would improve our understanding very much. To achieve this, addi-

tional measurements on particles with different grain orientations or on

grown thin films will be needed. Furthermore, our work here could not

present a definitive proof that the changes of electronic transport at the

LFP-carbon surface are indeed due to the separation of small polaron

hopping an Li ion diffusion. Well designed measurements of Mössbauer

spectroscopy could aid here to disentagle small polaron effects and pro-

vide a conclusive answer.

The method shown here to study interface diffusion can be readily

transferred to many of the other interfaces that occur in Li ion batteries.

Understanding the complex the charge dynamics through the solid elec-

trolyte interphase that consists of multiple components could provide

improved battery lifetime, cost, and rate capability in future battery

technologies. With cryogenic electron microscopy providing increasingly

more insights in the structure of the solid electrolyte interphase, first at-

tempts to study the dynamics via inelastic neutron scattering and muon

spin resonance have become feasible.
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Our combined measurement approach can also be applied to char-

acterize ion dynamics through solid-solid interfaces in next-generation

solid state batteries. These new type of batteries promise to be safer

at much higher stored energy but, to date, suffer from interfacial resis-

tances that hamper cycling rates. Using the combined computational

and experimental approach on a series of modified interfaces could help

to understand how to tune ion dynamics, e.g. via the introduction of

additional buffer layers between the battery components. For this, how-

ever, many of the structural details of the bulk of these components have

yet to be understood before a clear separation of bulk and surface effects

can be made.

The results shown here are not only significant for Li ion battery re-

search. The theories of spinodal decomposition and exchange current

density were developed for the adsorption of atoms on a surface [20].

With that in mind, many of the discussions can be directly translated

for applications in basically all processes in which molecules tend to ad-

sorb inhomogeneously to surfaces (e.g. catalysts, flow reactors, filtering

systems, electrolysers, etc.). As a result, studying interface dynamics in

these systems might set new routes to high performance applications.

Apart from measuring material interfaces, the underlying techniques

that we have used to study interface transport can be further developed.

On the experimental side, developing in operando capabilities for both

µ+SR and INS would be extremely interesting as they would help track

the ion dynamics changes as a function of lithium concentration. Sim-

ilarly, finding strategies to create depth profiles with low-energy muons

that are provided at PSI, J-PARC and, from ∼2030 on, LNS could pave

the way to study interface dynamics in a much more direct and faster

manner. On the computational side, including the interactions of the

positively charged muons with the lattice in the DFT simulations would

allow for very interesting studies. While some groups have started to

implement muons to study the spin coupling between elements [47, 215],

a slightly simplified DFT+µ that would allow for long production time

AIMD runs would extremely benefit the entire solid state ionics commu-

nity and make µ+SR an even more powerful tool. Furthermore, it would
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be amazing to implement some of our analysis strategies in a neural net-

work based predictive system such as the BIG-MAP, eventually allowing

us to predict better coatings faster.
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A.1 Experimental Methods

A.1.1 Low temperature hydrothermal synthesis

In a typical synthesis of LFP, a 20 mL solution of LiOH (Sigma) and the

ethylene glycol (EG) (Sigma) is transferred into a 50 mL stainless steel

reactor. While stirring, 20 mL of H3PO4 solution is added dropwise.

A white precipitate of Li3PO4 forms. Ground FeSO4 · 7 H2O (Sigma)

powder is quickly added to the dispersion and the reactor is purged with

N2 for 10 min. The final molar ratio [Li] : [Fe] : [PO4] : [EG] in the solution

is kept 1 : 1 : 3 : 0.1. After purging, the reactor is heated with a heating

mantle. When the synthesis is finished, the resulting off-white powder

is washed in H2O and ethanol and dried at 80 °C.

A.1.2 Platelet size controlled synthesis

All LiFePO4 samples were synthesized in a solvothermal reaction with

EG (Acros) and distilled water as solvents. As a first step, enriched
7Li3PO4 was synthesized. For this, we prepare a 3 M solution of 7LiOH·H2O

(>99.95% 7Li, Nukem Chemicals) and a 1 M solution of H3PO4 (Sigma)

in H2O. 400 ml of both solutions are then mixed together and stirred for

a few hours to equilibrate. LPO results as a white precipitate, which

is filtered and washed with water. This 7Li3PO4 precursor powder was

then used for all reactions. The Large sample is made by dispersing

the 7Li3PO4 in 40 ml distilled water in a hydrothermal reactor of 50 ml

volume. We then add preground FeSO4 · 7H2O powder and EG to the
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solution to reach a precursor concentration of 0.8M and EG concentra-

tion of 0.08M. The reactor is then closed, heated to 115°C with a heating

mantle and kept at the temperature for six hours while constantly stir-

ring. We wash the resulting off-white powder three times in water, once

in ∼ 0.1 M H3 PO4 and once in ethanol.

Table A.1 summarizes the reaction conditions for the Meso, Medium,

Nano platelet particles which were prepared similarly to the Large parti-

cles, but with different temperatures and EG concentrations. Note that

the reaction conditions of the Large sample have been changed during

the course of this thesis. While the reaction time for the Large sample

was 6 h in the studies mentioned in Part III, the reaction time has been

increased in Part IV to achieve a higher electrochemical performance.

Table A.1: Summary of the hydrothermal conditions.

Nano Medium Meso Large

Temperature 180 °C 180 °C 180 °C 115 °C
Time 6 h 6 h 6 h 48 h (Part IV), 6 h (Part III)
EG content 100 v% 50 v% 0.08 mol l-1 0.08 mol l-1

Ctot 0.8 mol -1 0.8 mol -1 0.8 mol -1 0.8 mol -1

A.1.3 Coating LiFePO4 nanoparticles

We coat the LFP particles with 3 wt% ZnO and carbon by grinding LFP

particles together with zinc acetate (Sigma) or D-glucose (Sigma), re-

spectively. The mixture is then pressed into pellets and annealed under

Ar/3%H2 flow. For the annealing conditions, carbon coated LiFePO4

was coated with at 600 °C for 6 h and ZnO coated LiFePO4 was pre-

pared at 400 °C for 16 h, To prevent agglomeration of the particles and

to reduce defects, the pristine sample was also annealed at 400 °C for

16 h. All samples were heated to the target temperature in 30 min.

For the mixed ZnO/C coated LFP samples, zinc acetate and D-glucose

is ground together with LiFePO4 to achieve a ratio 2.5 wt% ZnO, 2.5 wt%

carbon and 95 wt% LFP. To maintain a high crystallinity of C while en-
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suring that the ZnO coating does not decompose in the reducing H2/Ar

atmosphere, the annealing temperature is set to 500 °C for 8 h.

A.1.4 Particle Characterization

To determine the particle dimensions, scanning electron microscopy (SEM)

images in secondary electron mode are taken using a Hitachi SU-8200

or, in the case of the nanoparticle thickness, with the Nanoscope Dimen-

sion 3100 atomic force microscope (AFM). The dimensions of 100 - 200

particles are measured using ImageJ [167], see Figure A.8 for details.

Fourier transform infrared spectroscopy (FTIR) spectra are obtained on

an attenuated total reflection (ATR) setup with Ge single crystal on a

Bruker Vertex 70 spectrometer. The observed symmetric PO4 stretching

band is fit with a Gaussian function. X-ray powder diffraction spectra

are measured in a 2 Θ range between 15° and 85° using a Rigaku Smart-

lab diffractometer. Rietveld refinements are performed with the Maud

software[120].

Transmission electron microscopy images of the coated samples are

taken with the FEI F30 and, in the case of energy-dispersive x-ray scat-

tering, the FEI Talos transmission electron microscopes. Raman spectra

were measured with the NTEGRA Spectra micro Raman spectrometer.

A.2 Low Temperature Synthesis of LFP:

Electrochemical Characterization

To test LFP electrodes, 70 wt% of active material, 20 wt% of Super C64

carbon black (Timcal), and 10 wt% of Kynar HSV900 polyvinylidene flu-

oride binder are dispersed in N-methyl-2-pyrrolidone (Sigma). Resulting

slurries are blade coated on an aluminum sheet and dried at 120 °C under

vacuum for 8 h. Half cells were prepared under argon atmosphere, using

glass fiber separator soaked with 500µl of the electrolyte, a 1 M solution

of LiPF6 in 1 : 1 ethylene carbonate and dimethyl carbonate (BASF),

between the LFP cathode and lithium metal reference. The cycling

measurements are performed at room temperature on a Biologic VMP3
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potentiostat. The reported values (data points) and errors (shaded re-

gions) in Figure 2.4 come from the average and standard deviation of

measurements on different electrodes prepared with materials from dif-

ferent synthesis batches, but with the same reaction conditions.

A.3 Energy Consumption Analysis

We estimate the energy required for precursor production and synthe-

sis of lithium iron phosphate (LFP) via a hydrothermal approach. The

energy consumption required for precursor production (per kg LFP) is

calculated from different life cycle assessments [51, 86, 123] and is sum-

marized in Table A.2. As iron (II) sulfate is a byproduct of the iron

industry, the energy consumption for its production is neglected.

To estimate the energy consumption of the hydrothermal synthesis as

a function of process parameters, we assume a hydrothermal reactor with

a volume V = 10 m3, a surface A = 25 m2 and an insulating wall with the

thickness x = 0.1 m. Following the analysis of Majeau-Bettez [123] and

Dunn [51], the total energy consumption per kg LFP is split into three

terms,

Etot
mLFP

=
(Eheat + Eloss)

ηtotmLFP
+ Eprec −

Erec
mLFP

, (A.1)

where Eheat is the energy required to heat the reactor, Eloss is the

energy loss at the reactor walls, Eprec is the energy required to prepare

the precursors per kg LFP, and Erec is the energy recovered after the

reaction, which we assumed to be half of the heating energy Eheat. The

term ηtot is a product of reaction yield and the heater efficiency. To

compare results, the total energy consumption is normalized to the LFP

mass, produced per batch, mLFP .

The energy loss through the wall is estimated with the conduction heat

transfer equation (A.2), where λ is the heat exchange coefficient, t is the
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A.3 Energy Consumption Analysis

reaction time, and Tr, T0 are the reactor and the ambient temperatures,

respectively. Typical values are found in Table A.2.

Eloss =
λA (Tr − T0) t

x
(A.2)

In contrast to previous work, here we model the energy consumption

during reactor heating assuming that (i) the reactor is not completely

filled and (ii) water evaporates into the gas phase. These assumptions

give a better estimate of the energy consumption than models where the

entire liquid volume is assumed to evaporate. This assumption is par-

ticularly important for low temperature syntheses, where only a small

fraction of liquid converts to the vapor phase.

We define a filling factor, f , (see Figure A.1) and split the required

heating energy in a vapor phase term Evap and a liquid phase term Eliq.

We assume that the liquid phase is incompressible and the volume change

due to evaporation is negligible. Also, we assume ideal gas conditions of

the gas phase and take the specific heat to be constant (e.g., neglect salt

contributions in the liquid phase). We thus obtain,

Eheat = Evap + Eliq (A.3)

Evap = mvap∆vH +

∫ Tf

T0

mvap(T )CspvapdT (A.4)

Eliq =

∫ Tf

T0

(mtot −mvap(T ))CspliqdT (A.5)

mvap(T ) =
MH2Op(T ) (1− f)V

RT
(A.6)

where ∆vH is the enthalpy of evaporation, mvap is the mass of water in

the vapor phase, Cspi is specific heat of the phase i, R is the universal gas

constant, MH2O is the molar mass of water, and p(T ) is the temperature

dependent vapor pressure [111, 177].

