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ABSTRACT 

IN SITU SYNCHROTRON RADIATION INVESTIGATION OF CHARGE 

COMPENSATION AND PHASE EVOLUTION MECHANISMS IN Li2FeSiO4 

ELECTRODES 

 

Zachary Arthur 

University of Guelph, 2019

Advisor(s): 

Professor De-Tong Jiang 

The application of Synchrotron Radiation (SR) based techniques in the field of 

electrochemistry has been facilitated with the development of in situ or in operando 

experimental methods using reliable, consumable, x-ray transparent windows (e.g. 

Kapton®, Mylar®, graphene and silicon nitride).  Specifically, the two most popular SR 

approaches used for in situ electrochemical studies are: (1) x-ray absorption 

spectroscopy (XAS), which is used to infer oxidation state, ligand coordination and bond 

lengths; and (2) x-ray diffraction (XRD), which is used to probe long range 

crystallographic structure [1].  To this end, a combined experimental setup capable of 

near simultaneous XRD and XAS measurements has been constructed at 06ID-1 at the 

Canadian Light Source for in situ studies of secondary batteries [2].  To affirm the utility 

of this experimental setup, one promising cathode material Li2FeSiO4 (LFS, desirable 

for its low cost and high theoretical capacity of 330mAh/g), was selected and the 

characterization of structure-function relationships that define the electrochemical 

performance of LFS were explored.   



 

 

 

 

In Chapter 2 the details of the experimental setup are thoroughly described, 

including ray-tracing and optical considerations for performed near simultaneous 

scattering and absorption experiments.  This experimental setup is used to further 

understand the physicochemical behaviour of LFS.  In Chapter 3, the validity of a solid-

solution model is explored to describe the (de)intercalation processes in a mixed phase 

LFS cathode material using post-mortem samples [3].  It is found that for the formation 

cycle, this process does indeed follow a solid-solution behaviour, but that crystalline 

phase instabilities lead to a more two-phase behaviour following repeated cycling.  A 

fine-grained study of the one Li extraction (i.e. Li2-xFeSiO4, where x=1) process is 

outlined in Chapter 4, and the charging rate-dependent performance of LFS [4] is 

understood to originate from varied crystal phase stabilities among different charging 

kinetics.  During the in situ studies outlined in Chapter 4, a subsequent phenomenon 

involving the spontaneous formation of a surface electrolyte interphase layer was 

identified.  As well, the apparent restoration of Li+ was observed following a charge-

discharge cycle, and is detailed in Chapter 5 [5].   
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1 ELECTROCHEMICAL INSIGHTS FROM SYNCHROTRON 
RADIATION METHODS 

1.1 The Importance of Electrochemical Energy Storage 

Technologies which are focused on using chemical potential for the storage of 

energy are an increasingly important part of modern society.  As a result, there is a near 

global research effort (into primary and secondary batteries, fuel cells and pseudo-

capacitors [6]) which seeks to provide efficient, portable, and on-demand power [7] to 

fuel a present-day technological renaissance.   

The most widely commercialized of the chemical potential energy storage methods 

are secondary batteries; a fact which can be attributed to the success of Sony’s 

introduction of the first commercial Li-ion battery in the early ‘90s [8].  The primary 

battery, i.e. a non-rechargeable battery, was first discovered at the end of the 

eighteenth century resulting from a disagreement between two Italian scientists, Luigi 

Galvani and Alessandro Volta [9].  The former had discovered that frog’s legs, when 

touched by two different metals, twitched.  He attributed the finding to the generation of 

electricity by the frog itself [10].  Volta, however, disagreed with this description and 

demonstrated the production of electricity using two different metals separated by cloth 

and submerged in a salt solution and in doing so creating the first reported battery cell 

[9, 11].  Secondary batteries were discovered soon after in 1859, by Gaston Planté, in 

the form of the lead-acid battery which was followed shortly by the discovery of nickel-

cadmium batteries by Waldmar Junger in 1901 [9].  
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The leaders in scientific innovation around the turn of the century were primarily 

focused on technological developments that centred on direct energy production using 

fossil fuels.  The early battery designs were co-opted to assist other technologies, e.g. 

for the initial spark of a combustion engine, and were generally used for low power 

tasks.  Innovation in chemical energy storage technologies stagnated as a result [12] 

until the late 1960s [9].  The renewed interest in battery technology was born out of 

technological problems related to: (1) the need for high-voltage implantable batteries for 

medical advancements, (2) an interest in high-power sources for military purposes and 

(3) the explosion of the consumer electronics market [9].  As it happens, the solution to 

the first problem, i.e. the production of the first Li primary battery cell for use in medical 

implants in 1972, led the way for advancements in overcoming the latter two problems.   

It is perhaps not surprising that at the precipice of the 1970’s oil crises,  the U.S. 

military was looking for high-power energy sources [12].  This, combined with the 

success of Li primary batteries, meant that in 1972 Exxon started developing Li-ion 

intercalation batteries using a TiS2 cathode [13].  However, “in spite of the impeccable 

operation of the positive electrode, the system was not viable” [7].  The failure in the 

TiS2 Li-ion intercalation battery was from dendritic growth of the Li metal anode upon 

repeated cycling which would eventually cause the electrochemical cell to short circuit.  

Dendritic growth of this nature is relatively common and remediated using graphitic 

carbon anodes, and microporous polymer separators that are used in commercial cells 

today.  Near the end of the 1970s, cathodes based on Li bearing oxides, coupled with 

carbon anodes (assembled in a discharged state), had superseded the heavier 
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chalcogenide based batteries (such as the one developed by Exxon).  The success of Li 

bearing oxides was the result of work done primarily by Goodenough; specifically, his 

proposal of the LixMO2 (M = transition metal) family of cathode materials laid the 

groundwork for the family of successful cathodes commercialized in the ‘90s and early 

2000s [14].  This “Li-ion” battery paradigm enabled true mobile computing, smart 

phones, and similar portable electronic advances throughout the first decade of the 21st 

century.   

In recent years, the impetus for improving upon current electrochemical energy 

storage technology has come from environmental concerns over fossil fuel 

consumption, where “pollution arising from fossil fuel combustion has had a devastating 

impact on human health and the natural environment” [6].  In the last decade, improved 

battery performance has been recognized as a requisite component of developing an 

environmentally sustainable economy.   Research on advanced secondary battery 

technologies will often tout one of two applications, those are: the production of zero-

emission transportation mechanisms (e.g. electric vehicles) [15-17], and stabilizing the 

power output of electricity grids which primarily use renewable energy sources (e.g. 

wind and solar power) [18-21]. 

Looking back on these last two centuries, following the creation of the first 

electrochemical battery cell, it is noteworthy that the ebb and flow of advancements in 

chemical energy storage have been seemingly tied to the success and societal 

perception of a fossil fuel based economy.  In the last forty-eight years, flow in 
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development of Li secondary battery technologies has been unparalleled.  With 

environmental concern currently driving innovation, new Li-ion secondary batteries have 

stringent constraints on their design; in particular they: (1) must be high power for 

integration into green energy grids, (2) must be composed of low-toxicity materials, and 

(3) should make use of earth abundant materials as exclusively as possible.  These 

environmentally imposed stipulations must be met while maintaining the good cycle-

ability, safety and large gravimetric capacities that are requisite with any secondary 

battery technology. 

The task of designing the next generation of Li-ion secondary batteries is no 

small undertaking.  Most research today can be categorized bijectively with the three 

main battery components, i.e. the anode, cathode and electrolyte.  Of these categories 

the bulk of research, following Goodenough’s contributions in the 1980’s, has focused 

on the synthesis of new effective intercalation cathode materials [21].  While much 

important work has been done in improving electrolyte functionality and safety, as well 

as on the improvement of anodic electrode stability and electronegativity, these topics 

will remain periphery to the discussion going forward.   The focus of this work is on the 

characterization of cathode materials.  Specifically, the understanding of intercalation 

cathode material performance as a function of atomic- and meso-scale structure is 

crucial for improving battery capacity, cycle ability and on-demand power.  An arsenal of 

techniques native to the materials engineering field are available to develop this 

understanding and a near endless variety of cathode materials could be investigated.    
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In the following two sections I will further narrow the scope of study in outlining 

the materials characterization tools that will be used and I will discuss a particular family 

of cathode material used for this work.  The primary tools used in this investigation rely 

upon synchrotron radiation sources and are ones that have been improved and/or built 

for the primary purpose of facilitating the understanding of battery electrode 

performance, in general.  The scientific case for needing these tools will be discussed in 

Section 1.2.  The cathode materials investigated in this work are a part of a very 

promising family of intercalation cathode materials, described in Section 1.3, and were 

selected as part of a collaborative research effort between groups from the University of 

Guelph, McGill University and Institut de recherche d’Hydro-Québec.  These cathode 

materials will be used herein as a case study to verify the operation and effectiveness of 

the synchrotron based material characterization tools for understanding the 

physicochemical underpinnings of electrode performance.        

1.2 Synchrotron Radiation Methods for Intercalation Electrodes 

The principles of operation in the first intercalation cathode based batteries, 

introduced in the 1980s by Goodenough, and later commercialized by Sony, have not 

changed significantly in the decades since.  A cartoon depiction of one such Li-ion 

insertion/extraction based battery is shown in Figure 1-1.  The basic device consists of 

an anode of graphitic carbon on a copper foil current collector and a cathode comprised 

of a lithium-rich layered material (e.g. olivine structured LiFePO4) on an aluminium foil 

current collector.  Both the cathode and anode are immersed in an electrolyte solution 

and are separated by a porous polymer membrane.  Up until this point, the configuration 
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described is much the same as a standard galvanostatic cell, i.e. both rely on redox 

reactions at the electrode interfaces with the electrolyte that are accompanied by the 

diffusion of Li ions within the electrolyte.  However, in the case of an intercalation 

(secondary) battery this electrode interface is not consumed as the reaction continues.  

Instead, there is a solid-state mass diffusion of Li within the electrode’s atomic structure 

that reaches the electrolyte interface.  This process causes both chemical changes and 

lattice expansion / contraction of the electrodes to occur during operation of the battery 

cell.   

Figure 1-1 shows a schematic of Li+ migration that takes place during the 

charging portion of the cycle in a secondary battery.  On assembly, the layered cathode 

is full of Li and the battery is in the discharged state.  During the first charge and 

discharge (often referred to as the formation cycle) there are irreversible structural 

changes that occur as a consequence of the inaugural extraction / insertion processes.  

There is also a loss of Li content, during this initial battery cycle, owing to the formation 

of passivating films on the electrodes [22].  These processes occur within the 

electrochemical closed system, and are deterministic in the subsequent performance of 

the battery cell.  As a result, a barrage of material characterization methods applied 

both in situ and ex situ have been used in the last three decades to better understand 

these structural-electrochemical phenomena during their formation cycle and their 

effects on battery performance.  A (non-exhaustive) list of techniques that have been 

used for direct structural characterization of electrodes includes: x-ray diffraction, 

neutron diffraction, infrared and raman spectroscopy, electron microscopy methods 
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(TEM and SEM), nuclear magnetic resonance measurements (NMR), x-ray absorption 

spectroscopy (XAS), x-ray photoelectron spectroscopy (XPS), and scanning 

transmission x-ray microscopy (STXM).  From this list of characterization methods, the 

x-ray based techniques are the most common in battery research.  In large part, this is 

due to the fact that x-ray methods are non-invasive and widely available.  Electron 

microscopy methods, e.g. SEM, TEM, SAED, etc. are routinely used to complement x-

ray based techniques; they offer high spatial resolution and are often used in the 

determination of synthesized cathode morphology and composition.  However, the in 

vacuo requirement and high risk of electron beam damage can limit the utility of these 

methods as the sole characterization methodology [23].   

Synchrotron Radiation (SR) based x-ray methods have proven themselves to be 

powerful tools in investigating energy materials at different length scales [15].  Though 

the importance and convenience of home lab-based equipment cannot be repudiated, 

the unparalleled brilliance, flux and tune-ability of SR sources is necessary for 

characterization of materials in a minimally invasive, and high resolution (either 

temporal or physical) manner.  The penetrating power of hard x-rays make them 

particularly useful for probing electrode material structure, as they are well suited to in 

operando or in situ measurements of electrochemical cells.  The two hard x-ray SR-

based methods that are used most often in energy materials research are the well-

established powder diffraction and absorption spectroscopy techniques.  Both 

synchrotron radiation based XRD and XAS measurements have been applied to battery 
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material research efforts since the establishment of 2nd generation synchrotrons in the 

1980s [24, 25].  

  

Figure 1-1 Schematic of a modern non-aqueous Li-ion intercalation cathode based 
electrochemical cell; (right) partially lithiated graphitic carbon anode material on a Cu current 
collector; (left) partially delithiated intercalation cathode on an Al current collector; (middle) semi-
porous polymer separator.  The cartoon is shown in a configuration with the current polarity in 
charging mode; the blue background is representative of the electrolyte, typically composed of Li 
salt in an organic solvent.   

 

Powder x-ray diffraction offers long range structural information about electrode 

materials and is used to monitor crystal lattice expansion or contraction, and the 

complete phase changes that are liable to occur during cycling of an electrochemical 

cell.  X-Ray absorption techniques are based on an atomic resonant phenomenon, and 
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so they offer atomic selectivity.   From an x-ray absorption spectrum, one obtains 

information about the average chemical environment and local atomic structure for a 

specified element within a bulk electrode.  

In the early days of the commercial Li-ion batteries, both x-ray diffraction 

measurements and x-ray absorption measurements were used to understand the 

problem of O2 evolution under heavy delithiation of LiCoO2 [26].  X-Ray diffraction was 

used to identify a phase transition of Li1-xCoO2 from the pristine trigonal phase to a 

monoclinic phase upon delithiation to ca. 𝑥 = 0.5; concomitant with this, the electronic 

structure obtained from x-ray absorption measurements showed drastic change in 

electronic structure [26].  The analysis at that point ceased, but it is now known that as 

this crystal transition takes place, the cation 3d orbitals of Co match energetically with 

the anion 2p of O [22].  The electronic structural change in Co observed in the x-ray 

absorption spectra of Nakai et al. was representative of itinerant holes which exist within 

the monoclinic phase of Li1-xCoO2 (𝑥 >  0.5), in place of the normal polaronic Co-O 

bond that exists when in the trigonal phase (𝑥 <  0.5) [22].  When these holes become 

trapped at the electrode surface, O2 gas is evolved [22, 27], and eventually this leads to 

combustion of any number of components within the cell.     

Undeniably, the initial understanding of the oxygen evolution mechanism in 

LiCoO2 cathodes came from research methods other than the report by Nakai et al.  

The groundbreaking work in this area was first performed by Dahn et al., characterizing 

O2 evolution in pristine LiCoO2 at elevated temperatures (above 180°C) using 
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calorimetry methods [27, 28].  Nevertheless, it is important to recognize that the x-ray 

measurements performed by Nakai et al. were sensitive to the mechanisms outlined 

above.  Concretely, XAS measurements give insight into the transition metal redox 

process following the crystal phase change confirmed by XRD measurements.  