Further improvement to our model could be achieved by taking into

account the change in volume of the liquid phase with temperature (i.e.,
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f·V

1-f·V

Eloss

Eheat

x

Figure A.1: Schematic of the reactor.

allowing for a pressure and temperature dependent heat capacity). How-

ever, since the heat capacity of water tends to increase with salt strength

and temperature [163], our current model can be considered as an upper

limit for the required heating energy.

In Table A.2, we compare the energy consumption for precursor pro-

duction and LFP production via a low temperature hydrothermal syn-

thesis and solid state approach.

Table A.2: Mass of precursors needed for LFP synthesis, energy needed for precursor
synthesis, and energy needed for LFP synthesis in a hydrothermal and
solid state approach.

Mass (kg) of Energy (MJ kg-1) Energy (MJ kg-1)
precursor needed required for required

for 1 kg LFP precursor for LFP

Hydrothermal 26.3
FeSO4 1.23 – –
H3PO4 0.62 12[3] 7.4
LiOH 0.46 41[1] 18.9

Solid State 21.6
Li2CO3 0.23 41[1] 9.4
Fe3O4 0.49 0.72[1] 0.4
(NH4)2HPO4 0.84 14[3] 11.8
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A.3 Energy Consumption Analysis

Table A.3: Values and expressions used in the energy consumption analysis.

Thermodynamic Constants
Evaporation enthalpy [164] ∆vH 2.26 kJ kg-1

Heat capacity liquid phase [164] Csp
liq 4.2 kJ kg-1

Heat capacity gas phase [164] Csp
vap 1.9 kJ kg-1

Specific density ρH2O 1000 kg m3

Ambient temperature T0 298 K
Reaction yield y 0.95

10
4.65− 1440

T−64.8 , T ∈ [273, 373K]
Vapour pressure [111, 177] p(T ) 1, T ∈ [373, 379K]

10
3.56− 644

T−198 , T ∈ [379, 479K]
Reactor temperature Tr Free variable
Precursor concentration Ctot Free variable
Reaction time t Free variable

Reactor parameters
Reactor volume V 10 m3

Reactor surface A 25 m2

Wall thickness x 0.1 m
Heat transfer coefficient λ 0.04 W m-1 K-1

Heat retention 50 %
Heater efficiency η 0.8
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A.4 X-ray diffraction and Rietveld refinement
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Figure A.2: Rietveld refinement of the XRD spectra of LFP particles synthesized at
different precursorconcentrations, Ctot. For Ctot = 0.1 M, no refinement
was possible due to further Li3PO4 and Fe2(PO4)3 · 8 H2O impurities.
For the other LFP samples, the resulting crystal parameters, the unit cell
volume and the antisite defect concentration (n) are given. The difference
between refinement and the data is plotted below for each diffractogram.
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Figure A.3: a) Comparison of XRD patterns of LFP samples synthesized at different
precursor concentrations, Ctot. b) Plot of the resulting antisite defect
concentration of the LFP sample as a function of precursor concentra-
tion. The antisite defect concentration was obtained from the Rietveld
refinements of the LFP data in Figure A.2
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A.5 Sampling Tool

To take material out of the pressurized reactor, a sampling tool was

designed (Figure A.4. The sampling unit was designed to fit on our

stainless steel reactors. For sampling, a 100 mL reactor size was chosen

to ensure that sufficient material remains in the reactor after multiple

sampling steps. The LFP product synthesized in the 100 mL reactor with

sampling is similar to the material produced in a standard 50 mL reactor.

The sampling unit is separated from the reactor with a needle valve.

The needle valve remains closed during the reaction except for times

when a sample is being taken.

During sampling, material from the reactor automatically enters the

sampling unit once the needle valve is opened due to the pressure dif-

ference between the reactor and the sampling unit. The valve is closed

after a period of time (1 s to 1 min depending on the pressure difference),

trapping material in the sampling unit so that it can then be collected

through the tap.

After taking a sample, the sampling unit is cleaned to prevent con-

tamination during subsequent sampling steps. First, the tap is closed

and the sampling unit is pressurized via N2. This causes any remaining

material to be pushed back into the reactor when the needle valve is

opened. Second, the needle valve is closed, after which, the sampling

unit is washed with water and dried with the N2 stream.

Throughout the reaction, the reactor temperature is monitored with

a thermocouple. Material sampling typically results in a temperature

change on the order of 1-3 °C for at most several minutes. The dis-

turbance of the reaction due to obtaining a sample causes a reduced

crystallinity of the platelets visible in the FTIR spectra and a larger

error during the particle size measurements. The changes are within the

measurement error.
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Figure A.4: Schematic of the sampling reactor.
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A.6 Electrochemistry of the LFP sample after

48 h of synthesis
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Figure A.5: a) Galvanostatic curves showing (dis)charge of LFP samples (reaction
time: 48 h) at different C-rates. b) Discharge capacity as a function of
cycles measured at 1C discharge and C/2 charge.
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Figure A.6: Specific energy consumption of the LFP synthesis step as a function of
hydrothermal reaction temperature (reactor pressure) and reaction time.
The energy consumption of typical hydrothermal syntheses of LFP par-
ticles is indicated with the blue shading. The 3 MJ kg-1 energy consump-
tion for a solid state approach is highlighted (blue region and blue line,
respectively).

113



Appendix A Supporting Information to Part I

A.8 Carbon Coating Step

Figure A.7: Comparison of FTIR spectra, SEM and TEM images, and XRD patterns
for LFP particles a) before and b) after annealing. The small change
in the asymmetric PO4 stretching mode likely comes from loss of water
and some high temperature recrystallization during the annealing step.
The XRD patterns show similar degrees of crystallization before and
after annealing, indicating that no additional phases arise during the
annealing.
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A.9 Size and Morphology Analysis

A.9.1 Size Distribution Measurement
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5μm

Figure A.8: Example size distributions for the LFP particles. The mean distance
and the standard deviation of the particle length and thickness for each
sample is obtained from the size distributions obtained by measuring
100-200 particles in multiple SEM images.
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Figure A.9: Size distribution of the Nano, Medium, and Large LFP platelet samples.
The particle diameter d(010) and channel length L[010] distributions are
shown in a) and b), respectively.

A.9.2 Morphology Calculations

From the channel length L[010] (equal to the particle thickness) and the

platelet diameter d(010), we calculate size parameters P such as the as-

pect ratio and the percentage of atoms on the (010) surface. The error of

all those parameters is then obtained via a first order Taylor expansion
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Figure A.10: Platelet diameter and channel length distribution of the Meso LFP sam-
ples.

of the standard deviations of L[010] and d(010) (A.7).

dP
(
L[010], d(010)

)
=

√√√√( ∂P

∂L[010]

)2

d(010)

dL[010]+

√√√√( ∂P

∂d(010)

)2

L[010]

d
(
d(010)

)
(A.7)

Aspect Ratio We define the aspect ratio of the platelet particle, AR,

as the ratio between d(010) and the channel length L[010]. With (A.7),

the error of the aspect ratio, dAR, is then given by (A.9).

AR =
d(010)

L[010]
(A.8)

dAR =
d
(
d(010)

)
L[010]

+
d(010)

L2
[010]dL[010]

(A.9)

Atoms on (010) surface To calculate the relative ratio of atoms on

the (010) surface, n(010), we consider all atoms in the topmost unit cell

of the (010) surface. Therefore, we calculate how many unit cells appear

along the b direction. This reduces the calculation to a one-dimensional

problem and we can simply divide the two surface unit cells by all the

unit cells along the b direction (A.10) with the error dn(010) (A.11).
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n(010) :=
N(010)

Ntot
=

2b

L[010]
(A.10)

dn(010) =
2b

L2
[010]

dL[010] (A.11)

(010) to entire surface ratio The geometric (010) surface ratio, a(010)

is calculated assuming that the particles are disks with a circular (010)

facet and a diameter of L(010). This assumption is motivated by the fact

that the edges in the Nano, Medium, and Meso particles are rounded

after annealing. For the diamond shaped Large sample this assumption

is less accurate. The ratio of the top surface and the entire surface is:

a(010) :=
A(010)

Atot
=

2π
(
d(010)

2

)2

(
2π
(
d(010)

2

)2

+ πd(010)L[010]

) (A.12)

=
d(010)

d(010) + 2L[010]
(A.13)

da(010) =
2L[010](

d(010) + 2L[010]

)2 d (d(010)

)
+

2d(010)(
d(010) + 2L[010]

)2 dL[010]

(A.14)

Atoms on other surfaces The calculation of the percentage of atoms on

other surfaces than the (010) surface is more complex. Again, we assume

circular disk shaped platelets with diameter L(010). The assumption

enables us to study a two-dimensional cut along the (010) surface and

measure the number of unit cells along the circle edge. As for the (010)

surface, the number of atoms on the edge scales with the number of edge

unit cells. The calculation of the edge unit cell number, however, is more

difficult than before due to the orthorhombic unit cell of LFP (which in

our 2D picture becomes rectangular). Since the lattice vectors c and a

do not match, a different amount of unit cells will be found along every

direction of the circular disk. This is equivalent to the case of having an
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ellipse with a square unit cell, which makes calculations easier (Figure

A.11). Therefore, we apply the coordinate transformation

r ≡
L[010]

2
, a, c 7−→ ra, rc, (A.15)

with

ri =
r

i
=
L[010]

2i
, i ∈ {a, c, }, (A.16)

that transforms the circular disk in an ellipse with the two semi-minor

axes ra and rc. These axes represent the number of unit cells along these

directions. Therefore, the number of surface atoms not on (010) is given

by the ratio of the transformed ellipse circumference, Cell, and the ellipse

area Aell.

Nsurf −N(010)

Ntot
=
Cell
Aell

=

ra
∫ 2π

0

√
1−

(
1− r2

c

r2
a

)
cos2 φdφ

πrarc
(A.17)

Rearranging and replacing ra and rc using (A.16) leads to (A.18) with

the error (A.19). The circumference integral is then numerically evalu-

ated.

Cell
Aell

=
2c
∫ 2π

0
dϕ
√

1−
(
1− a2

c2

)
cos2 ϕ

πL[010]
(A.18)

d

(
Cell
Aell

)
=

2c
∫ 2π

0
dϕ
√

1−
(
1− a2

c2

)
cos2 ϕ

πL2
[010]

dL[010] (A.19)
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A.9 Size and Morphology Analysis
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Figure A.11: Schematic image of the LFP disk used for the calculations and its trans-
formation to an ellipse with a square lattice.
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B.1 Experimental Methods

Electrochemical Measurements LFP electrodes are prepared by coat-

ing an N-methyl-2-pyrrolidone (NMP, Sigma) based slurry on an alu-

minum current collector. The slurry contains 70 wt% active material,

20 wt% carbon black (Timcal Super C65), and 10 wt% polyvinylidene

fluoride (Kynar HSV900). This leads to typical uncalendered dry ac-

tive coating thicknesses of 40-60µm with variation due to the different

tap densities of the samples and thus different viscosities in the slur-

ries. A glass fiber separator, electrolyte consisting of 1 M LiPF6 in a

1:1 solution of ethylene carbonate and dimethyl carbonate (BASF), and

a metallic lithium counter electrode complete the cell. Galvanostatic

electrochemical analysis was performed on coin cells using the Astrol

Bat-Flex potentiostat.

Inelastic neutron scattering measurements and analysis Inelastic neu-

tron scattering (INS) measurements are performed at the FOCUS time-

of-flight spectrometer at the neutron spallation source SINQ, Paul Scher-

rer Institute, Switzerland. For the measurement, 2-3 g of sample mate-

rial is added in a cylindrical aluminium holder. A neutron wavelength of

2.4 Å(i.e., neutron energy of 14.2 meV) was used. Data collection time

is 8-10 hours per sample. The resulting data are reduced using the Dave
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software [13]. In the software, the background of the empty holder is

subtracted and the detector efficiency is taken in account by normali-

sation to a vanadium standard having similar geometry as the samples.