Moreover, these two synchrotron x-ray techniques are used today to understand the 

similar phenomena in new families of multi-cationic LiMO2 cathode materials [29],  and 

this is but a small fraction of the applications to the battery material research field.  The 

general utility of having both x-ray diffraction and absorption characterization of energy 

materials can be inferred from the absolute ubiquity of these SR based techniques 

being used in the field (a quick Google Scholar search of “battery + synchrotron + 

diffraction + absorption” returns > 3000 results for publications in 2018 alone).     

The access to SR based x-ray techniques is arguably the greatest impedance to 

using these characterization tools.  As available beam time is limited, and the 

competition for facility access is strong, it is paramount that the measurements for these 

methods are expedient as possible.  In the ideal case, both the complementary 

diffraction and absorption measurements could be performed at the same time to probe 

the energy material of interest.  The combination of measurements, in addition to 

economizing on experimental time, has the added benefit of removing systematic 

uncertainties implicit with sample variability.  However, very few beamline facilities 

worldwide can accommodate a dual method (XRD and XAS) experimental setup.  The 

primary reasons for this come from initial beamline design criteria, e.g. a world class x-

ray diffraction beamline needs high flux at high energy, and usually does not require the 
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ability to scan energy continuously; where a hard x-ray absorption beamline requires 

high flux at (generally) lower energies (5-15 keV) and requires mechanical and thermal 

stability of their monochromator while scanning the incident energy.  Fortunately, the 

06ID-1 beamline at the Canadian Light Source was designed to accommodate both 

experimental criteria from its inception [30] (although the techniques have been isolated 

on different end-stations, historically).  To increase sample throughput and to reduce the 

systematic uncertainties owing to sample variability, I designed and constructed a 

combined XRD and XAS experimental setup at 06ID-1 for use by the general user 

community with battery material research in mind.  The details of the experimental 

design and its performance are discussed in Chapter 2.  In the subsequent three 

chapters the function and utility of the combined experimental setup will be 

demonstrated.  The application of combined XRD and XAS measurements to a specific 

cathode complex which has garnered a lot of research attention in recent years, namely 

lithium iron silicate (LFS), has been used throughout as a flagship for validating and 

improving upon the experimental setup.  The interest in lithium iron silicates is motivated 

in the following section (1.3).    

The merits of performing in operando or in situ measurements over those 

performed ex situ, I take axiomatically, and have alluded to this fact throughout the 

entirety of this work.  Though, in the context of available research time at synchrotron 

facilities, one must be pragmatic: i.e. reliable research can be performed ex situ, and 

the measurements are certainly expedient.  To this end, the design of the experimental 

setup can accommodate both regimes of operation and is rather flexible in this regard.  
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Improvements in standardizing the sample mounting (crucial for XRD) and the ability to 

move between different sample types (in situ cells, ex situ materials) is discussed in 

Chapter 6.     

1.3 Lithium Metal Polyoxyanion Cathode Materials  

The motivation for interest in polyoxyanionic cathode materials can be found in 

returning to our historic example of LiCoO2 once more.  Following the understanding of 

the oxygen evolution in lithium cobalt oxide (LCO) cathode materials in the late ‘90s, 

Goodenough had already started the patent process for a family of secondary battery 

cathode materials based on ordered-olivine structures that incorporate a (PO4)3- 

polyanion [31].  From these patented materials, LiFePO4 (LFP) cathodes have been the 

most exhaustively investigated and are widely, commercially available today.  The 

properties of the LFP family of cathode materials that make it a commercial success 

are, in general, common to all cathode material frameworks that incorporate polyanions 

(e.g. (SO4)2-, (SiO4)4-, (MoO4)2-, (AsO4)3-, et cetera).  For the purpose of this discussion, 

however, the focus will remain on LFP because the system has been well 

characterized.   

In the standard Pmna crystal structure of LiFePO4 (used in commercial cells), the 

tightly bound PO4 tetrahedral connects layers of Fe-O octahedral sheets of LFP (Figure 

1-2).   The presence of P creates competition for the O bonding with Fe.  This 

competition stabilizes oxygen within the crystal lattice when the localized Fe sites 

compensate for charge lost during the deintercalation process.  Ultimately, it is this 
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stabilization from P that prevents O2 evolution from the occurring under electrochemical 

cycling, or under elevated temperatures [32].   

In addition to the increased safety of operation, the cost of synthesizing LiFePO4 

is much less than LiCoO4.  The cost reduction is both fiscal and environmental, due to 

the fact that Fe has higher earth abundance than Co, and LiFePO4 itself has very low 

toxicity. (Anecdotally, I once saw a director at IREQ lick a sheet of LiFePO4 to 

underscore this point.)  The ability to use Fe3+/Fe2+ as useful redox couple vs. a Li 

anode, is also connected to the presence of the counter-cation P within the material.  

The so called ‘inductive effect’ whereby the energy level of the transition metal 3d 

orbitals is forced lower by the presence of the competing covalent bonds with O;  this 

tunes the redox energy associated with the transition metal site [32].  The net effect of 

this tuning being an increase in chemical potential available when coupled with a 

standard C or Li anode.  Therefore, the overall voltage output from polyoxyanionic 

cathode based Li-ion battery cells is higher than those cells using metal oxide cathodes.  
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Figure 1-2 Crystal structure of LiFePO4, the most widely commercialized polyanionic cathode 
material.  Colour scheme is as follows: Fe – brown, Li – green, PO4 – grey tetrahedral.  The Li 
intercalation sites allow for 1-dimensional ionic flow (out of the page).  The PO4 – Fe chains form 
the backbone of the crystal structure causing the lattice volume to change very little upon 
delithiation.  Structure taken from the P-XRD refinement data of Dong et al. [33].   

 

Using LiFePO4 as the exemplar for polyoxyanionic cathode materials, it is clear that 

such materials have the advantage of being safe to operate, affordable to manufacture, 

and can offer higher voltages than lithium metal oxide cathodes.  The main challenge 

inherent with polyoxyanionic cathode materials is also well established: these materials, 

in general, have very poor electrical conductivity.  This means that it can be difficult to 

achieve the power requirements necessary for transportation and power grid 

applications using these materials.   The conductivity problem has been widely 

mitigated for LiFePO4 by controlling morphology and these methods will be discussed in 

Chapter 2 and 3, as they pertain to the family of polyoxyanionic cathode materials used 

in this work, i.e. the lithium iron silicates.   
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2 COMBINED XANES and XRD EXPERIMENTAL SETUP AND 
THE SHOWCASE BATTERY SYSTEM 

2.1 Introduction 

In the following sections you will find the experimental methods relevant to the 

three chapters preceding.  The synthesis method, outlined in 2.2.1, which was used to 

prepare Li2FeSiO4 cathodes has a large bearing on the performance of the battery cell.  

The morphology and phase composition of the LFS cathodes, used for testing the utility 

of the combined XANES and XRD experimental setup, are detailed in 2.3.1.  The 

sample preparation procedures, i.e. the in situ battery cell assembly and post mortem 

cathode protocol are given in 2.2.3 and 2.2.4 respectively.  Section 2.3 covers the 

particulars of the experimental setup for the combined XANES and XRD studies at 

06ID-1 at the Canadian Light Source.  Therein the systematic uncertainty is considered 

for both x-ray absorption and diffraction in the context of the experimental design 

choices (2.3.2 and 2.3.3 respectively).  Following this, the performance of the overall x-

ray optical configuration is described in 2.3.4.  In addition to the experimental setup at 

06ID-1, there are many complementary SR-based techniques that are available.   

Though these techniques are not the focus of this work, some supporting evidence in 

determining structure-function relationships within LFS have been further illuminated 

using soft x-ray approaches.  These methods are detailed in Section 2.4, and include 

soft x-ray absorption (2.4.1) and soft x-ray transmission microscopy (2.4.2).   
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2.2 Synthesis and Sample Preparation 

“[T]he volumetric energy density [of Li-ion batteries] has been increased mainly 

by cell engineering; and sophisticated cell engineering, including the ability of the 

synthetic chemist to control the size and morphology of the active particles as well as 

the architecture of the current collectors, has almost reached its limits” [22]. 

2.2.1 Lithium Iron Silicate Cathode 

The Li2FeSiO4 cathode materials were prepared at McGill (by Dr. Xia Lu and Dr. 

Hsien-Chieh Chiu) using a novel organic assisted hydrothermal-annealing synthesis 

method [4].  Stoichiometric amounts of silicate, iron nitrate, and lithium acetate were 

added to 70ml of de-ionized water.  Ethylene glycol (3.75ml, Sigma-Aldrich, 99.8% 

anhydrous) and ethylene naphthalate (3.75 mL, Sigma-Aldrich, 99.5%) were then added 

to the solution.  The pH of the solution was adjusted to 10 where it formed a gel 

suspension.  Granulated sugar (sucrose) was added to the suspension and then 

autoclaved (Parr 4567) at 180°C for 3h under continuous stirring.  The added 

granulated sugar gives the final LFS nano-particles a uniform coating of carbon.  The 

resulting slurry from the autoclave was then annealed in a tube furnace (Garbolite GHA) 

under 5% H2 in Ar.  The temperature was raised to 200 °C at a rate of 3°C/min for 2h, 

then up to 400°C for 10h.  Following the annealing, the tube furnace was purged with 

the reducing gas for 1h.  The resulting powder was allowed to cool without assistance.  

The produced carbon coated nano-particles of LFS were collected from the H-Ar vapor 

during the second annealing temperature step-a process which has a typical yield of 

0.015 mol of LFS. 
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Figure 2-1 Cartoon schematic of the home-made silk-screen style squeegee that is used to applied 
the LFS cathode (with binder) to the Al current collector with even thickness.  

 

The functional cathodes are prepared with a loading of ca. 1.763 g of active 

material (LFS nano-particles), mixed with 353 mg of acetylene black and PVDF in a 1:1 

ratio.  NMP was added to the solid mixture to solve the powders into a paste which were 

then cast onto aluminium foil; the paste was mechanically smoothed onto the current 

collector at a height of 0.1 mm using a home-made ‘silk-screening’ style metal 

squeegee (Figure 2-1).  The applied paste was then dried under vacuum overnight.   

2.2.2 Cathode Characterization 

Powder x-ray diffraction (P-XRD) patterns were recorded at McGill using a 

Philips PW1710 powder x-ray diffractometer with Cu K tube source following a 

standard in a 2 sweep from 10-80° at a resolution of 0.02°.  The x-ray diffraction data 

from these studies were refined using the Bruker® supplied software package TOPAS™.  

The scanning electron microscope (Hitachi S-4700 FE-SEM) located at McGill and 

Philips CM200 200 kV transmission electron microscope (TEM) at IREQ were employed 

to study the nanocrystal morphology.  Images were analyzed using the open source 

software package ImageJ [34]. 
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Figure 2-2 shows the, lab-based, Cu K P-XRD pattern for the pristine LFS 

nano-particles employed in this study. The pattern shown here is characteristic of the 

LFS monoclinic phase (the so called m-LFS, P21 structure) with evidence of low 

temperature orthorhombic phase (o-LFS, Pmn21) of LFS visible in the (031) reflection 

(as discussed in Ref. 5).  The morphology of the LFS cathode materials have been 

investigated using SEM and TEM imaging; the SEM images in Figure 2-2 (b) and (c) 

show that the cathode material is composed of agglomerated clusters of primary nano-

particles.  From the TEM imaging (Figure 2-2d) the nano-particles have an average size 

of ca. 50 nm (within the field of view investigated).  The high resolution TEM image of 

one such nano-particle is shown in Figure 2-2e, where the presence of different grain-

boundaries are highlighted (yellow arrows).  The measured d-spacing of 0.532 nm from 

the observed lattice stripe in Figure 2-2e can be indexed to either (010) of the o-LFS 

phases or (110) of the m-LFS phase [3].   Selected Area Electron Diffraction (SAED) 

measurements of the LFS particles corroborate P-XRD patterns as reflections in Figure 

2-2f and can be attributed to either o-LFS or m-LFS phases [3].   From the 

predominately spherical and visually randomized nature of the LFS nano-particles 

(Figure 2-2 (c) and (d)), crystalline texture effects on P-XRD results are expected to be 

limited. 
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Figure 2-2 Structural characterization of the Li2FeSiO4 nano-particles used in this study: (a) P-XRD 
pattern, (b) and (c) SEM images of agglomerated nano-particles, (d) and (e) high-resolution TEM 
images of LFS with spatial information demarcated and (f) SAED pattern from TEM imaging 
indexed using the monoclinic LFS structure. Adapted from ref. [3], Copyright 2016 Elsevier B.V. 

 

2.2.3 In Situ Battery Cell Design 

In order to measure multiple lithium metal silicate cathode variants, in situ using 

synchrotron radiation (SR) based methods, a cost-effective cell was necessary to 

produce.  To this end the chosen design for the electrochemical cell consisted of a 

modified CR2032 coin cell case, a schematic of which is seen in Figure 2-3.  The cell 

casing, as well as current collecting stainless steel discs, were punched to allow for 

transmission of the incoming x-rays.  The entrance hole in the anode side of the casing 

and current collection discs where punched with a 2.8 mm die, while the exit hole in the 

cathode casing was punched with a 4.0 mm die.  This geometrical consideration 
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reduces the (pre)scattered light transmitted through the sample and allows for a wide 

solid-angle of reflections to exit the cell from the cathode side.    

The entrance and exit holes were sealed using two layers of Kapton tape that 

were adhered to the case around the edges of the hole and to each other to form the x-

ray windows.  The use of Kapton for in situ studies has advantages, in that it has low x-

ray attenuation and a diffuse scattering peak.  However, Kapton is also known to be 

problematic for long term cycling, as moisture is able to diffuse through the polymer into 

the cell [35].  In the common use case of having LiPF6 salt as the electrolytic charge 

carrier, any presence of H2O can result in the formation of HF acid with the following 

reaction [36]: 

 𝐿𝑖𝑃𝐹6 + 𝐻2𝑂 → 𝑃𝑂𝐹3 + 2𝐻𝐹 ( 1 ) 

To ensure that this decomposition reaction does not occur, an additional layer of 

silicone based vacuum grease was applied to the outer windows, minimizing diffusion of 

H2O through the polymer windows.  The cells were tested at McGill under normal 

cycling conditions and the resultant voltage profiles were deemed invariant with 

unaltered CR2032 cells. 
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Figure 2-3 Modified CR2032 coin cell, designed for transmission of x-rays for monitoring cathode 
in situ.  From right-to-left: cathode shell with Kapton® window, Al current collector (with LFS 
cathode), separator, Li anode with Cu current collector (not shown), and anode shell with window.  
Picture adapted from ref [5], Copyright 2016 The Royal Society of Chemistry. 

 

These in situ coin cells are assembled in inert atmosphere under Ar.  Using 1M 

of LiPF6 in EC/DMC (1:1 by volume) as the electrolyte, the cells are assembled with the 

prepared LFS cathode (2.2.1) and a Li metal anode, between which resides a 25 m 

PP/PE/PP separator (Celgard® 2325) [5].  The battery cells are cycled galvanostatically 

using an MTI BST8-WA analyzer between the voltages of 1.5 and 4.5 V; cycling rates 

are reported with C being the charge required for one Li extraction (i.e. L2-xFeSiO4, 

where x = 1), which is equal to 165 mAh/g. 