Finally, the phonon density of states was obtained using the MSlice envi-

ronment in Dave, where the appropriate range of the scattering vectors

Q was selected.

Simulations LiFePO4 phonon spectra are simulated based on the den-

sity functional perturbation theory [18] as implemented in VASP [92],

in conjunction with the Phonopy code [192]. The electron exchange and

correlation energy are described using the PBEsol functional [154]. Va-

lence electrons are described using a plane wave basis set with a cutoff

energy of 500 eV. The interactions between valence and core electrons are

treated using the projector augmented-wave (PAW) method [26]. The k-

space is sampled with a k-point mesh with spacings smaller than 0.05 Å-1.

Geometry calculations on LFP slabs are performed within the CP2K

program suite utilizing the quickstep module [201]. Calculations were

carried out using a dual basis of localized Gaussians and plane-waves

[110]10 with a 300 Ry plane-wave cutoff. Double-Zeta-ValencePolarization

(DZVP) [200], Goedecker–Teter–Hutter pseudopotentials [70] for core

electrons, and the Perdew–Burke–Ernzerhof (PBE) exchange correla-

tion functional were used. Convergence to 10-8 in Self-Consistent Field

calculations is enforced. Electronic correlation within the d orbital of Fe

was included through the + U strategy with U = 4.3 eV [182, 208].

Unit cell dimensions of [a, b, c] = [9.91, 6.095, 4.636] Åwere determined

through a cell optimization using a conjugate gradient optimization.

LFP slabs are constructed with unit cell dimensions [100] x [010] x [001]

= 1 x 3.5 x 2 in a simulation cell with dimensions [a, 35 Å, 2c]. Periodic

boundary conditions are used in all directions. All atoms in all systems

are relaxed through geometry optimization, performed with the Quick-

step module utilizing a Broyden-Fletcher-Goldfarb-Shanno (BFGS) op-

timizer with a 24 meV Å-1 maximum force for convergence criteria.
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B.2 Preparation of FePO4 particles via

electrochemical delithiation

For our FePO4 particles, we need samples that are directly comparable to

the LFP particles. To achieve these requirements, we electrochemically

delithiate our LFP samples by makingcomposite electrodes and cycling

them in pouch cells. The samples are then washed in an Ar glovebox.

The LFP electrodes are prepared with 80 wt% active material LFP,

10 wt% Carbon black (Super C65), and 10 wt% PVDF (Kynar HSV900)

binder. To enable us to obtain enough delithiated LFP, we prepare four-

layer pouch cells with copper foil as a counter electrode and a glass fiber

sheet separating the LFP electrodes from the copper foil (Figure B.1a).

Electrical contacts are welded to the four cathodes and to the four anode

electrodes (Figure B.1b). The stack is then dried under vacuum in the

antechamber of the glovebox at 120 °C for 5-10 hours. The stack is put

into a polyethylene plastic bag to keep the electrolyte conserved in the

pouch cell and prevent electrical shorts. The electrolyte, a 1 M solution

of LiPF6 in a 1 : 1 mixture ethylene carbonate and dimethyl carbonate

(BASF), is then added into the plastic bag and the whole structure and

sealed into an aluminium pouch. Finally, a uniform pressure is applied

on the pouch cells.

Separators
LFP Electrode

Copper Electrode
 
 

a b

Figure B.1: a) Schematic image of the stacking of the four-layer pouch cell before
welding the tabs to a contact. b) Image of the stacked electrode with the
welded contacts on the cathode and anode tabs.
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The pouch cells are charged at C / 50 to 4.2 V followed by a poten-

tiostatic step during which the lithium is plated on the copper foil. Af-

ter charging, the pouch cells are transferred into the glovebox (Figure

B.2a), where they are cut open and the electrode layers carefully sep-

arated. We infer lithium dendrites on the copper electrode and the

separator that formed during the charging process (Figure B.2b). The

delithated electrode are scratched from the aluminum current collector

of the cathode and collected in a centrifuge tube (Figure B.2c,d). NMP

is added to the centrifuge tube to dissolve the PVDF during sonication.

The resulting black dispersion is centrifuged to separate the lighter car-

bon black particles from LFP. After repeating the washing step three

times, clean delithiated particles are obtained at the bottom of the cen-

trifuge tube (Figure B.2e). The resulting powder is dried and analyzed

by XRD and SEM (Figure B.3). The (020) peak indicate pure FePO4

for Nano and a small fesidual LFP phase for the Meso particles (Figure

B.3b).
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a b c

d e

Figure B.2: Preparation steps of the FePO4 samples after cycling. a) Image of a
cycled pouch cell. The wood plates are used to apply pressure on the
pouch cell and the scotch tape around the contacts to avoid accidental
short circuits during transfer to the glovebox. b) Image of the lithiated
copper current collector and the glass fiber separator showing evidence of
lithium dendrites. c) Image of the other side of the glass fiber separator
and the LFP electrode. We observe no dendrites growing through the
separator. d) Once the stacked pouch cell is disassembled, the electrode
material is scratched from the electrode with a spatula and transferred
in a centrifuge tube. e) After extensive washing and centrifuging, the
dark brown LFP powder is separated from the PVDF and carbon black
mixture and isolated.
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Figure B.3: a) Schematic image of the stacking of the four-layer pouch cell before
welding the tabs to a contact. b) Image of the stacked electrode with the
welded contacts on the cathode and anode tabs.
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B.3 Electrochemical performance
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Figure B.4: Galvanostatic (dis)charge curves of the LFP samples used in this study
for a rate of C/10 corresponding to a specific current of 17 mA g-1. The
galvanostatic curves here are from the second C / 10 cycle.
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Figure B.5: Rate-dependent discharge capacity of the samples used in this study. The
dots show the average capacity from at least three cells from different
slurries with the standard deviation depicted by the shading. The given
rate was used for both charge and discharge.
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B.4 7LiFePO4 platelet particles: Transmssion

electron microscopy (TEM) images

10nm 10nm

c Medium d Nano

10nm

a Large

(001)

(100)

b

[001][201]

Figure B.6: TEM image of the Large sample with b) the selected area diffraction pat-
tern. c),d) TEM images of the Medium and Nano particles, respectively
with the crystallographic [201] or [001] direction depicted, respectively.
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B.5 Inelastic neutron scattering measurements
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Figure B.7: Time-of-flight spectrum of the Nano sample. Due to beam time restric-
tions, a short time of flight pulse of 4 ms was chosen. On such a short
pulse, neutrons from the previous pulse reach the sample at the start of
the next pulse. This effect is called frame overlap and leads to an artifact
in the PDOS (see inset) where the PDOS seemingly increases at high
energy transfers. Comparing the PDOS measured on Nano LFP with
(orange) and without (blue) the frame overlap, one can infer that frame
overlap does not affect the shape of the PDOS in the important energy
range in this study (50-100 meV).
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Figure B.8: Time-of-flight spectra of the LiFePO4 samples measured in this study. As
mentioned above, all samples have a short pulse, leading to significant
frame overlap.
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Figure B.9: Phonon density of states spectra of a) Nano LiFePO4 and b) Nano FePO4

as a function of selected scattering vectors Q. The influence of paramag-
netic scattering can be significantly reduced by analyzing a restricted Q
range above 3 Å-1 (orange).
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Figure B.10: The experimentally-measured phonon density of states for a) LiFePO4

(LFP) and b) delithiated LFP (i.e., FePO4) samples of different sizes.
The shading around the points indicates the error of the measurement.
The dashed lines show the calculated phonon density of states. c) Calcu-
lated total and elemental partial phonon density of states of LFP (black)
and FePO4 (gray) from bulk density functional theory simulations.
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B.6 Impurity and defect analysis
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Figure B.11: FTIR spectra in the P-O vibrational range of the Nano, Medium, and
Large samples show that the right-most peak is positioned at around
980 cm-1, suggesting the same antisite defect concentration in the three
samples. Note, that the Li3PO4 impurity in the Nano sample leads to
a shoulder at 1050 cm-1.
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Figure B.12: X-ray diffraction spectra of Large, Medium, and Nano LFP. We find that
the samples are single phase LiFePO4 except for the Li3PO4 impurity
in the Nano samples (marked with an asterisk).
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Figure B.13: Comparison of phonon density of states of the Nano and Large samples
with the measured phonon density of states of 7Li3PO4. Note the very
broad, almost constant, Li3PO4 phonon mode in the range of interest
of 50-100 meV.
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B.7 Rietveld refinement
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Figure B.14: Rietveld Refinements of the Large, Medium, and Nano LiFePO4 samples
used in this study. For all the three samples the unit cell volume does
not change significantly, indicating a similar defect concentration and
small strain effects.
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B.8 Density functional theory calculations:

Slabs

b

ac

a b c

b a

c

.

b a

c

x

d f h

e g i

Top View

Bottom View

Pristine Carbon Li Deficient

Figure B.15: Schemes of the slabs used for the CP2k calculations after their geometri-
cal optimization. a)-c) Full slabs of the pristine LFP slab, the slab with
one carbon atom on each side, and the Li deficient slab, respectively.
d)-f) Top view of the slab for each of the three cases. g)-i) Bottom view
of the slab for each of the three cases.
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B.9 Density functional theory calculations:

Bond length distribution
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Figure B.16: Histograms of the a) Fe-O, b) Li-O, and c) P-O bond lengths in the
interior of the LFP slabs. Black bars mark the bond lengths obtained
from the Rietveld refinement of the Large LFP sample.

Table B.1: Overview of the LFP unit cell parameters and average bond lengths.

a (Å) b (Å) c (Å) Li-O (Å) P-O (Å) Fe-O (Å)
Inner Slab 9.910 6.095 4.636 2.116 1.563 2.088
Bulk DFT 10.26 5.989 4.689 2.133 1.554 2.142
Large 10.34 6.008 4.705 2.119 1.570 2.165
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Figure B.17: Comparison of the interior (dark grey) and the surface bond lengths
(light blue) of the slabs for the a) vacuum, b) carbon, and c) lithium
deficient surface termination. The distribution of bond lengths broaden
and, in the case of Li-O and Fe-O bonds, shift towards smaller energies.
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C.1 Experimental Methods

Particle Synthesis We prepare LiFePO4 samples in a hydrothermal

synthesis approach following the synthesis approach in Section 2.3.

Comparing the size series mentioned in Part II, two minor differences

were performed. Firstly, the enriched 7LiOH·H2O precursor was replaced

with LiOH·H2O that contains the natural Li isotope ratio. Secondly, the

reaction time of the Large particles was changed to 48 h. See Appendix

A.1 for more experimental details.

Particle Characterization The LiFePO4 particle morphology is deter-

mined with a combination of microscopic methods and a Micromimetrics

Tristar II Plus Brunauer Emmett Teller (BET) setup. Scanning Elec-

tron Microscopy (SEM) images are collected with a Hitachi SU-8200,

transmission electron microscopy (TEM) images with a FEI F30, and

atomic force microscopy with a Nanoscope Dimension 3100 AFM. The

lengths and thicknesses of up to 1000 particles was then measured using

the ImageJ suite [167]. For the Nano sample many of the platelets lie

flatly on the substrate and hence we use the z-deflection of the AFM

cantilever to determine the particle thickness.
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X-ray diffraction (XRD) measurements are performed on a Rigaku

Smartlab diffractometer using CuKα1 radiation in Bragg-Brentano sym-

metry and a 2 θ range between 10 ° and 90 °. Rietveld refinements are

carried out with the Maud software [120]. Fourier transform infrared

(FTIR) spectra are collected with a Bruker Vertex 70 attenuated total

reflection setup on a Ge single crystal substrate. Mössbauer spectra are

measured using a 57Co source and a scintillator detector. For the mea-

surement, LFP electrodes made for the electrochemical analysis serve as

the sample.