2.2.4 Post-Mortem Samples 

Practically speaking, the availability of beam time dictates that not all studies can 

be performed using the in situ cell described earlier (2.2.3).  In these circumstances ex 

situ samples were prepared using the following method:  The LFS based battery is 
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cycled in a Swagelok-like cell, until the state-of-charge (SOC) of interest is reached. At 

which point, the battery cell is disassembled under Ar atmosphere where cathode flakes 

are removed from the Al current collector and then washed with EC/DMC.  The post-

mortem cathode flake(s) is(are) sealed in a folded piece of Kapton® tape.  Finally, the 

taped sample is heat sealed in an Al lined bag for protection while shipping.   

2.3 Combined XANES and XRD 

“One of the key questions in materials science is to derive macroscopic properties 

from microscopic structure. There are many established techniques to determine 

microscopic structure using visible light, electrons or other scanning probes. However, if 

information on volume properties such as texture and strain in polycrystalline samples 

have to be investigated, the penetration properties of [X]-rays are essential” [37] 

2.3.1 Experimental Setup 

The combined XRD and XANES setup was constructed at 06ID-1 (HXMA) at the 

Canadian Light Source on an optical table at the far end of the experimental hutch 

(POE), ca. 40 m from the source.  This optical table has been typically reserved for P-

XRD measurements and is fitted with a mar345® image plate detector attached to a 

manual slide-rails for upstream/downstream and inboard/outboard alignment.  The 

height of the image plate detector can be adjusted by changing the optical table height.  

A schematic of the experimental setup is presented in Figure 2-4.  The alignment of the 

detector centre to the incoming beam was performed using burn paper on a protective 

Pb detector cover with iterative exposures at 17 keV.  The beam-stop/photo diode (OSI 
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XUV-100) detector was positioned ca. 25 mm upstream from the image plate detector at 

this vertical and horizontal position.  Following this, the JJ X-ray® slits and ion chamber 

were installed and aligned upstream of the detector using burn paper; after which the 

collimator and sample were added and aligned (Figure 2-4).     

 

Figure 2-4 Combined XRD and XANES experimental schematic for the near simultaneous in situ 
measurements of LIB cathode materials.  From right-to-left: piezo fast shutter for controlling XRD 
exposure time; He flight tube to minimize in air scattering; JJ X-ray® slits for aperturing the 
incident beam; ion chamber to monitor incoming flux; pinhole collimator to select on axis parallel 
beam and to reduce scatter from Kapton®; lithium ion battery sample; photo-diode / beamstop for 
monitoring transmitted beam and shielding the image plate detector; the mar345® image plate for 
detection of the Debye-Scherrer rings. Adapted with permission from ref [2], Copyright 2016 IOP 
Publishing.   

 

An approximately 5 m long He beam-pass was constructed using KW40 Al tubing 

between the JJ X-ray® slits and the piezo fast shutter that was sealed with Kapton® on 

the upstream end (Figure 2-4).  Helium gas was flowed at slight over pressure (< 1 𝑝𝑠𝑖) 

from a KW40 T connection with a Swagelok® feedthrough on the upstream end (pre-

shutter in Figure 2-4, not pictured) down to second KW40 tee with a feedthrough 

downstream (between the JJ X-ray® slits and the ion chamber in Figure 2-4, not 

pictured).  The second feedthrough was connected to a needle valve vented to 
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atmosphere and was used to control He gas flow rate.  The 150 mm ion chamber (CLS, 

Figure 2-4) was sealed on the upstream end with Kapton® and connected to an 

independent He gas flow from the upstream through to the collimating aperture.  This 

configuration allows for a gas change in I0, if necessary for the absorption 

measurements (for the Fe K-edge measurements performed in this work a gentle flow 

of He was used).  

The setup shown schematically in Figure 2-4 is specific to the diffraction 

measurements.  The x-ray absorption measurements differ from that shown in Figure 

2-4 only with the addition of Pb protective screen in front of the image plate detector, 

and the addition of a 60 mm ion chamber (ADC 105-0000-1) being placed downstream 

of the sample and upstream from the beam-stop/photo-diode.  

2.3.2 Hard X-Ray Absorption Spectroscopy 

The x-ray absorption measurements were performed in transmission mode using 

a 150 mm plate ion chamber (-700 V bias, He gas flow of ca. 30 ml/s) to monitor the 

incoming beam intensity, Io.  A small, 60 mm (plate), ion chamber from ADC was used 

to measure the transmitted intensity, It (-700 V bias, N2 gas flow of ca. 20 ml/s).  The ion 

chamber current was amplified using low noise current-to-voltage amplifiers (SR570 

Stanford Research Systems).  The amplified signal was converted to a pulse train using 

voltage to frequency converters (Nova N101VTF) and fed into a SiS3820 

scaler/counter.    
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Detector linearity is a requisite condition for high quality x-ray absorption spectra.  

For ion chamber measurements, non-linearity between the two detectors can originate 

from electronics, heterogeneity of the sample, or non-monochromatic light (usually 

owing to higher harmonic contamination).  These non-linearities can be detrimental to 

the x-ray absorption measurement either by skewing the absorption amplitudes (e.g. 

suppressing white-line intensity) or showing a dependence upon incident flux (e.g. not 

normalizing out crystal glitches).  Ensuring a linear response between incident and 

transmitted ion chambers therefore requires: equivalent response from electronics, 

optimized sample homogeneity, and reduction of higher harmonics in the beam.  The 

latter can be established through a 20 - 50% detuning of the second Si crystal in the 

double crystal monochromator in the standard way (see ref. [38]).  The former 

conditions are considered in the discussion that follows.   

For an ideal homogenous sample, the absorption signal is independent of 

sample thickness [39].  In a practical sense, however, no sample preparation is 

homogeneous enough for this to be true and, in any case, the transmission ion chamber 

photon detection requires sufficient photon flux to achieve an adequate signal-to-noise 

ratio (i.e. if the sample is too thick the signal becomes too weak).  For the samples 

under consideration here the homogeneity is quite high, owing to the small particle size 

and the casting method used to make the cathodes in the in situ case (2.2.1).  The Fe 

concentration of the samples varies from 34.5% in the prepared LFS nano-particles to 

27.5% by weight in the working electrode.  The x-ray transmission of a 0.1 mm thick 

LFS (uncycled) cathode diluted with 20% graphitic carbon is only 1% at 7.2 keV.  The 
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transmission here has been calculated using the McMaster tables [40] and an m-LFS 

crystal density of 3.2 g/cm3, following the Beer-Lambert Law for a homogenous sample: 

 𝐼𝑡 = 𝐼𝑜𝑒−𝑥∙∑ 𝑤𝑖𝜎𝑖𝜌𝑖𝑖  , ( 2 ) 

where x is the sample thickness, wi, i and i are the percent weight, total absorption 

cross section and bulk density of the sample constituents, respectively.  The LFS 

cathodes measured in these studies are optically thicker than what is consider optimal, 

i.e. 1-2 absorption lengths or 13-35% transmission [39].  This higher concentrated 

sample loading is required for the electrochemistry to be comparable to the offline 

measurements performed at McGill, and for working with the CR2032 cell.  Therefore, 

optimizing the sample thickness is not achievable for the in situ measurements1.   As a 

result, the samples are homogeneous, but thicker than what is considered optimal. 

The last condition for linearity mentioned above derives from the detector 

response themselves.  This electronic linearity condition is met, in this case through the 

use of He gas in I0 and N2 in It.  That is, with an assumed incoming flux on the order of 

1012 ph/s, the measurement of Io absorbs only 0.083% and produces 2.3x10-7 A of 

current at STP.  Following the sample, the transmitted flux is 1010 ph/s of which, under 

                                            

1 In the proceedings of the most recent XAFS conference, I found that there is a tendency to 
substitute real samples for those that are optimized solely for the absorption spectroscopy measurement.  
In many cases this is done, in my opinion, to the detriment of the overall science, where the measured 
analogue is so far removed from the real system that it has little to no bearing on the scientific question 
being asked.  Sample preparation is crucial for x-ray absorption spectroscopy to be used quantitatively, 
but if altering the sample matrix is only way achieve quantitative results then one would be better to 
measure the real system and use the results qualitatively. 
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N2 gas at 7.2 keV in the ADC ion chamber, 6.6% is absorbed, producing a current of 

2.2x10-7 A at STP.  The net effect of setting up these ion chambers under flow of the 

chosen gases is that the common amplifiers, voltage-to-frequency converters and pulse 

counting electronics all operate with nearly identical response time.  

2.3.3 Powder X-Ray Diffraction 

The powder x-ray diffraction was measured in a Debye-Scherrer experimental 

geometry, using the mar345® image plate detector.  The image plate, in this 

configuration, records intensity of incident cones of Bragg scattering from the randomly 

oriented cathode material (as well as the anomalous scattering from the Kapton 

windows, electrolyte, and Celgard™ separator).  The measurements were taken at 17 

keV (=0.7293 Å) as calibrated by the first inflection of the absorption spectrum of an 

yttrium calibration foil (2 m thick).  The sample-to-detector distance, as well as the tilt 

corrections, were established by measuring a LaB6 660a powder (NIST) in Kapton 

tape mounted within a blank, modified CR2032 battery cell;  the detector parameters 

where established using Fit2D’s calibration routine for lanthanum hexaboride [41] as 

follows.  The radius of any LaB6 ring intensity is: 

 𝑟 = 𝑠 ∙  tan[2 ∙ arcsin (
𝜆

2𝑑
)] , ( 3 ) 

with s as the sample-to-detector distance, d as the lattice spacing of the reflection and  

as the established incident wavelength.  These rings are fit via least squares to 

determine the sample-to-detector distance (the other parameters being supplied).  
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These rings will be slightly distorted since any small angular tilt  of the detector norm 

away from the incoming beam results in an elliptical scattered intensity in the plane of 

the detector.  The equation of the ellipse in the plane of the image plate detector is 

given by [42], 

 𝑐𝑜𝑠2 𝜔𝑥2 + 𝑦2 = (𝑠 + 𝑠𝑖𝑛𝜔𝑥)2 tan2[2 ∙ arcsin (
𝜆

2𝑑
)] , ( 4 ) 

where x, y are a coordinate system upon the surface of the detector which can be 

rotated azimuthally.  This equation can be fit to the LaB6 pattern to determine the 

detector tilt parameters.  

The optical requirements of the P-XRD measurements, in this experimental 

setup, necessitate more careful consideration than their x-ray absorption counterpart.   

To this end, the experimental setup was designed to minimize the overall scattering 

background, and provide a small collimated incident beam.  Concretely, the flight path 

of the incident beam was housed within a He filled tube to limit scattering, and a set of 

tungsten slits (Huber) was employed at the entrance of the flight tube (omitted in Figure 

2-4), not as a beam defining aperture, but for removing scattered x-rays (from the 

Kapton window and air) by setting the slits set just wider than the beam (as determined 

by flux in the ion chamber downstream).  With respect to providing a small collimated 

beam, the toroidal mirror pitch was adjusted to move the vertical focal point to the 

approximate sample position, and a 2 mm tungsten pinhole collimator was placed just 

upstream of the focus. 
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2.3.4 Performance and Ray Tracing 

Switching between XRD and XANES measurements, in this case a 10keV 

difference, is a non-trivial optical challenge for a beamline to perform.  There is 

necessarily a large sweep between Bragg angles required of the double crystal 

monochromator at HXMA, which requires very reliable, reproducible motion.  The 

monochromator at HXMA has a fixed offset of 34 mm between the two crystal surfaces.  

The energy selection is controlled by one motor that moves the crystals uniformly 

through 2.  The second crystal is on a linear translation arm which allows for tracking 

of the crystal surface.  The motion of this linear translation can cause an effective 

change in the roll, , of the second crystal which presents as a horizontal deflection of 

the beam. 

 

Figure 2-5 Optical path of the beam through the primary optical hutch of 06ID-1 at CLS.  From left 
to right:  the wiggler source; collimating, Rh coated, Si cylindrical mirror; double crystal, Si(111), 
monochromator; Rh coated toroidal focusing mirror. 

 

This roll error is in part from inherent mechanical error native to the translation of 

the crystal cage, but is predominately the result of an Abbe error related to the 
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magnification of the toroidal mirror [43].  That is, the softer x-rays at 7 keV are more 

sensitive in misalignment than the harder x-rays at 17 keV.  To limit the misalignment a 

two point calibration was performed at 7 and 17 keV:  the position of the beam was 

determined by scanning the position of a horizontal aperture as defined by JJ X-ray® 

slits and measuring the intensity of the transmitted flux in I0.  These measurements were 

repeated for discrete values of about the nominal zero point (the assumed alignment 

to 1st crystal) at each energy.  Once tabulated, the value of  which minimized the 

distance between horizontal deflections was selected; this procedure resulted in a 

maximal deflection of 100 m.  

The original optical design of 06ID-1 is a fixed exit system, with the two mirrors 

pitched at opposing but equal angles, and a double bounce monochromator placed in-

between.  The symmetry of the design creates invariance of vertical position to the 

Bragg angle of the monochromator (Figure 2-5).  However, in an effort to optimize the 

angular resolution of the P-XRD setup, the beamline optics were adjusted empirically to 

focus the beam on the sample at a point further away from the design values using a 

YAG crystal placed at the sample position.  The focus was primarily achieved through 

adjusting the pitch of the toroidal focusing mirror; this change to the optical system 

primarily affects the vertical focal position. In practice, using the JJ X-ray® as a 

moveable aperture, the vertical and horizontal offsets were empirically confirmed to be < 

100 m, ca. 40 cm upstream of the sample. 



 

 

31 

 

 

Figure 2-6 Ray tracing of beamline optics at 17keV, showing the optical path from the wiggler 
source to the mar345 detector positions.  

 

Figure 2-6 shows a 3d representation of the ray tracing for the major optical 

components of the HXMA beamline at 17 keV as produced by the software package 

XRT [44].  The ray tracing performed uses a computationally lightweight reproduction of 

beamline optical components, including (from right-to-left Figure 2-6):  the 

superconducting wiggler source (producing 1,000,000 theoretical x-rays); a beam 

defining rectangular aperture representing the wide beam slits; a cylindrically bent, Rh 

coated, collimating mirror; the double crystal monochromator with Si(111) crystal pairs; 

a Rh coated toroidal focusing mirror;  a second beam defining rectangular aperture, 

representing the JJ X-ray® slits; a circular pinhole collimator; and a screen at the image 

plate’s location.  This representative optical layout was used to determine the adjusted 

pitch of the toroidal mirror that would optimally reduce the beam spot size at the sample 
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position, ca. 39 m from the wiggler source.  The XML input files for the XRT ray tracing 

are available in a repository online [45].  