Magnetic characterizations of the samples were performed with the

magnetic property measurement system (MPMS). The measurements

were carried out on the MPMS devices of the Laboratory for Multiscale

Materials Experiments, Paul Scherrer Institute, Villigen, Switzerland.

The effective magnetic moment, µeff, is related to the slope of the inverse

of the magnetic susceptibility, χm, via the Curie-Weiss law [181, 229],

1

χm
=
T −ΘW

C
, µeff =

√
3CMLFP kB

NAµ0
(C.1)

where ΘW is the Weiss temperature, C the Curie constant, MLFP

the molar mass of LiFePO4, kB the Boltzmann constant, and NA the

Avogadro constant.

µ+SR Measurements µ+SR measurements [229] are performed on the

EMU setup at the ISIS muon and neutron facility at the Rutherford

Appleton Laboratories in Harwell, UK. For the experiments, about 1.5 g

of each LFP sample is pressed into a pellet and then transferred into

a titanium sample holder with a 50µm titanium window. The holder

is then fixed on the thermostat of a closed cycle refrigerator (CCR)

and cooled down to 50 K from where it is subsequently heated in 12.5-

50 K steps. At each temperature step, four to five µ+SR spectra are

collected: (i) a weak transverse field measurement HwTF=20 G, (ii) a

zero field measurement Hext=0, and (iii-v) measurements at longitudinal

fields selected such that a proper data fitting is possible. The subsequent

140



C.1 Experimental Methods

data analysis is performed with the muSR Fit software [184]. For details

about the µ+SR analysis, see Appendix C.5.

Simulations We perform density functional theory (DFT) calculations

with the quickstep module in the CP2k program suite [201]. All calcula-

tions are carried out with a dual basis of localized Gaussians and plane

waves [110] with a 280 Ry plane wave cut-off. We use Double-Zeta-

Valence Polarization (DZVP) [200], Goedecker-Teter-Hutter (GTH) [70]

pseudopotentials for the core electron energy calculation and the Perdew-

Burke-Enzerhof (PBE) exchange correlation functional [153]. To include

the electronic correlation of the d orbitals in Fe, a GGA+U approach

is chosen with an effective on-site Hubbard term Ueff of 4.3 eV [182, 208].

All simulations are performed on a rectangular LFP slab of a size of

1, 3.5, and 2 unit cells along the [100], [010], and [001] lattice directions.

Based on previous results [182], the unit cell dimensions are set to [a,

b, c] = [10.4361Å, 6.0950Å, 4.7447Å] leading to an effective simulation

cell of [a, 35Å, 2c] with some free space at the b direction to allow for

(010) surface relaxation. Finally, we enforce periodic boundary condi-

tions along the a and c direction.

Before running more detailed calculations (see below), we relax the

LFP slab via a geometric optimization implemented in the Quickstep

module. We utilize a Broyden-Fletcher-GoldfarbShanno (BFGS) opti-

mizer with a 10-4 h/a0 (15.4 meV/Å) maximum force for convergence

criterion. Unless mentioned differently, a convergence to 10-8 in self-

consistent field is enforced.

Nudged elastic band (NEB) simulations are performed using the im-

proved tangent method [72]. Initially, we geometrically relax four LFP

slabs with one single Li vacancy, two slabs with the vacancy at neigh-

bouring sites at the surface along the [010] channel and two with neigh-

bouring sites deeper in the bulk. These four slabs serve as the input for

the NEB calculations that provide the energy of the trajectory for a Li

ion moving from the initial site to the vacancy. See Table C.1 for the

initial and final coordinates of the moving Li ion. The effective energy
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Table C.1: Coordinates for the initial and final position of the moving Li ion during
the NEB calculations.

Initial Li Position Final Li Position
(x,y,z) Å (x,y,z) Å

Surface (5.054, 25.198, 6.720) (4.809, 27.887, 6.973)
Bulk (5.171, 16.236, 7.024) (5.168, 18.844, 7.105)

on the trajectory is calculated on 10 intermediate points. To reduce

the computation time to acceptable amounts, we calculated the energies

while fixing every atom in the lattice except for the moving Li ion and

reduced the convergence to 10-6 in self-consistent field.
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C.2 Ab initio Calculations
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Figure C.1: a) Contour map of the electrostatic potential in the LiFePO4 slab parallel
to the (001) plane at c = 7 Å, which corresponds to the plane where the
nudged elastic band (NEB) simulations are carried out (depicted with
the arrows here). The atomic core potentials are set constant such that
the potential landscape next to the atoms becomes visible. Red areas
describe points of lower energy for positively charged particles (such as
the anti-muon or the lithium ion). We find a low energy area close at the
surface towards which the NEB trajectory is shifted. In addition, we see
that within the bulk, the local potentials are not completely symmetric
throughout the ion trajectory for the NEB characterization. This could
cause the discrepancy between initial and final energy position found in
the NEB calculations (b).
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C.3 Morphology of the LiFePO4 platelet

samples

Table C.2: Particle Specific Size parameters. The channel length and platelet diam-
eter are measured scanning electron microscopy (SEM) or atomic force
microscopy (AFM). The surface atom ratios are calculated based on the
procedure reported in section A.9. The specific surface area is measured
with a Brunauer-Emmett-Teller (BET) setup.

Channel Platelet Atoms on Atoms on Sp. Surface
length (nm) Diameter (nm) (010) other Surface (m2/g)

Nano 9.6(26) 66(17) 12.5(3)% 4.7(12)% 35.16(19)
Medium 51(12) 220(6) 2.4(6)% 1.4(4)% 11.44(5)
Bulk 121(26) 990(26) 0.99(21)% 0.32(8)% 9.01(4)
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the Large, Medium, and Nano sample. d-f) Transmission electron mi-
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platelet confirming the (010) orientation of the particle. g,h) Platelet di-
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C.4 LiFePO4 structure and impurity analysis
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Figure C.3: a-c) Rietveld refinement of the x-ray spectra of each LiFePO4 sample.
We find an unassignable impurity in the Large and Medium sample that
does not appear in the Nano sample. Yet, the main phase is crystalline
LiFePO4. d) Lattice parameters obtained from the Rietveld refinement.
The lattice volume of the Large and Medium are considerably smaller
than for the Nano sample. This could arise from tensile stress due to
the carbon coating or from lithium deficiencies in the Large and Medium
sample. The error of the lattice parameter obtained from Rietveld refine-
ment is less than 0.01 Å.
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C.5 µ+SR spectral analysis

C.5.1 Weak transfer field fit

Measuring the forward-backward polarization P in a weak transverse

field serves to analyse different magnetic contributions in a solid. The

weak transverse field induces a precession of the muon spin causing an

oscillation of the asymmetry between positive and negative values. The

interactions with the surrounding atoms depolarize (damp) these oscil-

lations with atom specific depolarization. For the measurement of LFP,

we assume contributions from a slow relaxing magnetic background PS,

from fast relaxing iron centers PF, and from oscillating paramagnetic

contributions PTF.

P = PS + PF + PTF (C.2)

This leads to the time dependant fit function,

P = A0P (t) = ASe−λSt +AF e−λF t +ATF cos (ωt+ Φ)e−λTF t (C.3)

where Ai is the maximal asymmetry, λi the field depolarization rate,

ω the Larmor frequency, and Φ the phase of the oscillation. Fits are

shown in Figure C.5, with deviations in the slow relaxing regime.
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Figure C.5: Weak transverse field measurements at a-c) 100 K, d-f) 200 K and g-i)
300 K of the samples Large, Medium, and Nano, respectively.
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C.5.2 Longitudinal field fits

To fit the forward-backward asymmetry with an applied longitudinal

field, we include contributions from the titanium sample holder, a fast

electronic component coming from effects such as the paramagnetic spins

of the iron atom, and two dynamic nuclear spin contributions,

A0P (t) = ABG +AF e−λF t +AKT1G (H,∆KT1, νKT1, t) e−λKT1t

+AKT2G (H,∆KT2, νKT2, t) e−λKT2t
(C.4)

G(H,∆, ν, t) = G(0) + ν

∫ t

0

dτG(0)(t− τ)G(H,∆, ν, τ), (C.5)

G(0) = e−νt

[
1− 2∆2

(γµH)
2

(
1− e

∆2t2

2 cos (γµHt)
)]

+e−νt

[
2∆4

(γµH)
3

∫ t

0

dτe−
∆2t2

2 sin (γµHτ)

] (C.6)

where Ai are maximal asymmetries, λi is the field depolarization rate of

each process, G are Gaussian dynamic Kubo-Toyabe (KT) functions, H

is the applied field, ∆ the nuclear dipolar field distribution width, and

ν the field fluctuation rate. In the case of LiFePO4, earlier experiments

assume that the latter is proportional to the diffusion coefficient [181].

DLi(T ) ∝ ν(T ) (C.7)

For each sample at each temperature all longitudinal field spectra are

then fitted simultaneously. Example data and fits are shown in Figure

C.6.

This analysis approach is similar to that used in previous studies with

the only difference that we have two Gaussian dynamic Kubo-Toyabe

function. The fit with a single Kubo-Toyabe function is shown in Fig-

ure C.7.
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Since the KT2 field fluctuation rates do not change appreciably with

temperature, they are set to be temperature-independent. Figure C.8.

shows a comparison of the field fluctuation rates, normalized asymme-

tries, and field distribution widths for the Large sample with and without

KT2 set constant.

Theoretically, the zero and longitudinal field µ+SR data can also be

fit by a single Lorentzian (instead of Gaussian) Kubo-Toyabe function.

This would imply however, the presence of inhomogeneously distributed

magnetic impurities (either isolated or islands/clusters) within a disor-

dered lattice. The Mössbauer data (Figure C.4a) and x-ray diffraction

data (Figure C.3) do not support such interpretation of the µ+SR data.

0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00
0.0 4.0 8.0 12.0 16.0 20.0

Time (μs)
0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00
0.0 4.0 8.0 12.0 16.0 20.0

Time (μs)
0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00
0.0 4.0 8.0 12.0 16.0 20.0

Time (μs)

0.0 4.0 8.0 12.0 16.0 20.0
Time (μs)

0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00

0.0 4.0 8.0 12.0 16.0 20.0
Time (μs)

0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00

0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00
0.0 4.0 8.0 12.0 16.0 20.0

Time (μs)

0.0 4.0 8.0 12.0 16.0 20.0
Time (μs)

0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00

0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00
0.0 4.0 8.0 12.0 16.0 20.0

Time (μs)
0.20

0.16

0.12

A
sy

m
m

et
ry

0.08

0.04

0.00
0.0 4.0 8.0 12.0 16.0 20.0

Time (μs)

Large Medium Nano

T = 100K T = 100KT = 100K

T = 200K

T = 300K

T = 200K

T = 300K

T = 200K

T = 300K

LF=30G
LF=10G
LF=  0G

LF=40G
LF=10G
LF=  5G
LF=  0G

LF=30G
LF=10G
LF=  0G

LF=30G
LF=10G
LF=  0G

LF=40G
LF=20G
LF=10G
LF=  0G

LF=40G
LF=20G
LF=10G
LF=  0G

LF=40G
LF=20G
LF=10G
LF=  0G

LF=40G
LF=10G
LF=  5G
LF=  0G

LF=40G
LF=10G
LF=  5G
LF=  0G

a d g

b e h

c f i

Figure C.6: Longitudinal Field fit of the µ+SR spectra at different 100 K, 200 K, and
300 K for the samples a-c) Large, d-f) Medium, and g-i) Nano.
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Figure C.8: Comparison of the fitted results of the Large sample when the field fluc-
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C.5.3 Interpretation of the fitting parameters

From the fitting procedure, we obtain temperature-dependent maximal

asymmetry parameters and depolarization rates (Figure C.9). In this

section, we discuss the trends in the “fast” relaxation, “KT1”, and

“KT2” processes. We explain why our attribution of the field fluctu-

ation rate “KT1” to interface lithium diffusion makes sense and why we

hypothesize that the “fast” process is associated with magnetic Fe im-

purities on the surface of the particles and that the field fluctuation rate

“KT2” process is associated with background ion fluctuations.