 

Figure 2-7 Beam spot intensity at the sample position for the Fe K-edge measurements (a) and the 
P-XRD measurements (b).  The ray tracing was performed using the XRT software package using 
a minimal optical layout, representative of the 06ID-1 beamline at CLS. 

 

Holding every component constant at their design values, and varying only the 

angle  of the toroidal mirror the optimal pitch (focal point at sample position) was 

discovered iteratively, using XRT, to be 3 mrad.   This is a 0.3 mrad increase over the 

design specifications for the initial beamline optical design [46].  The ray intensities are 

shown for the predicted beam-spots at 7 and 17 keV (± 0.2 eV) in Figure 2-7 using a JJ 

https://github.com/znarthur/LFS-Project-Jupyter-Notebooks/blob/master/HXMA.xml
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X-ray® aperture of 0.5 x 0.5 mm.  The vertical displacement (of the maximum flux) in 

this case is predicted to be on the order of ca 100 m, which agrees well with our 

measured value.  The minimal discrepancy between the predicted value of the 

empirically established control and the experimental is attributed here to homogeneity of 

a poorer focused beam-spot (owing to real optical errors and aberrations).  The density 

of the incident rays in either calculation follow a visibly Gaussian distribution in the 

horizontal axis, whereas the vertical flux density profile is not uniform across the two 

energies.  In the P-XRD case (Figure 2-7b), the beam-spot flux skewed higher to the top 

and has a long tail; while the XAS beam profile is more evenly distributed (Figure 2-7a).  

The theoretical beam profiles are ideal for their respective measurement methods: the 

profile for XAS measurements optimally has a uniform distribution flux, lowering the 

probability of beam damage by reducing so-called ‘hot-spots’ and decreasing sensitivity 

to heterogeneity of the samples being measured; the profile for P-XRD measurements 

is optimally small which increases the inherent angular resolution of the system.  

2.4 Soft X-Ray Synchrotron Methods 

2.4.1 Soft X-Ray Absorption Spectroscopy 

The O K-edge and Fe L-edge measurements were taken at the SGM (Spherical 

Grating Monochromator) beamline (11ID-1) at the Canadian Light Source, in the 

ambient pressure micro-focused XAS end-station.  The LFS powder samples were 

pressed into carbon tape measuring 5 × 5 𝑚𝑚 and placed in vacuo at 45° to the incident 

beam.  The samples were measured using both the total electron yield (drain current) 

and the partial fluorescence yield from a custom-built four-detector silicon drift detector 
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array (of Amptek X123, SDDs).  The Amptek X123 MCA system was used without pile-

up rejection and with the linearity of response controlled by reduction of incident flux 

using a V-shaped aperture.  The beam-spot was focused on the sample using a 

Kirkpatrick-Baez mirror system to a size of ca. 10 x 50 m.    

2.4.2 Scanning Transmission X-Ray Microscopy 

For the STXM measurements the powder samples of cycled LFS cathodes were 

dispersed in methanol by brief sonication and deposited onto 100 m thick Si3N4 

windows (NORCADA) and were then dried under Ar atmosphere.  For comparison, 

powder samples were directly deposited onto Si3N4 windows without sonication.  The 

STXM measurements were conducted at the CLS’ spectromicroscopy (SM) beamline’s 

ambient pressure end-station.  The STXM method uses monochromatic x-ray beam 

focused on the sample through full illumination of a Fresnel zone plate to a ~ 30 nm 

spot size; the sample is raster-scanned with synchronized detection of transmitted x-

rays via a photo-multiplier tube to generate image stacks from a range of photon 

energies.  Fe L-edge image stacks were acquired and analyzed using the program 

aXis2000 [47].  Spatially resolved XANES spectra for spatial regions of interest are 

extracted from the aligned image stacks using masks. 
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3 ANTI-SITE INDUCED PHASE TRANSITIONS AND LI 
STORAGE MECHANISM IN LI2FESIO4 

3.1 The Rich Polymorphism of Lithium Metal Silicates 

In recent years the family of Li2MSiO4 (𝑀 = 𝐹𝑒, 𝑀𝑛, 𝐶𝑜, 𝑁𝑖) materials have drawn 

considerable attention as potential cathodes for the next generation of Li-ion batteries.  

Polyoxyanionic intercalation cathode materials (Section 1.3) are desirable for their 

higher voltage and thermal safety [4, 48].  These two characteristics are owing to the 

electronic inductive effect of the anion framework [14, 49], where the chemical potential 

of the cathode is tuned by the shared O ligand between transition metal and anion.  

Lithium iron silicate (Li2FeSiO4) is one such polyoxyanionic cathode material whose high 

theoretical capacity, which is nearly twice that of LiFePO4 (170 mAh/g) [48, 50], and low 

cost of materials for synthesis, make it an attractive candidate for commercial 

applications.  The rich polymorphism of lithium iron silicates has been well characterized 

[50-52], and can be described by various space groups (P1, P21, P21/n, Pmn21, Pmnb, 

etc. [53]).  In general these phases fall into one of two crystal systems, those are: 

monoclinic (m-LFS) or orthorhombic (o-LFS) phases [3].  The energies of formation for 

the two classes of polymorphs are nearly identical (within 0.004 eV per formula unit)2 

[54].  The polymorphs in either crystal class are composed of vertex sharing Fe-O 

tetrahedral and Si-O tetrahedral chains with interstitial chains of Li (Figure 4-9).  This 

corner sharing configuration is less stable than the octahedral edge-sharing structures 

                                            

2 It is worthwhile to note that by comparison, kT at 298K is ca. 0.0257 eV.  Therefore, for all practical 

considerations, these phases have the same energy of formation.  
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of the well-known LiFePO4 cathode (Figure 1-2), which leaves Fe and Si sites more 

energetically vulnerable to change upon Li (de)intercalation.  The net effects of the low 

energy threshold for phase transformation are unpredictable structural changes 

occurring during cycling that effect the electrochemical performance of LFS [55].  

Various studies have attempted to characterize the structural evolution of 

Li2FeSiO4 cathode using both in situ and ex situ methods incorporating Raman 

spectroscopy, x-ray and neutron diffraction, XANES and DFT calculations [3].  Early in 

situ XRD studies by Nyten et al. showed the anti-site occupation of Fe (2a) in the Li (4b) 

site during the formation cycling of an orthorhombic LFS cathode at a rate of C/25 with 

evidence of inter-site mixing being suppressed in subsequent cycles [52, 56].  Studies 

by Dominko et al. developed a two-phase picture of the delithiation process of LFS 

cathodes, where, upon charging, the P21 (later refined to P21/n [53]) cathode evolves to 

an inverted-Pmn21 phase of LiFeSiO4 (one Li removed) that on discharge converts 

wholly into the Pmn21 polymorph [57-59].   Lv et al. reported two consecutive two-phase 

reactions during the initial delithiation (more than one Li removed) of a monoclinic 

Li2FeSiO4 cathode up to 4.5 V [60], a finding echoed in a paper by Zhang L. et al. for 

vanadium doped LFS materials cycled at 1C [61].  Masese et al. showed that the end 

phase of LFS following the formation cycle was dependent upon the applied current: 

where rates of C/10 preserve a metastable monoclinic LFS, but the equilibrated 

evolution at C/50 reproduces the results of Dominko et al. [58, 62].  Following this, 

Masese et al. demonstrated that the same LFS cathode material cycled at 55 °C 

exhibits a two-phase reaction during one Li extraction, but follows a single-phase 
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process for continued delithiation up to 4.5 V [63].  More recently, Fujita et al. reported a 

two-phase reaction with a high carbon content cathode that stabilized over repeated 

cycling, with performance attributed to increased conductivity [17]. 

Together the investigations into LFS to date portray a rather complicated Li-ion 

storage behaviour.  One where the structural evolution of the cathodes during cycling is 

dependent upon ionic and electronic conductivity, particle-size, the applied 

galvanostatic rate and relaxation time [4, 60, 62].  The studies so far offer numerous 

contradictions and a general description of the intercalation/de-intercalation process has 

yet to be properly formed.  The picture becomes more opaque still once the reality of 

polymorphic phase coexistence is incorporated, as suggested by the energies of 

formation, the overall structural instability, and previous reports [3, 54, 62].  This work 

endeavours to understand the implications, both electrochemical and physicochemical, 

of a polymorphic phase coexistence within the pristine Li2FeSiO4 cathode with the 

objective of offering a more generalized description of the LFS Li-ion storage 

mechanism.  

3.2 Characterization of the LFS Cathodes 

The Li2FeSiO4 electrodes used in this study were synthesized (2.2.1) and cycled 

at C/50 between the voltages of 1.5 and 4.5 V.  The post-mortem samples were 

prepared from cells cycled to set voltage points in the formation cycle; these points are 

labelled in Figure 3-1.  The usual battery cell delivers a specific capacity of ca. one Li 

removal (160-165 mAh/g).  Hard x-ray studies were performed at 06ID-1 at the 
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Canadian Light Source, using the combined XANES and XRD setup discussed in 

Section 2.3.  The post-mortem samples (2.2.4) were measured in Kapton tape, 

mounted in a blank CR2032 cell case.  The soft x-ray characterization methods used 

here were previously outlined in Section 2.4. 

 

3.3 Results and Discussion 

3.3.1 Metastability 

Charging/discharging at a low current rate of C/50 can be considered a near-

equilibrium process, and therefore should avoid the effects of the so called polarization 

resistances [22].  The charging and discharging profiles in Figure 3-1 show little 

evidence of a plateau region that would normally be associated with a two-phase model 

of lithium extraction/intercalation [14, 49].   Concretely, the electrochemical potential 

curves in Figure 3-1a are nearly representative of the open-circuit voltage Voc(x) which 

is a function of Li composition within the intercalation cathode and directly related to the 

difference in Gibbs free energy between the charged and discharged state as [20]:   

 ∆𝑉𝑜𝑐 =
−1

𝑧𝐹
∙

𝜕(∆𝐺)

𝜕𝑥
, ( 5 ) 

where, F is the Faraday constant, z is the number of electrons, and x is the system’s Li 

composition.  The Gibbs free energy is largely dependent upon the enthalpy of the 

cathode subject to the intercalation / deintercalation of the Li [6].  In a two-phase 

process, the de-intercalation of LFS would be commensurate with a lattice relaxation 
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about the 4b site, where the change in enthalpy related to the Li removal would increase 

linearly with Li extraction.  This process is what gives the characteristic plateau in the 

electrochemistry of two-phase systems.  In the single-phase or solid-solution model 

each Li removed increases the overall Gibbs free energy of the system linearly, but 

within some local domain.  That is, the delithiation is allowed to vary on an inter-domain 

level.  The enthalpy response, and hence the change in Gibbs free energy, as a result 

for the overall system is non-linear, causing the Voc to have this sloping characteristic 

(Equation 5).  Looking at Figure 3-1, it is clear that the initial electrochemical process 

exhibits no plateau that would be indicative of a two-phase system, and so the 

charge/discharge profiles here are suggestive of a one-phase or solid-solution process.  

In the subsequent cycling of LFS, however, for cycles two and three in the range 20-80 

mAh/g, there is an expansion of what appears to be a ‘plateau-esque’ region ca. 2.9 - 

3.1 V in Figure 3-1. 
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Figure 3-1 Electrochemical measurements of the first three cycles of phase coexisting nano-
structured Li2FeSiO4 cathode materials for one Li extraction between 1.5V and 4.5V.  

 

The morphology of the cathode, which includes crystal defects and surface 

effects as discussed in 2.2.2, dictates the internal energies required to accommodate Li 

insertion/extraction. This can cause the local domain effects required of the solid 

solution model.  The effect of nano-structured cathode materials, as employed in this 

study, is one that increases the amount of crystal defects and can generate large 

variances in the particle size distribution (2.2.2).  If there is sufficient miscibility of 

lithiated/delithiated species that results from the existence of these many domains, it will 

cause the system to behave as a solid-solution model.  This has been observed before 

in LiFePO4 cathodes, where an increase in crystal defects and particle size variation 

reduces the apparent miscibility gap [20, 64]. 
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3.3.2 Synchrotron Radiation Powder X-Ray Diffraction 

The x-ray diffraction patterns in Figure 3-2b show the crystal structure evolution 

of the LFS (post-mortem) cathodes for the charge-discharge process for the first Li 

extraction-intercalation (formation cycle).  In a general sense, it is apparent that no 

major phase changes are observed during the process, contrary to the reports of Lv et 

al [60].  The peak around 13° 2 (highlighted in grey) is seen to decrease upon 

delithiation, and partially restore its intensity upon discharge.  This reflection is 

associated with the (200) plane of o-LFS or the (130) of the m-LFS phase.  These 

reflections correspond to lattice planes defined by the Si-Fe-Si tetrahedral chains of 

both phases.  The reduction in intensity during delithiation is attributed to the temporary 

formation of anti-sites between Fe and Li, which has already been reported [56, 62].  

Attributing the drop in peak intensity to this phenomena is not only intuitive structurally, 

but plausible considering that the total energies of formation for the reported inverse o-

LFS, o-LFS and m-LFS phases are nearly identical [54].   
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Figure 3-2 (a) Representative potential curves for the cycling of the LFS cathode at C/50; labels 
indicate the voltage level at which the galvanostatic processes were halted and the post-mortem 
cathode was extracted. (b) Post-Mortem powder XRD patterns for the formation cycle. (c) Powder 
XRD pattern of the pristine Li2FeSiO4 cathode material, with the results of the Reitveld refinement 
for the two phase (P21/n and Pmn21) nano-particle material. (d) Ratio of phases derived from 
refinement results in the post-mortem LFS samples for SOC points C0 (pristine), C5, D4 and the 
10th cycle starting point.  Image taken from Ref [3], Copyright 2016 Elsevier B.V. 

 

Mirroring this observation are the peaks in the region of 15-16°, where the overall 

intensity of the reflections goes from ca. 1.5 to 1.0 at the end of charge, and returns to 

ca. 1.5 following discharge.  Understanding the nature of the peaks in this region 

requires more than a facile qualitative analysis.  However, the structural restoration to 

the pristine state following the formation cycle is necessary to highlight.  
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The final trend of note in the post-mortem XRD patterns, is the trend of the peak 

at ca. 26°, also highlighted in grey.  “This peak corresponds to the plane (151) in 

monoclinic phase or plane (230) in orthorhombic phase…”[3], and is used here to note 

the morphological changes in the nano-structured LFS particles.  The broadening of this 

reflection progresses throughout the one Li extraction, and sharpens with the 

subsequent intercalation.  This trend, in fact, is seen throughout the XRD patterns 

shown and is indicative of structural relaxation following delithiation and a crystallinity 

restoration commensurate with lithium insertion.   

  In a more quantitative approach, Rietveld refinement was performed on the: C0 – 

pristine electrode, C5 – electrode following one Li extraction, D4 – electrode following 

lithiation, and the C0 analogue electrode following the 10th cycle.  These patterns were 

fit using the P21/n and Pmn21 phases, using the GSASII software package, and the 

contribution percentage to the fit intensities are reported in Figure 3-2d [65].  The results 

from the refinements show that throughout the formation cycle the phase ratio of P21/n 

to Pmn21 remains approximately constant at ca. 6:4.  This implies a metastability over 

the whole of the charge-discharge process that had only previously been reported at 

higher galvanostatic rates [62].  Proceeding the completion of the 10th cycle the phase 

ratio has switched to 3:7, indicating that the transition from P21/n to Pmn21 normally 

reported for the initial one lithium extraction [60, 62, 63] occurs at a much slower rate in 

this case.  Following the 10th cycle the full conversion from monoclinic to orthorhombic 

has yet to occur.  The phase invariance of the electrode during (de)lithiation in the 

formation cycle is in line with a solid-solution behaviour (akin to that of nano-structured 
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LFP cathodes [20, 64]); i.e. the phase stability shown here is not compatible with a two-

phase (lithiated and delithiated coexistence independent of domain) intrinsic model 

during the 1st Li extraction (intercalation).  

3.3.3 Fe K, L-edge XANES 

The Fe K-edge XANES was measured for the same sample location (±100m) 

as the XRD patterns discussed above.  The absorption spectroscopy used here is 

sensitive to the local atomic environment of Fe, and is a direct probe of the electronic 

states about the Fe site.  The spectra shown in Figure 3-3 (a) and (b), were normalized 

using the Athena software package [66].   

The FeO4 tetrahedral coordination environment of Fe causes strong hybridization 

of the Fe 3d and O 4p orbitals [67], the result of which is the characteristically strong 

pre-edge feature seen around 7115 eV for the spectra in Figure 3-3 (a) and (b).  The 

origins of the pre-edge and its shape are well described later in Chapter 4, Section 

4.3.1, but for the purposes of this discussion the single peak formation corresponds to 

an Fe3+ state, while the apparent two-peak pre-edge originates from an Fe2+ state.  

Additionally, as electrons are removed from Fe the orbital energy levels decrease from 

the reduced effect of electron screening (higher coulomb attraction); this increases the 

energy required to excite a core electron.  Therefore, as the oxidation state of Fe 

changes from ferrous to ferric there is a shift of the XANES spectra towards higher 

energy.  
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The differences seen in Figure 3-3a between the pre-edges of C0 (pristine) and 

C1 (assembled cell) were initially unexpected, but have since been attributed to the 

spontaneous formation of an interphasial film and are discussed in Chapter 5.  

Otherwise, the Fe K-edge spectra of the post-mortem electrodes evolve in the expected 

fashion.  That is, as the electrode moves from the nominal Li2FeIISiO4 to LiFeIIISiO4 so 

too does the pre-edge transition from two-peaks to one.  Concurrently, the position of 

rising-edge at half the step height moves upward in energy by 1.5 eV.  When the 

transition is reversed during the discharging of the electrode (Figure 3-3b) there is an 

apparent delay in Fe participation; e.g. the pre-edge does not return to the apparent 

two-peak form until point D4 is reached (Figure 3-3b, insert).  The origins of this delay 

are unknown, but are a likely consequence of relaxation in the equilibrated, post-

mortem electrode.  The shape of the two-peak pre-edge and the larger energy shift from 

C5 to D4 (>2.50 eV) suggests that upon discharge the LFS electrode is fully reduced to 

the pristine ferrous state. 
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Figure 3-3 (a) The Fe K-edge XANES for the one lithium extraction from LFS during the formation 
cycle; (b) Fe K-edge XANES progression for the intercalation of Li into LFS; Soft x-ray absorption, 
Fe L2,3 edges for one Li extraction, (c), and intercalation, (d).  Image taken from Ref [3], Copyright 
2016 Elsevier B.V. 

 

Soft x-ray absorption spectra of the Fe L2, 3 edges are efficient probes of d-orbital 

vacancies, and have been measured for the bulk post-mortem electrodes (Figure 3-3 (c) 

and (d)).  Here, the excited core electrons are from an initial 2p state, where the 

transition to the Fe 3d unoccupied states are dipole allowed.  Not being reliant up on the 

hybridization of p-d orbitals (as is the case of Fe K-edge pre-edge analysis which is 

geometry dependent), the L3, L2 edges shown in Figure 3-3(c) and (d) are a 

straightforward way of confirming Fe oxidation state.  The spectra acquired here confirm 
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the trends of the Fe K-edge spectral series, i.e. ferrous signal reduces upon charge, and 

increases upon discharge.  However, the L3 and L2 XANES show evidence of Fe3+ 

throughout the charging and discharging post-mortem series.  This ferric signal baseline 

is considered spurious and expected to have arisen from exposure of the post-mortem 

samples to air in the process of transferring them from the glove box to the in vacuo 

measurement environment (these post-mortem samples were not protected by Kapton 

tape, as it attenuates the beam heavily)3.     

3.3.4 O-Lattice Charge Compensation 

Figure 3-4a shows the soft x-ray absorption spectra of the O K-edge for each 

electrode of the post-mortem charge/discharge series.  The lowest two peaks around 

530 and 532 eV, denoted A and B, are the typical 1s → * transition [69].  In rock-salt 

structured FeO, the peaks A and B are assigned to the p-d hybridization of the Fe 3d 

and O 2p states,  the separate peaks resulting from ligand field splitting [70].  This 

analysis of the Fe-O tetrahedral configuration of FeO can be used analogously to treat 

the tetrahedrally coordinated Fe-O environment of LFS.  The intensity of the peaks A 

and B increases upon delithiation, which suggests an increase in the covalency of the 

Fe-O bond, i.e. an increase in the O 2p overlap on the 3d orbitals of Fe [70].   The peak 

around 534 eV, labelled C in Figure 3-4a, is mostly invariant to the charge/discharge 

                                            

3 This transfer process has since been refined for soft x-ray measurements of air sensitive materials 
using a novel transfer suitcase design, currently being commissioned at the SGM beamline at the 
Canadian Light Source [[68] Z. Arthur, J. Dynes, T. Bond, M. Banis, T. Regier, A novel anaerobic transfer 
chamber design for high vacuum x-ray measreuments, DOI (Unpublished).. 
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process; it is suspected that peak C is from unoccupied hybridized O 2p and Si 3s 

orbitals, and that the invariance observed here is indicative of the stability of the Si-O 

bond.  The broader intensities ca. 537 and 540 eV are the usual 1s → * transitions 

which are expected to be from the O 2p character of the unoccupied states following the 

treatment of de Groot et al [70].   

The soft x-ray absorption Si K-edge spectra of the post-mortem electrode series 

is shown in Figure 3-4b.  The peak identified around 1840 eV, originates from the 

unoccupied s-p hybridized molecular orbitals of LFS.  It is noted that this peak increases 

in intensity concomitant with charging of the electrode and, additionally, it decreases 

upon discharge.  The overall energy shift observed in this process is < 0.20 eV, which is 

within the energy resolution of the grating used at SGM for this edge [71].  The 

invariance of the Si edge demonstrated here is testament to the chemical stability of the 

SiO4 complex, which is to be expected [53].   

 

Figure 3-4 Soft x-ray absorption spectra taken from PFY measurements of post-mortem electrodes 
throughout the formation cycle for the (a) O K-edge and (b) Si K-edge.  Image from Ref [5], Copyright 
2016 Elsevier B.V. 
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3.3.5 Li-Ion storage 

The x-ray absorption spectra, reviewed thus far have exclusively been from bulk 

powder measurements using beam-spots on the order of ca. 1 mm2, which ascribes no 

relevant spatial information to the LFS electrode.  The solid-solution model, however, is 

contingent upon the idea that the (de)lithiation process occurs in local subdomains.  To 

this end, scanning transmission x-ray microscopy (STXM) can be used to establish 

spectral information with spatial resolution of ca. 30 nm.  From the TEM and SEM 

measurements outlined in 2.2.2, it is known that the single LFS particles have a size of 

approximately 50 nm; as such, there is much to be learned from optical density maps of 

the electrodes on this scale.    

The optical density map of the LFS electrode corresponding to the state-of-

charge D2 (partial discharge state) is shown in Figure 3-5a.  The spectral map is 

derived with the transmitted optical density around 700 eV subtracted from an image 

stack taken over energies spanning the L3 edge of Fe.  This stack of images is 

displayed with transmission intensity colour-mapped to the incident energy; such that 

intensities around 709 eV are red and intensities around 708 eV are green4.  Three 

representative regions were chosen to extract an integrated absorption intensity profile; 

they are labelled 1, 2 and 3 in Figure 3-5a.  The integrated L3 x-ray absorption traces 

from these regions are displayed in Figure 3-5b, where the L3 bulk data for the state-of-

                                            

4 The regions of black colour are where there was the highest transmission throughout the image 

stack. These regions correspond to porosity of the prepared electrode film.   
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charge points C5 and D4 are additionally displayed for comparison.  The Fe L3 trace 

from region 1 is nearly identical to the bulk measurement performed on the post-mortem 

one Li extracted cathode state C5, showing little evidence of Li intercalation reducing Fe 

in this particle.  Simultaneously, the regions 2 and 3 show ferrous signatures closer to 

that of the bulk entirely discharged state D4, i.e. these two regions correspond to the 

reduced Li2FeSiO4 state of Fe.  

 

 

Figure 3-5 STXM of the partially delithiated Li2-xFeSiO4 electrode, at the nominal state C2.  (a) Optical 
density image of the Fe L-edge taken from the average contribution from image stacks across the 
L-edge. (b) Fe L-edge XANES spectra taken form three regions labelled in (a).  Image from ref [5], 
Copyright 2016 Elsevier B.V. 
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3.4 Conclusions 

The absence of a plateau in the voltage profile during the formation cycle of the 

coexisting o-LFS / m-LFS nano-structured cathode suggests that at near equilibrium 

galvanostatic rates there are signs of solid solution behaviour.  The x-ray diffraction data 

demonstrates a metastability of the o-LFS and m-LFS polymorph coexistence, which 

remains after the 10th cycle.  This result is incompatible with the two-phase P21/n → 

Pmn21-inverse model that is often reported for the formation cycle.  The metastable 

initial structure at one Li extraction shows evidence of Fe-Li anti-site mixing and 

average structural relaxation, but these effects appear to be partially reversible with 

intercalation.   

The x-ray absorption spectra of the Fe K-edge confirm the Fe3+/Fe2+ as the 

primary redox couple allowing for the extraction of one Li up to the LiFeSiO4 state, 

concurrently the O K-edge spectra reflect that with the lowering of the d manifold in Fe 

there is an increased covalency, i.e. the oxygen lattice assists with this charge 

compensation.  The Si K-edge absorption spectra confirmed the stability of the silicate 

sites in either phase, being themselves minimally effected by the O, Fe charge 

compensation.  The bulk spectra uniformly indicate that, on average, the effects on the 

local atomic structure of Fe, Si and O from one Li removal in LFS is a partially reversible 

process.  Here the small hysteresis observed in the spectra for charging/discharging is 

not likely to come from polarization effects given the small current applied.  With the 

spatial resolution afforded by the STXM imaging, it was shown that the Fe charge 

compensation processes occur variably inside local domains of LFS nano-particles, i.e. 
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the regions express dissimilar states-of-charge mid-way through the discharging 

process.    

Together these results paint a picture of Li2FeSiO4 nano-particles composed of 

co-existing o-LFS and m-LFS polymorphs that achieve metastability across several 

electrochemical cycles.  This co-existence is slowly removed through the partially 

reversible cycling process, where the Fe and O participation in the charge 

compensation mechanism must serve to catalyze the m-LFS to o-LFS transition in the 

localized domains, while SiO4 complexes remain locally unchanged.  The formation 

cycle exhibits typical solid-solution behaviour, but the gradual transition to an o-LFS 

dominated cathode material also removes some of the non-linearity in the Gibbs free 

energy by decreasing the miscibility of lithiated and delithiated species.  The o-LFS 

proliferates with repeated cycling which flattens the plateau-like region as local LFS 

domains homogenize and the system moves towards a more common two-phase 

behaviour.    
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4 DYNAMIC STRUCTURAL ORIGINS OF LITHIUM 
TRANSPORT IN LI2FESIO4 AND RATE-DEPENDENT 
CAPACITY FADE 

4.1 Rate-Dependent Cathode Performance  

The speed at which a battery can charge and discharge is limited by the physical 

process of ion transport with the cathode, electrolyte, etc.  For Li-ion batteries the ionic 

transport properties of cathode materials can often be the limiting factor in determining 

the power output and charging rate of an individual cell.  The design of materials which 

offer sufficient ionic conductivity and energy density while maintaining safe reaction 

kinetics is of the utmost importance to industry [72].   Polyoxyanionic framework 

materials (Section 1.3), such as lithium metal silicates (Li2MSiO4, where M is a transition 

metal) are an attractive class of potential cathode materials due to their increased 

thermal stability, high theoretical capacity (>1 Li per molecular unit) and higher 

operating voltages over metal oxides [73].  A particularly attractive subset of these 

cathode materials are the lithium iron silicates (LFS) owing in part to the earthly 

abundance of precursor material and their subsequent low cost for production 

[52].  However, there are some inherent drawbacks to the material that must first be 

overcome: the ionic conductivities amongst the LFS polymorphs are low and the 

complex polymorphism discussed in Section 3.1 can degrade electrochemical 

performance and inhibit achieving the theoretical capacity [4, 50, 60, 74]. 

The strategies for obtaining > 1 𝐿𝑖 extraction in LFS have focused on 

remediating the poor ionic and electrical conductivity of the material to facilitate the 
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charge compensation required of the FeSiO4 framework.  The improvements to LFS 

cathode viability to date can be characterized by the following methods: (1) the 

incorporation of additional charge carriers into the crystal lattice; usually this involves 

partial site occupancy of other 3d transition metals but substitutes can be more exotic 

(e.g. Ce, Cr) [50, 75-78]; and (2) the patching of conductive deficiencies of LFS via 

mesoscale alterations of the cathode morphology (e.g. embedding LFS in carbon nano-

tubes [63], printing mesoporous support frameworks [79, 80]).  These methods produce 

promising electrochemical results, however, the added cost in producing mesoscale 

support frameworks or using precious metals inevitably limits the viability of these 

materials for commercial application.  It is therefore of fundamental interest to 

understand, exhaustively, the innate characteristics of LFS cathode materials that limit 

electrochemical performance to assess whether these more costly synthesis methods 

are required. 