The normalized maximal asymmetries give qualitative estimates of the

fraction of muons sensing a certain process (Figure C.9a-c). At low

temperatures, close to 60% of the signal for the Large and Nano samples

come from the fast relaxation of an electronic spin coupling [181] (AF).

With increasing temperature, AF decreases slightly in the Large sample

and strongly in the Nano sample. Meanwhile, in the Medium sample,

AF is smaller than AKT2 and no significant temperature dependence is

observed. The asymmetry ratios for the Medium sample are similar to

the uncoated LFP sample analysed by Sugiyama [181].

To explain the trend in the Large and Nano samples and their seem-

ingly anomalous behaviour compared to the Medium sample, we note

that: (1) a fast electronic component that is large at low temperature

and that decreases with increasing temperature is often related to a mag-

netic impurity and (2) the strong changes for the Nano sample indicate

the surface likely plays an important role.

We therefore perform magnetic susceptibility measurements on the

three samples and an LFP sample without carbon coating (Figure

C.10). Above the antiferromagnetic phase transition at 50 K, we find

a high temperature paramagnetic behaviour for all samples. The ex-

pected effective moment, µeff, for LFP is reported in the range of 4.8

and 5.6. µeff for the uncoated Nano is comparable to this value (5.38),

while the coated Nano and the Large show large µeff (11.67 and 14.03,

respectively). Meanwhile, the Medium sample has a µeff of 6.79, slightly
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higher than that of the uncoated sample.

Zaghib et al. [234] also found an increase of magnetic moment when

they coated particles with carbon. One possible explanation is that the

strain of the coating together with the change in surface reconstruction

could affect the iron-oxygen-iron exchange coupling and affect the mag-

netically frustrated spin system in LFP [191, 230]; however, this would

not explain the background in the magnetic susceptibility measurements.

Alternatively, a magnetic impurity in the form of iron(III) oxide could

form on the surface; however, Mössbauer spectra show no evidence of

iron(III) oxide in our particles (Figure C.4a).

We hypothesize that in the reducing atmosphere in which the carbon

coating is performed, some Fe(II) reduces to Fe(0), resulting in magnetic

iron impurities at the surface of the LFP. With the larger surface area

of the Nano compared to the Large, we expect more Fe impurities in the

“Nano” particles. We further hypothesize that the platelet particles of

the Medium sample tend to agglomerate as indicated in the SEM im-

ages in Figure C.11. As a result, the carbon coating may only cover the

surface of the agglomerate, leaving the primary particles of the Medium

sample largely uncoated and having few iron impurities at the particle

surfaces. This is consistent with relatively small change of specific sur-

face area between Large and Medium (see Table C.2).

This hypothesis is also consistent with the fact that, at 300 K, where

the exchange coupling of the iron impurities is reduced due to thermal

fluctuations, the fractions of the asymmetries of the Nano and Medium

samples are similar. Furthermore, the depolarization rate, λF (Figure

C.9d) related to the relaxation of the fast process decreases with in-

creasing temperature for Nano and Large samples. This consistent with

the fact that the fast process observed in the Nano and Large samples

comes from magnetic impurities.

The nuclear dipolar field distribution width ∆ decreases for every

Kubo-Toyabe function following a typical motional narrowing mecha-

nism [127, 180] (Figure C.9d). The decrease in ∆ is consistent with
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the fact that at higher temperatures, there is more atomic motion so

that the linewidth (distribution in frequencies) narrows. ∆ should also

saturate at low temperatures. We hypothesize that we do not see this

saturation at low temperatures due to magnetic impurities.

The large decrease in ∆KT1 for the Nano sample compared to the

Large could be due to the fact that the reduced Li-O distance at the

surface (see Part4) leads to a smaller Li-µ+ spacing hence increasing the

Li-µ+ coupling and the effective value of ∆KT1.

The process KT2 increases slightly in importance with higher tem-

peratures (Figure C.9a-c) and causes motional narrowing (Figure

C.9e-g). It might arise from local atomic motion that occurs with

slower frequency than interface lithium diffusion (∆KT1 > ∆KT2 and

νKT1 > νKT2) throughout the bulk of the particle (AKT1 < AKT2). Fur-

thermore, the constant field fluctuation rate suggests a much lower acti-

vation energy than lithium interface diffusion (Figure C.9h-j).

Thus, we have a surface-related magnetic effect (“fast” component)

and a background (KT2) that may come from slow fluctuations of ions

that appear in the µ+SR measurement, but these can be satisfactorily

separated from the lithium diffusion component (KT1).
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Figure C.9: Temperature dependence of the longitudinal field µ+SR fitting parame-
ters and their standard deviations (marked as coloured area behind the
points). a-c) Normalized asymmetries of the platelet samples. d) Field
depolarization rate of the fast relaxation process. e-g) Field distribution
width of the two Gaussian dynamic Kubo-Toyabe functions KT1 and
KT2. h-j) Temperature-dependant field fluctuation rates KT1 and KT2.
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Figure C.10: a) Mass normalized susceptibility of different samples as a function of
temperature. All samples exhibit a very similar behavior at high temper-
ature, except for a shift of the background. This suggests a contribution
of a magnetic impurity (such as Fe) which is largest for the Large and
the Nano sample. b) Inverse molar magnetic susceptibility as a function
of temperature. We obtain effective magnetic moments of each sample
via equation (C.1).
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Figure C.11: Scanning electron microscopy images of the Medium and Large sample
with the sample studied by Sugiyama et al. [181]. As with the other
two samples, the particles consist of platelets. The diameter of these
particles is relatively polydisperse ranging from well below 100 nm to
1 µm. In average, however, they are larger than the Medium particles
and substantially smaller than the Large platelets. Circled areas in
the Medium sample that show fragments of diamond shaped secondary
particles.
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C.6 Electrochemical Characterization

C.6.1 Cell Preparation

For all the electrochemical characterization, we assemble coin cells in

a half-cell configuration with lithium metal as reference electrode. Be-

tween the two electrodes, a glass fibre separator is placed and soaked

with electrolyte, a 1 M solution of LiPF6 in a 1:1 mixture of ethylene

carbonate and dimethyl carbonate (BASF).

Unless mentioned differently, we make the LFP electrodes by prepar-

ing N-methyl-2-pyrrolidone based slurries with 70 wt% LFP together,

20 wt% Carbon black (Super C64, Timcal), and 10 wt% Polyvinylidene

fluoride (Kynar HSV900). The slurries are doctor blade coated on an

aluminium foil and dried under dynamic vacuum at 100 °C. The result-

ing electrode sheet is then calendared and 18 mm electrodes punched out.

The electrochemical measurements are performed on three different

potentiostat systems. Galvanostatic rate capability measurements are

done on the Astrol BATT-FLEX potentiostat at a controlled tempera-

ture of 25 °C. Cyclic voltammetry (CV) measurements are run on the

Biologic VMP3 potentiostat. To equilibrate the temperature and con-

trol the state of health in the LFP half-cell, a C/5 charge/discharge cycle

is added at each temperature before the CV runs with different sweep

rates. Electrochemical impedance spectroscopy (EIS) measurements are

performed on a Biologic BCS815 potentiostat in a two-electrode setup

where the lithium counter electrode serves as the reference. For tem-

perature sweeps, the cells are placed into a Binder MK53 temperature

chamber.

C.6.2 Cyclic voltammetry (CV) analysis

To analyze the CV data at different sweep rates v, we use the Randle-

Sevcik equation with a pseudocapacitance correction [208],
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ip,eff = ip − CDLv = 0.4463nFACel

(
nFD

RT

) 1
2

v
1
2 (C.8)

with ip the maximal current of the CV curve, CDL the double layer

capacitance of the electrode, n the amount of electrons transferred, F

the Faraday constant, Cel the electrolyte concentration, R the universal

gas constant, T the temperature, and D the diffusion coefficient. This

approach is necessary due to the relatively high amount of carbon black

introduced in the electrode and due to the different particle sizes. Know-

ing the effective area of both active carbon and the LFP particles (the

latter from BET measurements), we can estimate the value of CDL by

assuming a plate capacitor. This leads to

CDL =
εelε0A

dDL
(C.9)

with εel and ε0 the dielectric constants of the electrolyte and vacuum,

A the electrode surface, and dDL the size of the electrochemical double

layer. Based on literature values [68], we estimate εel as a 1:1 linear com-

bination of the dielectric constants of dimethyl carbonate (ε = 3) and

ethylene carbonate (ε = 90). For the electrochemical double layer size

we assume a distance of 5 Å[202]. Furthermore, we assume the dielectric

constants to be temperature independent.

Though some of these assumptions are not perfectly accurate, this cal-

culations can provide the correct order of magnitude. In addition, the

contribution of the double layer capacitance is smaller than 15% of the

total current making errors in the double layer capacitance estimation

less critical.

After correcting the peak current for the double layer capacitance, we

perform a linear regression with a fixed intercept at zero current. From

the regression curve slope and its error, the diffusion coefficient follows.

Repeating this approach at different temperatures leads then to multiple

diffusion values that are correlated with an Arrhenius-type fit (see main

text).
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C.6.3 Galvanostatic and electrochemical impedance
spectroscopy measurements
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Figure C.12: a) Galvanostatic curves of the first cycle of half cells made from LiFePO4

samples at a rate of 34 mA/g (corresponding to a C/5 rate). All samples
exhibit the characteristic plateau at 3.4 V that opens up with increasing
particle size due to overpotentials. The Large and the Medium sample
have smaller capacities than the Nano sample, likely due to a reduced
connectivity to the electrode network and due to Fe-Li antisite defects.
b) Impedance curves of the samples with Medium and Nano shifted by
400 Ω or 800 Ω for clarity. The Wartburg slope of the Nano sample is
close to a 45° angle from the x axis suggesting a contribution to the
ionic diffusion while the Medium sample is closer to a blocking state.
The Large sample seems to have an additional semicircle appearing in
the impedance range displayed here which could arise from the reduced
adhesion to the current collector compared to the smaller samples.
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Density functional theory simulations We perform density functional

theory (DFT) calculations with the Quickstep module in the CP2k pro-

gram suite[201]. All calculations are carried out with a dual basis of lo-

calized Gaussians and plane waves [110] with a 280 Ry plane wave cut-off.

We use Double-Zeta-Valence Polarization (DZVP) [200] and Goedecker-

Teter-Hutter (GTH) [70] pseudopotentials for the core electron energy

calculation and the Perdew-Burke-Enzerhof (PBE) exchange correlation

functional [153]. To include the electronic correlation of the d orbitals

in Fe, a GGA+U approach is chosen with an effective on-site Hubbard

term Ueff of 4.3 eV [182, 208].