As has been previously discussed the formation energies of m-LFS and o-LFS 

are nearly identical, i.e. the difference is ca. 0.004eV [54].  As a result it is unlikely that 

any low temperature LFS cathode preparation results in a phase pure material.  In our 

case the low temperature annealing involved in the hydrothermal synthesis of LFS 

produces a starting phase mixture of 60% P21 and 40% Pmn21 (2.2.2).  The Li-Fe anti-

site mixing that has been observed repeatedly upon cycling is a potential nucleation site 

for the phase change between m-LFS to o-LFS which drives the slow transition from the 

meta-stable m-LFS dominating the structure to the o-LFS after 10 cycles [3, 54].    
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The metastable phases within the material have been reported to respond 

dynamically to the applied current rate during the formation cycle [4, 62].  Discrepancies 

between the phase transitions reported during formation cycling between Armstrong et 

al. [74], Chen et al. [81] and Lv et al. [60] were attributed by Masese et al. [62] to be the 

result of the galvanostatic rate used in their respective studies.  Masese et al. reported 

that the final phases of LFS reveal a metastable phase preservation of the pristine 

monoclinic phase following the formation cycle at C/10, while the transition to the 

orthorhombic phase was present after cycling at C/50 [53, 62].  Using a mixed phase 

material consisting of ca. 60% m-LFS and 40% o-LFS (in Chapter 3) it was shown that 

cycling at rate of C/50 elicits only partial conversion of m-LFS to o-LFS after one cycle 

with further conversion occurring during subsequent cycling.  Lu, et al. reported an 

electrochemical study using m-LFS dominate (prepared at 400°C), o-LFS dominate 

(900°C ) and mixed phases (700°C); the m-LFS cathode material had superior 

electrochemical performance for an initial one Li extraction but exhibited a capacity fade 

on subsequent cycles dependent on the cycling rate [4]: (1) the reversibility of cell 

capacity in the formation cycle is inversely dependent upon galvanostatic rate; (2) 

substantial capacity fade is evident after 7 cycles at galvanostatic rates of C/50 (166 to 

110 mAh/g); (3) 10 cycles at an initial rate of C/20 followed by an 11th cycle at C/50 

reverses the capacity fade, going from 50 to 100 mAh/g .     
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Clearly the kinetics of delithiation has governance over the subsequent 

performance of the battery cell, in terms of capacity.  To determine the physicochemical 

origins of rate-dependent phenomena a fine grained in situ investigation was performed 

during the initial one Li extraction using the experimental setup discussed in Section 

2.3, using both x-ray absorption at the Fe K-edge and powder diffraction with  = 0.729 

Å (ca. 17 keV).  The use of these minimally invasive in situ methods allows for the 

effective elucidation of underlying processes occurring during deintercalation that lead 

to the rate-dependent behaviour of low temperature orthorhombic Li2FeSiO4 electrodes.  

The results that follow will expose certain dynamic structural processes at play, driven 

by the diffusion kinetics of the LFS nano-particles characterized earlier (2.2.2).  The 

findings here are in contrast, but not in opposition to, the facile model reported by 

Masese et al. [62],  and highlight the effects of phase coexistence within an LFS 

cathode.   To this author’s knowledge, this is the only study of its kind that use both 

scattering and absorption methods simultaneously to understand the true interplay of 

crystalline phase and charge-compensation mechanisms during the first Li extraction of 

this promising cathode material. 

 

4.1.1 Electrochemical Variation 

Figure 4-1 shows the typical charge/discharge curves for Li2FeSiO4 performed at 

two similar galvanostatic charging rates: Figure 4-1 shows the typical voltage curve for 

LFS cycled at a rate of (a) C/20, and (b) C/40; the corresponding differential capacity 

plots curves are presented in (c) and (d). All traces in Figure 4-1 are drawn with colour 
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gradients (black-to-yellow) representing state of charge (0-165mAh/g) to assist with the 

visualization of the SOC in (c) and (d).  Differences between the voltage profiles from 

the two charging regimes abound.  The C/20 charging profile shows an almost 

immediate high voltage in response to the applied current up to 0.4 Li extracted (66 

mAh/g) to approx. 4.1V according the 𝑑𝑄/𝑑𝑉 curve, and levels off while extracting the 

remaining 0.6 Li (ca. 65 - 165 mAh/g).  In contrast to this, the C/40 charging voltage 

shows a partial step profile which partitions the electrochemistry into three stages: for 

the first 0.3 Li extracted (50 mAh/g) the voltage makes a slow increases up to ca. 3.3 V; 

the next stage is hallmarked by a more rapid voltage increase bounded by the inflection 

changes between 3.3V and 4.0V in the 𝑑𝑄/𝑑𝑉 profile in Figure 4-1(d) up to 0.5 Li being 

extracted (83 mAh/g); the final region from 4.0V to 4.5V that completes the one Li 

extraction (ca. 166 mAh/g) follows a similar profile to the second stage of C/20 profile in 

terms of slope.    

The discharge profiles in Figure 4-1(a) and (b) for the two different charging 

rates, appear qualitatively similar, with subtle variations visible in the differential 

capacity plots (Figure 4-1 (c) and (d)).  The notable differences in the differential 

capacity plot occur after 0.5 Li has intercalated (1.5-2.5 V); in this region the C/20 

cycled battery has a rapid voltage decrease to the discharge cutoff at 1.5 V which it 

reaches with a loss of ca. 0.2 Li capacity.  Incongruent with this, in the same voltage 

region for the cell cycled at C/40, after 0.5 Li has intercalated into LFS, there is a 

comparatively gradual voltage gradient which ends at the final discharge cutoff voltage 

with a negligible capacity loss.    
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Figure 4-1 Typical charge/discharge curves for one lithium extraction of LFS for using 
galvanostatic charging rates of C/20 (a) and C/40 (b).  (c) and (d) dQ/dV curves corresponding to 
same formation cycles with C/20 and C/40 galvanostatic rates, respectively.  The differences in the 
two similar charging regimes are unambiguous in terms of capacity loss and their underlying 
electrochemistry.  Traces are drawn with colour gradients (black-to-yellow) representing state of 
charge (0-165mAh/g) to assist with the visualization of the SOC in (c) and (d). 

 

The results from the electrochemistry discussed above for the two galvanostatic 

cycling rates suggest that the major differences occur during the delithiation process.  It 

is therefore reasonable to infer that the subsequent electrochemical performance of this 

cathode material is largely determined during the first Li extraction (since the 

subsequent discharge re-intercalation processes are similar).   The in situ studies 
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performed herein have focused solely on the formation charging processes and the 

effects of delithiation upon the pristine cathode material to understand the dynamic 

physical origins of the disparity between what should be two virtually identical 

electrochemical processes.    

4.2 In Situ Methods 

Using the experimental design described in Chapter 2 (Figure 2-4), the LFS 

cathode samples loaded in the modified CR2032 button cells (Figure 2-3) were 

measured at the HXMA Beamline (06ID-1) at the Canadian Light Source.  The LFS 

cathode material was synthesized using the organic assisted hydrothermal-annealing 

method outlined in 2.2.1. The cathode slurry consisted of 80% LFS, 10% acetylene 

black, and 10% PVDF as binder, which was rolled onto an Al foil current collector while 

the anode used was Li metal; the electrolyte was 1M LiPF6 in EC/DMC.   The button 

cells were prepared under Ar atmosphere at McGill University, and shipped under Ar to 

the Canadian Light Source.     

The cells were charged using currents of 0.0097 and 0.0159 A, corresponding to 

C/40 and C/20 respectively, for one Li extraction or 165 mAh/g.  The voltage profile for 

the in situ charging process is presented in Figure 4-2.  The cell charging was halted at 

intervals commensurate with the experimental plan in APPENDIX II and the average 

duration of charge between measurements was ca. 3 hrs.  The drops in voltage in 

Figure 4-2a correspond to the capacity at which the charging of the battery cells was 

halted; here the XANES and XRD measurements took place following a 20 minute rest 
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period (to allow the cathodes to reach equilibrium).  The cells were removed from the 

charger to perform the synchrotron x-ray characterizations.  Following the 

measurements they were reconnected to the MTI-8 charger and cycling proceeded to 

the next voltage level (following the electrochemical experimental design of Dominko et 

al. [59]).  The data in Figure 4-2 (a) has been low-pass filtered to remove voltage spikes 

(noise) recorded during connection and disconnection; this presents the data in a form 

that is more easily accessible, but slightly smooths the voltage trace which is noted here 

for transparency. 

 

    

Figure 4-2 (a) In situ charging of LFS for the pseudo-galvanostatic rates of C/20 and C/40.  The 
drops in OCV are points where the battery was allowed to rest before XRD and XANES 
measurements were performed. (b) Voltage profiles of in situ and typical LFS formation cycle at 
the points of XRD and XANES measurements only for comparison. 
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It is evident from the in situ charging profiles, that the relaxation procedure lowers 

the amount of polarization that was seen previously in the typical electrochemistry for 

the C/20 rate data presented in Figure 4-1a.  The potential drops, which correspond to 

the rest periods prior to measurement, hinder any discussion about slight changes or 

inflection points of the voltage profiles.  However, it can be said that the two charging 

profiles appear more qualitatively similar to one another than without the effect of 

relaxation.  Figure 4-2b shows a low-resolution (temporally) voltage profiles 

corresponding the OCVs before each XRD and XANES measurement for the two 

charging regimes; as well, it shows the corresponding low-resolution profiles extracted 

from the profiles in Figure 4-1(a) and (b), i.e. the charging portion of a typical cell 

without involving the periodic relaxations.  The low-resolution voltage profiles allow for 

direct comparison between the in situ and offline measurements by removing the 

opacity introduced by the potential drops in Figure 4-2a.  It is clear from these simplified 

voltage profiles (Figure 4-2b), qualitatively, that the C/40 series retains the characteristic 

‘two-plateau’ form, and the C/20 series now shows a small first plateau up to 0.25 Li 

extraction (40 mAh/g) while retaining a similar charging profile to that of a typical C/20 

cell.  This suggests that the physical processes underlying both the ex situ and in situ 

cycling are similar.   The relaxation process associated with the synchrotron radiation 

measurements increases the qualitative similarity of C/40 and C/20 profiles, but the 

results in the proceeding sections reveal real physicochemical differences between 

these two charging regimes.  That is, despite the battery systems being in (close to) 
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thermodynamic equilibrium, the differences between charging rates are readily 

detectable using SR based techniques.  

 

4.3 Variable Rate Effects by In Situ XANES 

Increasingly, x-ray absorption spectroscopy is being exploited for in situ 

electrochemical studies.  X-Ray absorption spectroscopy is a natural candidate for 

exploring electrochemical phenomena which have often relied on ex situ 

characterization or clever inferences from the electrical responses.  X-Ray absorption 

techniques offer a chemically sensitive, minimally invasive probe for monitoring 

reactions while they are occurring.  Of the utmost importance to electrochemical studies 

is XAS’ sensitivity to oxidation state changes that occur, with atomic specificity.  This 

information is not, however, trivially used and it can be challenging to extract 3d 

transition metal oxidation state information from K-edge spectra in a quantitative sense.  

In order to best use x-ray absorption near edge methods to determine oxidation state 

(and hence probe charge compensation mechanisms in batteries), a sound theoretical 

understanding and agnostic data processing methods are required.   

In this section, the Fe K-edge XANES is used to probe the charge contribution 

from Fe during one lithium extraction of Li2FeSiO4; this is performed for the two different 

charging rates C/20 and C/40 (4.3.2).  To use the Fe K-edge in this manner effectively, 

the theoretical understanding of the peaks under the XANES spectra will first be 

discussed (4.3.1), and two independent semi-quantitative methods used to track the 



 

 

63 

 

evolution of the Fe site’s local atomic environment in LFS cathodes are developed 

(4.3.3).  The semi-quantitative methods are then employed to characterize the charge 

compensation coming from Fe sites (e.g. oxidation state) during the delithiation process 

and its dependence upon the galvanostatic rate applied (4.3.4).  

4.3.1 Theoretical Modelling 

As was discussed in Chapter 3, the family of Li2FeSiO4 polymorphs can be grouped into 

either orthorhombic or monoclinic phases.  In the case of the pristine low temperature 

cathode material used here (2.2.2) these are, namely, the Pmn21 and P21/n polymorphs 

(also referred to as the II and s phases of LFS, respectively [53]).  An acceptable 

model for the partially delithiated P1 phase of Li2-xFeSiO4 (𝑥 = 1) from DFT + U relaxed 

initial P21/n polymorph has been proposed by Zhang, et al., and is used as a 

representative structure for the end of charge cathode (one lithium extracted) [82].  In 

an effort to better understand the underlying states of the x-ray absorption spectrum of 

the pristine and delithiated cathodes, computational models of the XANES spectra of 

the above Li2FeSiO4 polymorphs (Pmn21, P21 and P1) were calculated using the real-

space, full potential, finite different method (FDM) based code, FDMNES [83, 84].  The 

calculations were performed using the standard Hedin-Lundqvist potential for electron-

electron pair correlations, while allowing for quadrupolar transitions.  The cluster size for 

each calculation is determined by the radial distance from the Fe absorption site and 

was selected to include the nearest-neighbour Fe and Si tetrahedra (~ R = 6Å for each 

phase).  A manual adjustment of the convolution parameter for the Fermi level was 

used to fit the approximate intensities of the pre-edge in the resultant calculations to 
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match the measured spectra; aside from this no fitting to experimental data was 

performed.   

The results of the FDMNES calculations can be seen in Figure 4-3. Specifically, 

presented in Figure 4-3a, are the calculated XANES patterns for the two polymorphs in 

our pristine Li2FeSiO4, i.e. both the II and s phases of LFS.  For comparison, the 

XANES spectrum of the low temperature (400°C), mixed phased, pristine Li2FeSiO4 

cathode material is provided.   The differences between the local atomic environments 

of Fe in either of the two polymorphs are subtle.   This does not come as a surprise, 

since the features of the Fe K-edge XANES spectra are dominated by the coordination 

of the Fe site and its ligands (both being distorted Fe-O tetrahedra in this case).  The 

calculation of either polymorph does not reproduce the pre-edge position exactly, 

instead only providing only one pre-edge peak; this is typical of these band structure 

based calculations [85].  Additionally, the features following the “white-line” in the 16-28 

eV (post edge) region are usually attributed to multi-electron effects which cannot be 

modeled via a one-electron approximation, and so are not present in the calculated 

spectra (for an expanded explanation see Section 5.3.1).  The calculations do offer, 

however, an overall agreement with the spectral shape, and a well-matched shoulder 

feature along the rising edge (~ 1.8 eV), which is present in the results for the both 

polymorphs.  Using the underlying (partial) density-of-states calculated by FDMNES, 

this feature along the shoulder can be attributed to a transition from an Fe 1s 

photoelectron to a p-d hybridized state in the LFS valence band of either polymorph 

coming from the Fe-O bond.  The existence of these shoulder peak states are primarily 
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from the intermixing of Fe (dxz, dyz, pz)  and (dxz, dz
2, py) orbital sets of the βII and γs 

phases, respectively (see Table 1;  assigned according to highest state density).    

 

 

Figure 4-3 Theoretical XANES spectra calculated by FDMNES compared to experimental in situ 

spectra: (a) II and s polymorphs (o-LFS and m-LFS) overlaid with the pristine Li2FeSiO4 cathode 
material; (b) theoretical polymorph calculated by Zhang et al [82], overlaid with in situ results for 
one lithium extraction performed at C/20 

 

The spectra in Figure 4-3b represent both the theoretical and in situ experimental 

XANES spectra for a partially delithiated LFS cathode after one Li extraction, nominally 

LiFeSiO4.  The theoretical calculation was performed using the structural model 

developed from first principles by Zhang et al [82], which is a DFT relaxed structure of 

the partially delithiated γs  phase of LFS.   Though the multi-phase nature of the cathode 
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studied here complicates the comparison, it is expected that this single relaxed phase is 

a fair representative of the ferric Fe-O environment in the evolved structure of both 

phases following one lithium extraction.  The calculated XANES spectrum shows strong 

agreement with the partially delithiated in situ spectrum (charged at a rate of C/20).  

Using the density of states from the theoretical calculation (Figure 4-4) it can be noted 

that, in the delithiated case, this shoulder feature is predominately quadrupolar in 

nature, i.e., the absence of Li has relaxed the Fe-O tetrahedral sufficiently to lessen p-d 

hybridization when compared to pristine LFS.  The intensity of any quadrupole transition 

is 0.1% of a similar dipole transition [85], and this peak is shifted towards higher energy 

ca. Ef + 3.4 eV with respect to the original dipole transition in the pristine cathode. In this 

way, for the in situ spectra gathered both the intensity of shoulder feature at Ef +1.8 eV 

(LFS pristine), and the drift of the shoulder peaks can be used to monitor the reduction 

in the p-d hybridization component.  This reduction is inherently tied to the relaxation of 
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the Fe-O tetrahedra which is concomitant with the delithiation of the LFS cathode, and 

signifies increased localization of Fe within the LFS atomic lattice.  

 

 

Figure 4-4 Density of state calculations separated by angular momentum l = 0, 1, 2, for two 

pristine (a)s and (b) II phases, as well as (c) the one Li extracted model. 

 

4.3.2 In Situ XANES Results 

The in situ XANES measurements of Li2FeSiO4 undergoing one Li extraction (up 

to 4.5 V) are shown in Figure 4-5.  The spectra were taken in transmission mode using 
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the setup described in Chapter 2.  The data were background subtracted and 

normalized using the Athena software package [66].  The two series show that the local 

atomic environment around Fe in the material is indeed changing upon delithiation and 

the Fe near edge spectra reveal that Fe is participating in the charge compensation 

when Li is removed, as expected.  This is readily apparent in the pre-edge feature that, 

for both series, increases intensity as the iron sites move from ferrous to ferric iron.  In 

conjunction with this, the shoulder feature along rising edge of the absorption spectra 

reduces significantly in intensity as the cathode material loses lithium in both series.  As 

discussed in the previous section, the reduction in intensity is related to the amount of 

p-d hybridization coming from the Fe-O bond; this lowering of intensity corresponds to 

higher centro-symmetry in the Fe-O tetrahedra which occurs as Li is extracted and the 

Fe and O lattice sites relax.  

Differences between the two charging series are apparent in the shape of the 

white-line region from 7130-7140 eV.  In this region the C/20 spectra at the end of the 

one lithium extraction have fine structure features that remain while in the C/40 spectra 

these have been smeared out into one broad white-line region.  This smearing occurs 

when instead of the normal resonant transition into the 4p valence states, there exists a 

multitude of electronic states all with equal probability of transition from an excited 1s 

state [86].  These states could be an inherent continuity of states homogeneously 

distributed across all Fe atomic sites within each particle but could also come from the 

heterogeneity of Fe atomic sites and their respective environments from which the bulk 
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average spectra has been taken here.  The true origins of this smearing is likely a 

contribution from both local disorder (the former) and a bulk heterogeneity (the latter). 

 

Figure 4-5 In situ XANES spectra of one Li extraction from Li2FeSiO4 during the formation cycle.  
Charging progresses top to bottom for (a) galvanostatic rate of  C/40 and (b) C/20 up to 4.5 V. 

 

As the true origins of the aforementioned fine structure above the white-line is not 

assigned a concrete physical origin, it is useful to restrict further analysis to the pre-

edge and shoulder-peaks, i.e. those XANES features that are well understood and 

(mostly) phase invariant.  However, the differences between the two series within these 

regions are difficult to assess visually, and it would be beneficial to assign some 
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quantitative metrics.  To compare these two sets of experimental data with any rigor, 

quantities relating the evolution of these two features to the charge compensation 

information are desired.  In the next section, two semi-quantitative methods are detailed 

that are used to perform said analysis. 

 

4.3.3 Semi-Quantitative Methods for XANES Analysis 

In order to track the transition from Fe2+ to Fe3+, two semi-quantitative 

methodologies are employed.  The first of these focuses on the Fe K pre-edge features, 

while the latter is concerned primarily with the shoulder-peaks discussed previously.   

The origin of the Fe K pre-edge feature(s) in tetrahedral coordinated ferrous and 

ferric complexes have been identified previously and are well described [67].  The 

relevant projections which are responsible for the intensity in this region include 

primarily dipole transitions from the Fe 1s ground states to 4T2 and 4T1 ferrous excited 

states and to the 5T2g and 5Eg ferric excited states (APPENDIX III).   The ferrous excited 

state has a two-fold degeneracy in the dipole transition composed of the |𝑡2
1𝑒2⟩ and 

|𝑡2
2𝑒1⟩ atomic excited states in Figure 4-6.  The ferric excited state is dominated in 

intensity by the 5T2g state which is a superposition of the |𝑡2
3𝑒1⟩ and |𝑡2

2𝑒2⟩ atomic 

excited states (Figure 4-6).   A diagrammatic description of these excited state origins 

can be found in APPENDIX III, and further reading can be found in the work of Westre 

et al. [67].  
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Figure 4-6 The transitions from 1s-3d for the absorption process in tetrahedrally coordinated Fe 
sites for ferrous (above) and ferric (below), compounds.   Each high-spin state transitions to 
superposition of states with one additional electron donated by the core-hole.    

 

For a ferrous iron tetrahedral complex, such as LFS, the pre-edge possesses an 

apparent “two-peak” pattern; while for any ferric iron tetrahedral complex the pre-edge 

has a single peak [67].  However, the energy location of the ferrous pre-edge 4T1 (high 

energy state) feature coincides with that of the ferric 5T2 feature.  As a result, for a 

system with both ferrous and ferric contents the overall pre-edge will still appear to have 

an apparent “two-peak” pattern.  To track the Fe2+ and Fe3+ evolution a semi-

quantitative method using tetrahedrally coordinated ferrous and ferric reference 

compounds of rubredoxin was employed [87].  The linear combination fit of these model 

iron tetrahedral complexes is used to calculate a contribution percentage of the ferric 

signature within the cathode pre-edge.  The residual of a sum of weighted contributions 

from the ferrous and ferric standards was minimized using the LMFIT package and a 

Jupyter script (APPENDIX VI, available online) [45, 88].  The resultant ferric 

https://github.com/znarthur/LFS-Project-Jupyter-Notebooks/blob/master/LCF%20Fe%20Pre-edge.ipynb
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percentages represent the average Fe oxidation state, i.e. charge contribution from Fe, 

during delithiation.  The LCF was performed with and without including the ΔE 

(reference spectra offsets) as a fitting parameter.  In the case where the energy offsets 

were held constant they were initially fit to the pristine LFS material, and the resultant 

shifts were used in the remainder of the LCFs.  The result for the two methods followed 

the same trend, but the quality of the fit was improved by including the ferric rubredoxin 

energy offset as a fit parameter across all patterns in the following way: the average 

offset (ca. 0.9 eV) from all spectra for the ferric signal was used as a static value for the 

final fit in both series.  The fitting was performed for each spectra seen in Figure 4-5 

with a 2 of < 0.005 (the 2 as defined in [88]); the results will be discussed in 4.3.4.   

The shoulder peak on the rising absorption edge moves from a dipole allowed 

transition to a quadrupole transition at higher energy (about 1.6 eV by DFT estimates, 

4.3.1).  By tracking the centre of the shoulder peak features, a second semi-quantitative 

method can be established.  Here the energy shift is expected to be concomitant with a 

relaxation of the Fe-O tetrahedral.  The centroid of the two peaks can be determined by 

performing a background subtraction of the white-line region, which is approximated by 

a Donaich asymmetric line-shape function [89] fit to the 1s-4p transition with the LMFIT 

package [88].  Once the rising edge of the resonant peak is subtracted the resulting 

shoulder peak region is fit using another non-linear least squares regression, with a 

pseudo-Voigt line shape.  The code used to perform these fits, and the results for the 

two charging series is available as a Jupyter notebook hosted online [45], and contained 

in APPENDIX IV.  From the fit of the pseudo-Voigt function the centre value is recorded 

https://github.com/znarthur/LFS-Project-Jupyter-Notebooks/blob/master/XANES%20Charging-Rate%20Dependence.ipynb
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and used as a figure of ‘centre-of-mass’ for the two peaks during the evolution from the 

dipole transition at (Ef + 1.8 eV) to the quadrupole transition (Ef + 3.4 eV).    

The numerical stability of the background subtraction is convolved with the 

‘centre-of-mass’ parameter in the second step (i.e. using the pseudo-Voigt ‘x’ position) 

of the fitting method, which is the primary source of error within this method.  Therefore 

it is important to assess the stability of the solutions as calculated, and assign the 

uncertainty inherent to this semi-quantitative method accordingly.  A facile approach 

was adapted by first calculating the best guess for the input parameters for the Donaich 

model, using the LMFIT package [88], and perturbing them with an offset equal in 

magnitude to the original parameter and scaled by pseudo-random numbers between -1 

and 1.  Following this, the fitting procedure was performed in the usual way.  The 

randomized initial value procedure was then run 10 times to elucidate the size of 

deviations in the pseudo-Voigt centre positions resulting from local minima / 

convergence instabilities of the background fitting method.  From the least squares 

fitting of the 10 x 21 XANES spectra (i.e. the 10 randomized fits for each spectra in the 

C/20 and C/40 series) a maximum standard deviation of the reported peak centres of 

σ = 0.05 𝑒𝑉 was determined.  The numerical instability is on the same order of 

magnitude as the monochromator step resolution limit of the HXMA beamline (0.2 eV).  

The total uncertainty in the peak position owing to the background subtraction and 

overall energy resolution is then [90], 
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 𝛿𝐸 =  √0.05𝑒𝑉2 + 0.2𝑒𝑉2 = 0.21𝑒𝑉 . ( 6 ) 

 

4.3.4 Results from Semi-Quantitative XANES Methods 

The C/20 and C/40 ferric pre-edge signals represented by the orange (circle) and blue 

(triangle) traces in Figure 4-7, respectively, show the percentage ferric rubredoxin pre-

edge contribution to the linear combination fit.  Similarly, the traces in Figure 4-7b 

display the result of the shoulder peak “centre-of-mass” fits of the C/20 and C/40 series.  

The two quantitative methods reveal that both series have an increase of ferric signal 

upon charging, as one would expect, confirming that Fe plays a significant role in the 

charge compensation mechanism.    

There is a slight dip in signal around 20 − 40 𝑚𝐴ℎ/𝑔 (0.1 − 0.2 Li) range in the 

C/40 cathode that was observed in the in situ electrochemical cell and its control 

(backup cell).  This break from the expected monotonic increase of Fe in the charge 

compensation and is reflected in both the pre-edge and the shoulder peak behaviour as 

well.  In this dip region, the response from the shoulder peaks suggest an restoration of 

the Jahn-Teller distortions (higher p-d mixing) while the reduction in pre-edge 

contribution from the ferric signal could occur with an average increase in Fe-O bond 

lengths.   The SOC region where this occurs corresponds to the initial plateau in the 

normal C/40 charging profile, which suggests that early on in the cycle the initially 

activated delithiation is assisted by physical changes in the Fe-O tetrahedra.  The 

overall trend, however, in the apparent ferric signals (from the two semi-quantitative 



 

 

75 

 

methods) is that the C/40 cell leads the C/20 in terms of magnitude; significantly so in 

the SOC region from ca.  40 − 80 𝑚𝐴ℎ/𝑔 (0.2 –  0.5 Li extracted).  This SOC region 

encompasses the inflection point of the normal C/40 charging profile (e.g. Figure 4-1, 

the bump), which is followed by a significant voltage increase, suggesting a transition 

from one physical mechanism of delithiation to another more energetically costly one.  

From the local atomic environment, this physical mechanism results in an increase in 

the Fe oxidation state which is commensurate with a decrease in p-d hybridization.   

In the latter half of the charging process, from  80 − 170 𝑚𝐴ℎ/𝑔 , the disparities 

between the C/20 and C/40 signatures of delithiation (Figure 4-7) decrease as the Fe K-

edge spectra converge upon an increasingly disordered ferric local environment.  The 

asymptotic convergence apparent in both Figure 4-7 (a) and (b) is the hallmark of Fe 

charge-compensation halting in both in situ series.  The trace amounts of ferrous iron 

signal in the pre-edge of around 20% can be, in part, assigned to oxygen lattice 

participation, which is actively occurring during the first lithium extraction [3, 54].  

Though it is expected that some of this remaining ferrous signature is due to the 

limitations of the least-squares fitting applied here.  
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Figure 4-7 (a) Semi quantitative results from linear combination fitting of pre-edge showing the 
Fe2+/Fe3+ signal intensity ratio  as it evolves during electrochemical cycling at rates of C/20 and 
C/40.  The blacked dashed line marks the 50% ferric content corresponding to a theoretical 
cathode composition of Li1.5FeSiO4. (b) Relative position of the shoulder peak during delithiation 
of one Li as the peak moves from a dipole allowed transition to a more localized Fe d state at 
higher energy. 

 

4.4 Variable Charging Rate Effects by In Situ XRD  

The challenges with performing x-ray diffraction measurements have already 

been discussed in 2.3.3.  The low symmetry nature of the cathode materials, combined 

with the real-world challenges of doing these measurements in situ poses additional 

problems.  Additionally, since the pristine cathode material here is composed of 3:2 ratio 

of m-LFS and o-LFS which possess many overlapping diffraction peaks it is difficult to 

reliably use Rietveld refinement without high quality (e.g. better signal-to-noise and 

experimental resolution) or probing higher Q-space.  Many studies of cathode materials 
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have elected to perform x-ray diffraction measurements ex-situ likely for this very 

reason [50, 62, 91], as was the case for the experiments performed in Chapter 3.  While 

others have been relegated to use the resulting diffraction patterns as a purely 

qualitative measurement [60].  What can be richer, however, is to invoke a semi-

quantitative approach akin to that used in 4.3.3.  In this way a better understanding of 

the complex interplay between metastable phase transitions and rate dependent 

utilization can be garnered, while not falling victim to the over-interpretation of noisier in 

situ data.   