All simulations are performed on a rectangular LiFePO4 slab of a size

of 1, 3.5, and 2 unit cells along the [100], [010], and [001] lattice direc-

tions. Based on Part 3 and 4, the unit cell dimensions are set to [a,

b, c] = [10.4361 Å, 6.0950 Å, 4.7447 Å] leading to an effective simulation

cell of [a, 35 Å, 2c] with some free space at the b direction to allow for

(010) surface relaxation. Finally, we enforce periodic boundary condi-

tions along the a and c direction.

Before running more detailed calculations (see below), we relax the

LFP slab via a geometric optimization implemented in the Quickstep
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module. We utilize a Broyden-Fletcher-Goldfarb-Shanno (BFGS) opti-

mizer with a 10-4 h/a0 (15.4 meV/Å) maximum force for convergence

criterion. Unless mentioned differently, a convergence to 10-8 in self-

consistent field is enforced.

The coated LFP slabs are constructed using the geometrically relaxed

pristine slab. On this slab, coating layers were constructed by manually

placing the atoms to expected low energy steps. Specifically, in the case

of the carbon coating, atoms were placed in energy potential minima at

the LFP (010) surfaces. In the case of the ZnO coatings, we placed a

relaxed (110) superstructure ([a, b, c] = [10.4361 Å, 10 Å, 4.7447 Å])

of wurtzite-type ZnO on the LiFePO4 surface. Afterwards, the coatings

are twice relaxed geometrically: i) only the surface is relaxed by fixing

the atomic motion in the inner 1.5 unit cells of LFP and ii) all atoms

are relaxed.

The partial electron density of states (PEDOS) of the slab is calcu-

lated with the Quickstep module of the CP2k program suite. To achieve

both element and layer decomposition, the contribution of every single

atom wave function to a given energy state is calculated first. In a sec-

ond step, the atoms are sorted into groups of elements of a certain layer.

This results in layer and element decomposed energy level diagrams (as

displayed in Figure 5.6a-d). To obtain a PEDOS out of the energy

states, an element and layer - weighted histogram of the energy states is

created with a bin size of 0.1 meV. For reasons of clarity, the resulting

PEDOS is smoothened using a moving average of two adjacent bins.

Ab initio molecular dynamics (AIMD) measurements are performed

in the canonical ensemble at 1000 K using a canonical sampling through

velocity rescaling (CSVR) thermostat [32] with a thermalization time

constant of 15 fs. The AIMD simulations are typically run for 11-15 ps.

To make sure the dynamics of the light Li atoms are properly repro-

duced, a time step of 1 fs was chosen. To stabilize the thermostat, the

first 1 ps of the runs is discarded. All AIMD runs are performed twice

per slab: once where the atomic motion of all atoms except for lithium is

set to zero, and once with all atoms moving freely. To reduce the compu-
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tation time of the latter AIMD run, the self-consistent field convergence

for each time step is reduced to 10-7 and 0.5·10-8 for the carbon atom

termination and the ZnO coating, respectively.

The mean square displacements (MSD) are calculated using equation

(D.1),

MSD(τ) =
1

NAt

NAt∑
i=1

(ri(τ)− ri(0))
2

(D.1)

where NAt is the number of atoms of a certain element in a certain

region and ri(τ) is the position of the atom i at a timestep τ . Note that

ri(τ=0) is defined to be the first step after the thermostat is stabilized.

Preparation of coated LiFePO4 nanoplatelets We prepare LFP sam-

ples in a modified solvothermal synthesis approach along the synthe-

sis described in Part 2 First, 20 ml of a 2.55 M aqueous solution of

LiOH·H2O (Sigma) is mixed with 20 ml of a 0.85 M solution of H3PO4

(diluted from 85 wt% H3PO4, Sigma). White Li3PO4 crystals form,

which in a second step get separated from the solution by centrifuga-

tion. These crystals are then washed once in ethylene glycol (Sigma)

before they get dispersed in 40ml anhydrous ethylene glycol (Sigma)

and transferred into a stainless steel autoclave.

After stirring the Li3PO4 – ethylene glycol dispersion for about 15 min

in the autoclave, preground FeSO4·7 H2O (Sigma) is added in a 1:1

Fe:PO4 stoichiometric ratio. The reactor is then flushed with N2 for

10 min, closed and heated to 180°C. After stirring the solution for 6 h

at 180°C, the reaction is stopped and the reactor opened. The resulting

light grey particles are filtered and washed with the following sequence:

i) distilled (DI) water ii) DI water, iii) 0.1M H3PO4, iv) DI water, v)

Ethanol. The resulting grey LiFePO4 nanoparticles are dried under inert

atmosphere over night at a temperature of 80°C. Once the particles are

dry they are coated in the manner described in Section 2.4.
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Particle Characterization The LFP particle morphology is studied with

a combination of microscopic methods. Scanning electron microscopy

(SEM) images are collected with a Hitachi SU-8200. The dimensions of

up to 1000 particles are measured using the ImageJ suite [167]. Scan-

ning transmission electron microscopy energy dispersive x-ray scattering

(STEM-EDS) images are taken with the FEI Talos F200X electron mi-

croscope.

X-ray diffraction (XRD) measurements on powder samples are per-

formed on a Rigaku Smartlab diffractometer using CuKα1 radiation in

Bragg-Brentano symmetry and a 2θ range between 10° and 90°. Ri-

etveld refinements are carried out with the Maud software [120]. For

the operando XRD measurement, coin cells with a Kapton window are

measured in transmission mode using a parallel beam symmetry.

The X-ray photoemission spectroscopy (XPS) measurements are recorded

on a PHI Quantes (ULVAC-PHI) spectrometer using monochromated

Al-Kα X-ray radiation at 1486.6 eV. All samples are mounted using con-

ductive carbon tape and measured at 0° electron take-off angle. Charge.

neutralization is accomplished by a dual beam charge neutralization sys-

tem, employing low energy electron and argon ion beams. Detailed ac-

quisition parameters are given in Table D.1.

Data evaluation is performed using the CasaXPS software, applying a

Shirley background and the GL(30) line shape for peak fitting. The

binding energy scale for all samples is shifted to the main O1s peak at

533.6 eV [210, 211]. This procedure is chosen over the often used refer-

encing to C1s due to the carbon coating present on one of the samples.

Table D.1: Acquisition parameters of the XPS measurements.

Spectrum Energy Pass Energy Acquisition
range energy resolution time

XPS Survey 1100-0 eV 112 eV 0.1 eV 0.6 s/point

XPS Core levels variable 55 eV 0.05 eV 0.9 s/piont
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Muon spin spectroscopy (µ+SR) measurements are performed on the

EMU beamline at the ISIS Neutron and muon facility at the Ruther-

ford Appleton Laboratories in Harwell, United Kingdom (Data DOI:

10.5286/ISIS.E.RB1720326). For the experiments, about 1.5 g of each

LFP sample is pressed into a pellet and then transferred into a titanium

sample holder with a 50µm thick titanium window. The holder is then

fixed on the thermostat of a closed cycle refrigerator (CCR) and cooled

down to 50 K from where it is subsequently heated in 12.5-50 K steps. At

each temperature step, four to five µ+SR spectra are collected: (i) a weak

transverse field measurement HwTF = 20 G, (ii) a zero field measurement

Hext = 0, and (iii-v) measurements at three different longitudinal fields.

The subsequent data analysis is performed with the muSR Fit software

[184]. For details about the µ+SR analysis, see Section D.2.

Ultraviolet absorption spectroscopy measurements are performed us-

ing the Agilent Cary 5000. For the measurements, approximately 20 mg

of the LFP powder sample is dispersed in 3 ml water and sonicated for

30 min. After sonication, the sample is diluted until a translucent disper-

sion is obtained. This dispersion is then used for the optical character-

ization. To obtain the energy transitions from the spectra, a derivative

analysis is performed [195].

Magnetic characterizations of the samples are performed with a mag-

netic property measurement system (MPMS XL, Quantum Design). The

measurements are carried out on the MPMS devices of the Laboratory

for Multiscale Materials Experiments, Paul Scherrer Institute, Villigen,

Switzerland.

Electrochemical characterizations Electrochemical measurements are

performed using half cells with metallic Li as counter electrode. For the

LFP nanoparticle electrodes, we prepare aqueous slurries that contain

85 wt% (coated) LiFePO4, 10 wt% Super C65 carbon black (Timcal) and

5 wt% poly(acrylic acid) (Sigma, Mv∼450’000) at a solid content of ap-

proximately 20%. The slurry is blade casted on the Al current collector

and dried slowly in air. The electrodes are typically compressed by 40%
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using a calendaring system. After heating out at 80°C under vacuum

for up to 12 h, the electrodes are assembled to a coin cell with a 1 mm

thick glass fiber separator, a Li counter electrode and 500 µl of the elec-

trolyte, a 1 M solution of LiPF6 in a 1:1 mixture of ethylene carbonate

and dimethyl carbonate (BASF). The electrochemical characterizations

are performed using the Biologic MPG2 potentiostat.

For the operando cell, coin cells with an 80µm thick Kapton window

are assembled. For these cells, the amount of electrolyte is strongly

reduced to a few droplets and a coated PE separator is used. The active

material electrode remains unchanged. The operando electrochemical

measurement is performed using a Biologic VSP-200 potentiostat.
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C coating ZnO coatingPristine

Figure D.1: Transmission electron microscopy (TEM) images of the different LiFePO4

particle edges. For the carbon and ZnO coated samples, we observe a
3-5 nm thick coating layer.
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Figure D.2: X-ray diffraction patterns and Rietveld refinement of a) the Pristine
LiFePO4 (LFP) nanoparticles, b) the ZnO coated LFP nanoparticles,
and c) the carbon coated LFP particles. d) Lattice constants and Pear-
son R value obtained from the Rietveld refinement. While the ZnO coated
and pristine LFP samples have practically the same lattice constant, the
carbon coating has a slightly enhanced lattice volume indicative for a
small tensile stress due to Fe-C coordination. All LFP samples have
been structurally refined in the Pnma space group with isotropic Debye-
Waller factors. No texture refinement was necessary. The background
change in the Pristine sample (a) is due to an additional air scattering
contribution.
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Figure D.3: Fourier transform infrared spectroscopy (FTIR) spectra of the P-O
bonds. There is no visible difference in the spectra indicating a sim-
ilar environment around the P-O bonds. Especially the broad peak at
∼980 cm-1 does not change between the samples, suggesting no difference
in the antisite defect concentration [158]

.

171



Appendix D Supporting Information to Part V

2
n
d
 D

er
iv

at
iv

e 
A
b
so

rp
ti
on

 v
s.

 E
n
er

g
y 

(a
.u

.)

Energy (eV)
2 3 4 5 6

3.4eV
ZnO band gap

Li Fe O Zn

Within Slab 
Pristine

Surface
Pristine

Surface
ZnO Layer

Carbon 
Coating

ZnO 
Coating

Pristine

a b c d

E
n
er

g
y 

(e
V
)

*

*

*

0

1

2

3

-1

-2

-3
Spin Spin 

*

*

Spin Spin Spin Spin 

ZnO away
from Slab

Spin Spin 

Element decomposed energy levels (-)

e

4eV 4eV 4eV 3.5eV 3.4eV

Figure D.4: Comparison of a) the derivative analysis of the ultraviolet (UV) spectra
of the LiFePO4 (LFP) nanoparticles samples with b-e) their calculated
energy states. All UV spectra show a distinct peak at 4 eV (grey star)
that overlaps very well with the literature value for LFP[235] and the
DFT simulations (see Figure D.8) (grey transition in b-d)). In the
carbon-coated sample, no peak is observed before hence suggesting no
other transition above 2 eV. In the ZnO coated sample, a second equally
strong peak is observed at 3.4 eV (red star) fitting very well to the re-
ported values of the ZnO band gap[129] and with the electronic structure
calculations (see textbfFigure D.10) of the ZnO layer away from the slab
(red transition in e)). The pristine sample has a broad additional peak
at 3.5 eV (blue star) that might arise from surface states (blue transition
in d)). Both ZnO and pristine show two transitions between 2 and 3 eV
that likely arise either from defect states or impurities (note the grey
color of the powder samples). Note, that the transitions marked in b-e)
are not the exact band gap values reported in textbfFigures D.8-D.10 but
the transitions found in the UV spectra.
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Figure D.5: Comparison of the valence band energies measured by x-ray photoemis-
sion spectroscopy (XPS) of the coated LiFePO4 (LFP) samples with the
calculated partial electronic density of states. In all samples, the con-
tributions of the elements are stacked on top of each other to compare
the overall shape of the XPS curve. A high overlap between measured
and calculated energy density of states is found for all samples. Partic-
ularly in the binding energy range between 0 to 20 eV, the XPS peak
fine structure is well characterized (see triple peak in a) and b), where
the additional Zn states cause a peak at 10 eV to rise above the first
peak at ∼5 eV). Note that 0 eV is not well defined in XPS. As a result,
all calculated energy levels have been shifted to fit the first XPS peaks
at 2 eV. Furthermore, the peak intensity between DFT simulation and
measurement can differ due to the x-ray scattering cross section and the
normalization of the smoothened, calculated electron density of states.
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D.2 Muon spin spectroscopy analysis: Fitting

Approach

Due to the large gyromagnetic ratio of µ+ it is possible to decouple ion

motion of Li from paramagnetic fluctuations that origin from the transi-

tion metal nuclei (e.g., Fe) [179, 229]. In LiFePO4 (LFP), the positively

charged antimuon stops close to Oxygen atoms at two different sites close

to the Fe an Li cations. Muons can only stop in the coating layers. In

both the ZnO and C coating, however, we do not expect other contribu-

tion than added background since i) there are no mobile ions within the

coating (see main text) and ii) both the Zn-µ+ and C- µ+ couplings are

weak.

Antimuons can also interact with charges and cause local Jahn-Teller

distortions [47, 48]. However, as Fe3+/Fe2+ atoms are in high-spin d5/d6

configuration [7, 235], the Jahn-Teller effect will be weak and we can ex-

pect any antimuon-induced changes in the lattice structure to be small.

To fit the antimuon spin polarization of the pristine and ZnO termi-

nated LFP samples as a function of different applied longitudinal fields,

we include contributions from the sample holder, a fast electronic com-

ponent that accounts for the interactions between the antimuon and

unpaired Fe electrons, and a dynamic nuclear spin contribution,

A0P (t) = ABG +AF e−λF t +AKT1G(H,∆KT1, νKT1, t)e
−λKT t (D.2)

where Ai are maximal asymmetries, λF is the field depolarization rate,

G are Gaussian dynamic Kubo-Toyabe functions [94], H is the applied

field, ∆ the nuclear dipolar field distribution width, and ν the field fluc-

tuation rate. The longitudinal field spectra are fitted together for one

given temperature and sample. The fits obtained in this manner give

sufficient accuracy (see Figure D.6). Especially at high temperature

where an onset of lattice dynamics is expected, the fit of the zero field

polarization is able to represent the entire time window while at lower

temperatures the polarization is slightly overestimated after 8µs. The
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detailed fits of the carbon coated LiFePO4 nanoparticle sample are part

of the study shown in Part 4.
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Figure D.6: Antimuon spin polarization of a-c) the pristine and d-f) the ZnO coated
LiFePO4 (LFP) nanoparticle samples at different longitudinal fields and
different temperatures. Except at 150 K where the zero field (0 G) polar-
ization is slightly overestimated after 8µs (a,d), a very good agreement
between experiment and fit is found. g-h) Antimuon spin polarization
curves of the carbon coated LFP samples. Due to a magnetic impurity
the shape of the polarization drops faster and an additional Kubo-Toyabe
term is necessary. For a detailed discussion about the fitting approach of
the data, see Part 4.
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D.3 Muon spin spectroscopy: Validation of

fitting parameters

Figure D.7 summarizes the parameters obtained using the fits described

above. As described in the main text, the field fluctuation (Figure

D.7a) i.e. the Li hopping rate remains relatively constant for both the

pristine and the ZnO coated LiFePO4 samples while the Li ion hopping

increases exponentially for the carbon coating. This is in accordance to

the changes of the field distribution width ∆ as a function of temperature

(Figure D.7b). In all samples we observe a characteristic decrease of ∆

with increasing temperature that is distinctive for a motional narrowing

process [179]. However, the motional narrowing is much stronger for the

carbon coated LiFePO4 sample, suggesting a faster atomic motion at

elevated temperature. Note that this is also the case for the impurity

phases that can cause an increase of the overall field distribution width

at low temperature [21].

The normalized asymmetry
AKT/BG

AKT +ABG
provides an estimate of an-

timuons stopping positions and their experiences forces. Therefore, the

temperature dependence of the normalized asymmetry can be descriptive

for structural changes e.g. a magnetic transitions or a phase separation.

(Figure D.7c) summarizes the normalized asymmetries obtained for the

LiFePO4 nanoparticle samples. For pristine LiFePO4 we observe a tem-

perature independent behaviour of the normalized asymmetry thereby

agreeing to earlier studies where magnetic contributions of the LiFePO4

are expected to be temperature independent between 100 K and 400 K

[181]. In ZnO coated LiFePO4, however, the paramagnetic fast contri-

bution is not constant anymore, converging to the values found in the

pristine sample with increasing temperatures. Such a behaviour can only

be explained with a weak magnetic impurity that reduces its influence

with increasing temperature, similar to the impurity found in the car-

bon coated sample [21]. Indeed, magnetic susceptibility measurements

(Figure D.8) suggest a magnetic impurity in the ZnO coated LiFePO4

sample that, contrasting from the carbon coated sample, contains a tem-

perature dependent magnetic contribution that with higher temperature
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becomes very small. This suggests that a magnetic impurity is formed

(e.g. Fe doped ZnO [172]). This is further supported by the fact that no

second dynamic spin relaxation term is needed to fit the antimuon spin

polarization curves hence suggesting a rigid oxide lattice that does not

contain lithium.

Overall, we observe that, apart from a magnetic oxide impurity, the

dynamics and muon spin spectroscopy analysis of the pristine and the

ZnO coated LiFePO4 nanoparticles are analogous. In contrast, the car-

bon coated LiFePO4 sample shows strongly enhanced dynamics not only

in the Li ion hopping rate but also in the field distribution width.
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Figure D.7: Resulting parameters obtained from the muon spin spectroscopy fits with
the temperature dependence of a) Field fluctuation rate (i.e. Li ion hop-
ping rate [179]), b) the field distribution width, and c) the normalized
asymmetry. The parameters obtained for the carbon coating are based
on fits described in Part 4
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Figure D.8: a) Magnetic susceptibility of the LiFePO4 nanoparticle samples. While
the pristine LiFePO4 particles behave as reported in other works
[181, 235], the ZnO and carbon coated LiFePO4 samples have a strongly
enhanced magnetic susceptibility, suggesting a magnetic impurity. In the
case of the carbon termination, this magnetic impurity is temperature-
independent throughout the measuring range. In the case of the ZnO
coating, the susceptibility drops significantly from a high level similar to
the C coating towards the susceptibility of the pristine sample as it would
be characteristic for a weakly magnetic impurity. b) The inverse suscep-
tibility whose slope is a measure of the number of unpaired electrons in
the material. Above the antiferromagnetic transition at 50 K, both the
carbon coated and pristine LiFePO4 samples have a constant slope that
is characteristic for paramagnetic materials. The inverse susceptibility of
the ZnO terminated sample, however, is curved which would suggest a
magnetic. Note that the slope of the ZnO coating is converging towards
the slope of the pristine sample further confirming this hypothesis.
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Figure D.9: Image of the pristine LiFePO4 slab and the defined layers for the elec-
tronic characterization. We split the slab into five regions: two surface
regions and three inner regions. For all of those regions we obtain an
energy level diagram. By summing all of the energy states of the inner
regions, we obtain a partial electronic density of states (PEDOS) of the
bulk of the slab. Note that, for reasons of clarity, contributions to the
energy levels are normalized to one. No such normalization is performed
in the PEDOS calculation. Instead, the PEDOS is smoothened over
0.15 eV, leading to a decrease of the band gap compared to the energy
levels.
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Figure D.10: Image of the C coated slab and the defined layers for the electronic
characterization. We split the slab into five regions: two surface regions
and three inner regions. For all of those regions we obtain an energy
level diagram. By summing all of the energy states of the inner region,
we obtain a partial electronic density of states (PEDOS) of the bulk of
the slab. Note that, for reasons of clarity, contributions to the energy
levels are normalized to one. No such normalization is performed in the
PEDOS calculation.
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Figure D.11: Schematic drawing of the ZnO coated slab and the defined layers for
the electronic characterization. We split the slab into six regions: one
LiFePO4 (LFP) surface region, three inner LFP regions, one region at
the LFP-ZnO interface and one pure ZnO region. For all of those regions
we obtain an energy level diagram. Note that for reasons of visibility,
contributions to the energy levels are normalized to one. Furthermore,
the band gap within the LFP slab is constantly reduced with increasing
distance from the ZnO coating. We assume that this is due to the
electronic dipole induced by the ZnO termination[24].
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Figure D.12: Lithium trajectory during the ab initio molecular dynamics simulations
at a cryostat temperature of 1000 K a) at the pristine slab surface, b)
within the pristine slab c) at the ZnO terminated slab, and d) at carbon
terminated slab. During the simulation all atoms were set free to move
during the simulation. Following the initial Li position (depicted as large
Li atom), Li positions (small yellow points) are updated after every 5 fs.
For reasons of clarity, only the trajectory of the lithium atoms is shown.
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ab initio molecular dynamics simulation is performed at 1000 K with all
atoms except Li fixed to their 0 K equilibrium position. b) Density of
Li vibrational states obtained in a Pinball model. As found in earlier
studies[23, 182], all vibrations occur in an energy range of 10 to 90 meV.
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Figure D.14: Atom decomposed mean squared displacement (MSD) at a cryostat tem-
perature of 1000 K of a) the pristine LiFePO4 within the slab, b) the
pristine slab at the surface, c) the carbon coated termination, and d)
the ZnO termination. In all situations, the MSD of the host atoms Fe,
P, and O are very similar suggesting a correlation between them. c)
The same can be found for the MSD of the host atoms and carbon. d)
While there is a clear correlation between Zn and the O with the ZnO
layer, there is no visible correlation between the LiFePO4 host atoms
and ZnO.

185



Appendix D Supporting Information to Part V

Pristine within Slab Pristine Surface

ZnO Termination C Termination

0.0

0.2

0.4

0.0

0.6

0.2

0.4

0.6

0.8

1.2

1.4

Li
 A

to
m

 M
ea

n
 S

q
u
ar

e 
D

is
p
la

ce
m

en
t 

(Å
2
)

0.0 2.0 4.0 6.0 8.0

Time (s)
0.0 2.0 4.0 6.0 8.0

Time (s)

0.0 2.0 4.0 6.0 8.0

Time (s)
0.0 2.0 4.0 6.0 8.0

Time (s)

Coating

LiFePO4

Coating

LiFePO4

Coating

LiFePO4

Coating

LiFePO4

Coating

LiFePO4

Coating

LiFePO4

Coating

LiFePO4

Coating

LiFePO4Li
 A

to
m

 M
ea

n
 S

q
u
ar

e 
D

is
p
la

ce
m

en
t 

(Å
2
)

0.0

0.2

0.4

0.0

0.6

0.2

0.4

0.6

0.8

1.2

1.4

a b

c d

Figure D.15: Comparison of the surface diffusion (i.e., the crystallographic a-c plane)
and interface diffusion (i.e., the b axis) contribution to the Li Mean
squared displacement (MSD) with fixed host lattice (Figure D.13).
While there is little change a) within the pristine slab, a small increase of
the surface diffusivity is observed at both b) the pristine and c) the ZnO
terminated surface. By far the strongest increase in surface diffusivity is
found for the d) C coating. In all cases the interface diffusivity remains
similar.
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Figure D.16: Snapshots of the AIMD runs of a) the ZnO terminated LiFePO4 (LFP)
surface and b) the Carbon terminated LFP surface. a) Looking at the
ZnO-LFP interface, only local motion of lithium atoms is observed. Zn
atoms, on the other hand, are more dynamic at the interface. Nonethe-
less, there is no visible correlation between the movements of the Zn
atoms and Fe/Li atoms. b) All carbon atoms coordinate with surface
iron atoms (see Fe-C bonds). This bonds vibrate slowly forward and
backward over the simulated time frame. In parallel, the Li ion atoms
diffuse freely away from the surface towards the second layer of LFP.
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Figure D.17: In Operando x-ray diffraction measurement of the LiFePO4 (LFP)
nanoparticle samples at a cycling rate of 1C. To study the effect of phase
separation, we focus on the (010)/(211) peak. Generally, the same trend
as at a C/10 rate can be observed throughout all LFP samples. The
pristine LFP sample (a) is an exception with a significant portion of the
active material is not taking part in the reaction. We hypothesize that
this is due to the increased cycling rate. Nonetheless, we still observe
the phase separation of LFP during battery charge and a solid solution
behaviour during discharge.
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Figure D.18: Comparison of operando x-ray diffraction spectra for the different
LixFePO4 samples at a state of (dis)charge of 0.5. For the a) pris-
tine and b) C coated LiFePO4 sample, two peaks are visible during
charging, suggesting a phase separation. During discharge, the pristine,
the c) ZnO coated and d) ZnO/C coated LiFePO4 samples show only
one peak, indicative of a solid solution.
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Figure D.19: a) dQ/dV vs voltage plot of the of the differently coated LiFePO4 (LFP)
samples. We find that the voltage peak that occurs at 3.45 V is signif-
icantly broadened in the ZnO/C and ZnO coated LFP samples. b-
c) Electrochemical impedance spectra of electrodes containing b) the
pristine and ZnO coated and c) carbon and carbon/ZnO coated LFP
nanoparticles. The pristine termination and the ZnO coating clearly in-
hibit the conductivity of the electrodes. In contrast, the C and ZnO/C
coated LFP exhibit much smaller resistances with the carbon coating
having a slightly smaller impedance. All electrodes contain 10 wt% car-
bon black and 5 wt% poly(acrylic acid).
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Figure D.20: a-c) EDS STEM images of the ZnO-C coated LiFePO4 (LFP) nanopar-
ticles. We find that Zn and carbon build a coating surrounding the LFP
particles. A comparison of the Fe and Zn signal (a) suggests that the
ZnO coating is forming irregular local defects. d) Rietveld refinement
of the ZnO-C coated LFP nanoparticles. Using a single LFP phase pro-
vides an acceptable fit (Rw = 4.8%).
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summing all of the energy states of the inner region, we
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the bulk of the slab. Note that, for reasons of clarity, con-

tributions to the energy levels are normalized to one. No

such normalization is performed in the PEDOS calculation.181
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K. Miwa, Y. Kondo, M. Månsson, M. Telling, F. C. Coomer, S. P.

Cottrell, T. Sasaki, T. Kobayashi, and J. Sugiyama. Li-ion diffu-

sion in Li intercalated graphite C6Li and C12Li probed by µ+SR.

Physical Chemistry Chemical Physics, 19(29):19058–19066, 2017.

[199] A. Van der Ven, J. Bhattacharya, and A. A. Belak. Understanding

Li Diffusion in Li-Intercalation Compounds. Accounts of chemical

research, 46(5):1216–1225, 2013.

[200] J. VandeVondele and J. Hutter. Gaussian basis sets for accurate

calculations on molecular systems in gas and condensed phases.

The Journal of Chemical Physics, 127(11):114105, 2007.

[201] J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chas-

saing, and J. Hutter. Quickstep: Fast and accurate density

functional calculations using a mixed Gaussian and plane waves

approach. Computer Physics Communications, 167(2):103–128,

2005.

[202] J. Vatamanu, O. Borodin, and G. D. Smith. Molecular Dynamics

Simulation Studies of the Structure of a Mixed Carbonate/LiPF6

243



Bibliography

Electrolyte near Graphite Surface as a Function of Electrode Po-

tential. The Journal of Physical Chemistry C, 116(1):1114–1121,

jan 2012.

[203] T. W. Verhallen, S. Lv, and M. Wagemaker. Operando Neutron

Depth Profiling to Determine the Spatial Distribution of Li in Li-

ion Batteries , 2018.

[204] P. Verma, P. Maire, and P. Novák. A review of the features and

analyses of the solid electrolyte interphase in Li-ion batteries. Elec-

trochimica Acta, 55(22):6332–6341, 2010.

[205] M. Wagemaker, F. M. Mulder, and A. Van der Ven. The Role

of Surface and Interface Energy on Phase Stability of Nanosized

Insertion Compounds. Advanced Materials, 21(25-26):2703–2709,

2009.

[206] C. Wang, Y. Gong, J. Dai, L. Zhang, H. Xie, G. Pastel, B. Liu,

E. Wachsman, H. Wang, and L. Hu. In Situ Neutron Depth Profil-

ing of Lithium Metal–Garnet Interfaces for Solid State Batteries.

Journal of the American Chemical Society, 139(40):14257–14264,

oct 2017.

[207] J. Wang and X. Sun. Understanding and recent development of

carbon coating on LiFePO4 cathode materials for lithium-ion bat-

teries. Energy & Environmental Science, 5(1):5163–5185, 2012.

[208] L. Wang, F. Zhou, Y. Meng, and G. Ceder. First-principles study

of surface properties of LiFePO4: Surface energy, structure, Wulff

shape, and surface redox potential. Physical Review B, 76(16),

2007.

[209] X. Wang, Y. Li, and Y. S. Meng. Cryogenic Electron Microscopy

for Characterizing and Diagnosing Batteries. Joule, 2(11):2225–

2234, 2018.

[210] Y. Wang, D. J. Asunskis, and P. M. A. Sherwood. Iron (II) Phos-

phate (Fe 3 (PO 4 ) 2 by XPS. Surface Science Spectra, 9(1):91–98,

dec 2002.

244



Bibliography

[211] Y. Wang and P. M. A. Sherwood. Iron (III) Phosphate (FePO4)

by XPS. Surface Science Spectra, 9(1):99–105, dec 2002.

[212] Y. Wang, D. Zhang, C. Chang, L. Deng, and K. Huang. Con-

trollable growth of LiFePO4 microplates of (010) and (001) lattice

planes for Li ion batteries: A case of the growth manner on the Li

ion diffusion coefficient and electrochemical performance. Materi-

als Chemistry and Physics, 148(3):933–939, 2014.

[213] Z. Wang, D. Santhanagopalan, W. Zhang, F. Wang, H. L. Xin,

K. He, J. Li, N. Dudney, and Y. S. Meng. In Situ STEM-EELS

Observation of Nanoscale Interfacial Phenomena in All-Solid-State

Batteries. Nano Letters, 16(6):3760–3767, jun 2016.

[214] M. Wilkening, V. Epp, A. Feldhoff, and P. Heitjans. Tuning the

Li Diffusivity of Poor Ionic Conductors by Mechanical Treatment:

High Li Conductivity of Strongly Defective LiTaO3 Nanoparti-

cles. The Journal of Physical Chemistry C, 112(25):9291–9300,

jun 2008.

[215] J. M. Wilkinson and S. J. Blundell. Information and decoherence

in a muon-fluorine coupled system. Phys. Rev. Lett., 125:087201,

Aug 2020.

[216] B. Winiarski. Plasma FIB Spin Milling Accelerates Battery Re-

search. Microscopy and Microanalysis, 26(S2):2226–2227, 2020.

[217] M. Winter. The Solid Electrolyte Interphase – The Most Important

and the Least Understood Solid Electrolyte in Rechargeable Li

Batteries. Zeitschrift für Physikalische Chemie, 223(10-11):1395–

1406, dec 2009.

[218] M. Winter, B. Barnett, and K. Xu. Before Li Ion Batteries. Chem-

ical Reviews, 118(23):11433–11456, dec 2018.

[219] J. Woerle, T. Prokscha, and U. Grossner. Low-Energy Muons as a

Tool for a Depth-Resolved Analysis of the SiO2/4H-SiC Interface.

Materials Science Forum, 1004:581–586, 2020.

245



Bibliography

[220] V. Wood. X-ray tomography for battery research and development.

Nature Reviews Materials, 3(9):293–295, 2018.

[221] F. Wu and N. Yao. Advances in sealed liquid cells for in-situ TEM

electrochemial investigation of lithium-ion battery. Nano Energy,

11:196–210, 2015.

[222] J. Wu, Q. Li, S. Sallis, Z. Zhuo, W. E. Gent, W. C. Chueh, S. Yan,

Y.-d. Chuang, and W. Yang. Fingerprint Oxygen Redox Reactions

in Batteries through High-Efficiency Mapping of Resonant Inelas-

tic X-ray Scattering. Condensed Matter, 4(1):5, 2019.

[223] O. Xiuqin, P. Lin, G. Haichen, W. Yichen, and L. Jianwei.

Temperature-dependent crystallinity and morphology of LiFePO4

prepared by hydrothermal synthesis. Journal of Materials Chem-

istry, 22(18):9064, 2012.

[224] P. Yan, J. Zheng, J. Zheng, Z. Wang, G. Teng, S. Kuppan, J. Xiao,

G. Chen, F. Pan, J.-G. Zhang, and C.-M. Wang. Ni and Co Segre-

gations on Selective Surface Facets and Rational Design of Layered

Lithium Transition-Metal Oxide Cathodes. Advanced Energy Ma-

terials, 6(9):1502455, may 2016.

[225] H. Yang, C. N. Savory, B. J. Morgan, D. O. Scanlon, J. M. Skelton,

and A. Walsh. Chemical Trends in the Lattice Thermal Conduc-

tivity of Li(Ni, Mn, Co)O2 (NMC) Battery Cathodes. Chemistry

of Materials, 32(17):7542–7550, sep 2020.

[226] J. Yang and J. S. Tse. Li Ion Diffusion Mechanisms in LiFePO4:

An ab Initio Molecular Dynamics Study. The Journal of Physical

Chemistry A, 115(45):13045–13049, 2011.

[227] S. Yang, X. Zhou, J. Zhang, and Z. Liu. Morphology-

controlled solvothermal synthesis of LiFePO4 as a cathode ma-

terial for lithium-ion batteries. Journal of Materials Chemistry,

20(37):8086, 2010.

[228] K. P. C. Yao, J. S. Okasinski, K. Kalaga, I. A. Shkrob, and

D. P. Abraham. Quantifying lithium concentration gradients in the

246



Bibliography

graphite electrode of Li-ion cells using operando energy dispersive

X-ray diffraction. Energy & Environmental Science, 12(2):656–

665, 2019.

[229] A. Yaouanc and P. Dalmas de Réotier. Muon Spin Rotation, Re-
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