The facile method adopted here is to fit pseudo-Voigt (equally weighted 

Lorentzian + Gaussian) peaks to intensities (centroid) of reflection agglomerations that 

show the most variance over the course of one lithium extraction; the details of this 

approach are discussed in 4.4.3.  Using the expected reflection intensities and positions 

from the pristine unperturbed crystal phase reflections that dominate these regions, the 

evolution of the amplitude and shift of the fitted Voigt peak agglomerates throughout the 

charging process are used to gain insight that is otherwise difficult to ascertain from the 

raw data.  To this end, the focus has been placed on tracking the evolution of three 

prominent peak agglomerations for the two charging series.  These are the peaks 

centred on the scattering angles: 15.7, 16.9 and 21.8 (Figure 4-8), and their physical 

origins are discussed in 4.4.1.   
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4.4.1 Origins of the Peak Agglomerations 

The first of the tracked peak regions is centred on 15.7 which corresponds to the 

monoclinic (103̅), (301̅), (202) and orthorhombic (210), (020) reflections.  The 

theoretical powder XRD patterns from the contributing pristine phases can be seen in 

Figure 4-8; the reflections corresponding to the peak at 15.7 are highlighted in grey and 

denoted as region A.  The lower end of region A is dominated by contributions from the 

orthorhombic (210) reflection, and this o-LFS (210) reflection originates from a family of 

planes which consist of Si-Li-Fe tetrahedra chains that are stacked on top of one 

another (Figure 4-9b).  The o-LFS (020) lattice plane, responsible for the o-LFS 

reflection at 15.8, consists of Si-Fe-Si chains stacked upon one another in a manner 

similar to the Si-Li-Fe chains of the (210) reflection (Figure 4-9b).  The m-LFS (301̅) 

and (103̅) reflections originate from long chains of corner sharing Si-Li-Fe tetrahedra 

(Figure 4-9c).  With the above understanding of the origins of region A, one would 

expect to see reduction in intensity of the m-LFS (202), (301), (103) as well as the o-

LFS (210) reflection commensurate with delithiation, as the coherence of these lattice 

planes relies heavily upon Li presence within the crystal structure.  In an intercalation 

cathode, the delithiation process will result in an overall lattice contraction.  Under such 

a simplified model, one expects to see a gradual shift towards higher scattering angle 

as the Si-Fe-Si chains from the o-LFS (020) reflection at 15.8° will remain largely intact.  
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Figure 4-8 Theoretical powder x-ray diffraction patterns of the P21 (purple) and Pmn21 (red) 
phases, representative of m-LFS and o-LFS content respectively.  The three regions (marked with 
A, B and C) highlighted in grey show the reflections contributing to the experimental XRD patterns 
which have been analyzed for in situ powder XRD measurements.  

 

The second tracked peak is ca. 16.8, the origin of which can be attributed to the 

monoclinic (020), (02̅0) and orthorhombic (002) reflections whose theoretical intensities 

can be located under region B in Figure 4-8.  These two families of reflections are of 

almost equivalent intensity, with the (020), (02̅0) monoclinic reflections corresponding to 

a lower scattering angle (16.7°).  The o-LFS (002) reflection originates from a plane that 

establishes the base of the Fe, Si, Li tetrahedra in the II phase (Figure 4-9a), while the 

m-LFS (020) lattice plane is the analogous O-bond plane for the s phase (Figure 4-9d).  

The (02̅0) m-LFS lattice plane is otherwise formed by the bases of the Si tetrahedra 

(not pictured).  Putting this information together it follows that peak region B serves as a 

signature of the O lattice d-spacing for both phases.  In a convoluted fashion, this region 
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offers insight into the phase interplay that exists within the LFS cathode materials during 

charging: e.g. a movement in region B towards higher scattering angle can correlate 

with either an increase in the orthorhombic to monoclinic phase ratio, or with an 

increase in the average oxygen bond length. 

The last peak agglomeration identified as responding to the charge/discharge 

processes was the peak at 21.8° (region C in Figure 4-8) which is dominated by the o-

LFS (202), (310) reflections (79% by theoretical intensity), with a small contribution 

from the (31̅3̅), (313̅) reflections (21%).  The contributing o-LFS and m-LFS lattice 

planes consist solely of either Fe or Si atoms in an alternating fashion, and are shown in 

Figure 4-9 (a), (b) and (d).  Due to high intensity of the o-LFS (202) reflections, an 

increase of intensity of this peak, with a minimal shift in scattering angle would be 

commensurate with an increase in the orthorhombic to monoclinic phase ratio within the 

cathode material.  Overall, however, the intensity of region C is representative of the 

coherence between Fe lattice sites within both pristine phases of LFS. 
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Figure 4-9 (a and b) Two orthonormal projections of the o-LFS structure with lattice planes labeled which correspond to regions A-C 
from Figure 4-7. (c and d) Orthonormal projections of the m-LFS structure, with the corresponding lattice planes of regions A-C overlaid.
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4.4.2 Peak Position Error 

In order for the analysis of the pseudo-Voigt peak fittings to have any 

significance, it is important to consider the estimated error on scattering peak position 

for the experimental setup used here.   The largest source of error in the peak position 

is determined by the reproducibility of sample mounting, which effects the sample-to-

detector distance (Figure 2-4).  Upon mounting of the samples the error in the sample-

to-detector distance, l, could vary by as much as  1 mm.  The mar345 pixel size is 0.1 

mm and the associated error in vertical position of the scattered light, x, is reasonably 

estimated by this value.  Assuming the tilt correction for the incident scattering is small 

enough then the peak position is effectively a function of 2𝜃(𝑥) ≈ tan−1(𝑥 𝑙⁄ ).   The 

maximum error, calculated in APPENDIX I, can be shown to be  0.004. 

4.4.3 In Situ XRD Results and Discussion 

The in situ powder x-ray diffraction measurements for C/20 and C/40 charging 

rates for one Li extraction are displayed in Figure 4-10 (a) and (b).  These diffraction 

patterns correspond to the same acquisition points for the XANES measurements of the 

previous section.  Regions of the XRD patterns originating from the Al current collector 

upon which the cathode was prepared (2.2.3), have been removed from Figure 4-10 for 

clarity; the two Al peaks correspond to the regions spanning 17.5 - 18.5° and 20.3 - 

21.5°.  At first glance, there are some overarching observations that are apparent in the 

P-XRD patterns from both charging series (Figure 4-10 (a) and (b)): i.e. the diffraction 

peak amplitudes tend to decrease with charge, and the FWHM of each peak tends to 
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increase coincident with delithiation.  These observations are expected during the de-

intercalation process, as the overall crystalline order in the material will decrease with 

increased lithium removal from the cathode leaving the Si-Fe tetrahedral corner-sharing 

chains destabilized.  Qualitatively speaking, peak region A, which is a measure of 

coherence of planes defined by Li tetrahedra (see 4.4.1) in both series has a noticeable 

amplitude reduction.  This process is seen as a smearing out of the rigid lattice 

structures and hence d-spacing(s) that present in the pristine, causing a reduction in 

peak amplitude and broadening the reflections overall, while retaining much of the 

original crystalline order.  It should be noted that the process just described is in 

contradiction to the earlier reported in situ study results of Lv et al. [60].  In this series 

there is no overt phase change that occurs, e.g. every observable peak from the pristine 

cathode measurement can be accounted for in the LiFeSiO4 (delithiated) measurements 

and there is no detectable new peak features appearing through the charging process.  

This does not discount the possibility that the final measured state is metastable and 

that an overall phase-change has yet to occur.  In fact, from Chapter 3 it is known that 

the phase composition varies after the 9th cycling of the electrochemical cell.  However, 

the results do suggest that the electrochemical process of one Li extraction here is of a 

more classical intercalation/de-intercalation cathode nature than the model proposed by 

Lv et al. [62].    
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Figure 4-10 (a) In situ x-ray diffraction patterns taken during one lithium extraction of LFS using a 
galvanostatic rate of C/20; the reflections identified in grey are for m-LFS phase. (b) In situ XRD 
patterns for one lithium extraction performed at C/40; reflections marked in grey belong to the o-
LFS phase.  

 

There are, perhaps unsurprisingly, differences between the C/20 and C/40 P-

XRD charging series evident in Figure 4-10.  In peak region B (ca. 16.8) for the C/40 
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series (Figure 4-10b) there is a peak-splitting commensurate with charge that is not 

observed in C/20 series.  Correspondingly, in peak region C (ca. 21.8) in the C/40 

charging series is largely invariant in amplitude, whereas the C/20 charging series 

portrays a monotonic reduction in amplitude across all three peak regions discussed 

earlier.  The differences between P-XRD charging series are subtle, but observable, 

and confirmation and discussion of these trends will follow in the preceding semi-

quantitative analysis. 

Figure 4-11 and Figure 4-12 show the parametric results of the non-linear least 

squares fitting of a pseudo-Voigt function (Lorentzian + Gaussian) for the C/20 and C/40 

in situ P-XRD data of the three peak regions during one lithium extraction.  These peaks 

were fit using the LMFIT python package [88] and the code used is available as a 

GitHub™ repository [45] which is also available in APPENDIX V.  Each fit performed 

had a reduced 𝜒2 < 0.002.  Figure 4-11 graphs the peak intensity of the regions A, B, 

and C during the initial charging process for C/20 and C/40 rate; these intensities are 

normalized to the initial peak amplitudes of the respective charging rates.  Figure 4-12 

(a) and (b) displays the relative shift of the three peak regions during one Li extraction at 

C/20 and C/40, respectively.  

https://github.com/znarthur/LFS-Project-Jupyter-Notebooks/blob/master/XRD%20Charging-Rate%20Dependence.ipynb
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Figure 4-11 Normalized amplitudes of the Voigt functions fit to the peak regions A, B, and C 
identified in Figure 4-7 for the XRD series in Figure 4-9. 

 

Upon inspection, Figure 4-11 reveals that, of the three regions, the highest 

normalized reduction in amplitude happens in region A of both charging series.  The 

origins of the reduction of intensity in this region can be understood physically; four of 

the five underlying reflections in both the o-LFS and m-LFS structures involve lattice 

planes that are formed by the existence of Fe-Li-Si chains, and cut directly across the Li 

intercalation layers, thereby relying upon the coherence of the respective oxygen lattice 

planes of both phases.   Region A of the C/40 series has the largest relative 

displacement from the initial position (no Li extracted) which is towards the (210) 

reflection of the o-LFS phase (one Li extracted).   The C/20 series shows that although 

the region A amplitude decreases monotonically (Figure 4-11), the peak position of the 
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region moves initially towards higher scattering angle and then returns to the 

approximate initial position (Figure 4-12a).  The implications of this is better discussed 

in the context of the parametric results from the other peak regions and so is reserved 

for later. 

Region B shows a reduction of normalized amplitude for both C/20 and C/40 

series, but it is more pronounced in the C/40 series.  The relative peak shift for the C/20 

series is towards lower scattering angle, displaced significantly from the initial position 

after one Li extraction (Figure 4-12a), contrasting with the trend previously seen with 

region A.  The shift of the reflections to lower scattering angle in region B serves as an 

indicator of increasing oxygen d-spacing for the O lattice points, e.g. the 020 m-LFS and 

002 o-LFS planes (Figure 4-9); this cannot be trivially assigned to an isotropic lattice 

expansion.  Rather this is evidence of participation of the oxygen lattice in the charge 

compensation mechanism, and does not occur uniformly across the two galvanostatic 

series: i.e. the C/20 series shift of region B to lower scattering angle does not occur until 

after 0.5 Li has been extracted (>  80 𝑚𝐴ℎ/𝑔), whereas the C/40 series shifts towards 

lower scattering angle commensurate with charging.  The relative shift of the C/40 

series in Figure 4-12b is not straightforward to understand because the delithiation is 

concomitant with a separation of the reflections underlying region B (Figure 4-10b).  

This peak splitting indicates that the O lattices from the two crystal phases behave 

differently in C/40 charging regime with the m-LFS reflection (16.7 initial position)  

moving towards lower scattering angle and the o-LFS (16.8 initially) being largely 
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unaffected.  Further, the amplitude of the m-LFS peak appears to reduce significantly in 

the last 60 mAh/g of charge, which is the reason for the ‘apparent’ relative shift of the 

‘centre-of-mass’ to higher scattering angle as the last 0.25 Li are extracted (ca. 125 -

160 mAh/g).  This peak separation is not observed in the C/20 series (Figure 4-10a).  In 

the 0 − 30 𝑚𝐴ℎ/𝑔 range the C/40 region B shows a sharp reduction in amplitude 

(Figure 4-11) and a rapid shift toward lower scattering angle (Figure 4-12); this charging 

range is commensurate with the non-monotonic trend in ferric signal observed in the 

XANES analysis for the same charging range (Figure 4-7).   The true origins of this 

observation are not transparent, but do suggest that at the onset of charging in the C/40 

series the delithiation process disturbs the O lattice significantly, hence distorting the 

Fe-O tetrahedral environment. 

The peak associated with region C exhibits the lowest reduction in amplitude for 

either series, and the lowest relative shift in the C/40 charging series; as discussed 

earlier these reflections all come from the Fe atom lattice planes.  The relative peak 

intensity and shift invariance of region C is greater in the C/40 charging series than that 

of C/20, suggesting that the Fe lattice sites (specifically those in the Pmn21, see 4.4.1) 

[92] are fairly immobile under the slower charging regime.    

Putting this all together, it would appear that in the slower galvanostatic regime at 

C/40 the charging occurs in a solid-solution process as the electrochemistry would 

suggest (Figure 4-1).  There is selective delithiation of the m-LFS over that of the 

orthorhombic phase.  Evidence of this can be seen in the following: (1) in region C, 



 

 

89 

 

which originates predominately from an orthorhombic lattice reflection, the peak is 

relatively stable throughout the charging process; (2) the peak splitting in region B 

shows a favoured decrease in amplitude to the side of region B associated with the 

initial m-LFS reflection along with a move towards lower scattering angle for the 

(presumably still) m-LFS component; and (3) region A is monotonically decreasing in 

amplitude and increasing in scattering angle which indicates a final dominance of the 

(210) reflection from o-LFS following one Li extraction.  These observations together 

suggest a higher amorphous content in the monoclinic phase with an overall lattice 

expansion of the m-LFS phase associated with delithiation, i.e. there remains signatures 

in each of the three peak regions that can be ascribed to the relative resilience of the o-

LFS polymorph following the initial one Li extraction. 

 

Figure 4-12 Relative shifts from initial peak centres determined by Voigt functions fit to peak 
regions A, B and C for the C/20 series (a) and C/40 series (b). Horizontal lines demarcate the 
uncertainty in peak position with respect to the initial position. 
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The evolution of the XRD patterns during delithiation in the C/20 galvanostatic 

regime reveal a simpler physical process.  The signatures of phase evolution that were 

apparent in the C/40 case are not observable in the C/20 series.  In fact, it appears that 

the two underlying phases behave as one in the C/20 regime; this is evidenced by the 

fact that: (1) there is no observable peak splitting in region B, and (2) the three peak 

regions under investigation evolve in tandem (i.e. the amplitude response in Figure 

4-11) and the shift responses track across the three peak regions (Figure 4-12).  

Specifically, the amplitude for regions A, B and C decrease rapidly until ca. 30 mAh/g 

(0.2 Li removed), reduce intensity gradually until 100 mAh/g (0.6 Li removed), and 

finally increase until one Li extraction is complete.  While similarly, the three peak 

regions shift negligibly initially until 0.2 Li, then begin to shift to higher scattering angle 

until 0.6 Li has been extracted, and finally move towards lower scattering angle until one 

Li extraction is complete.  Together these coordinated peak regions show: (1) there’s an 

initial increase in atomic disorder while 0.2 Li is being extracted; (2) there is a small but 

global lattice contraction with a negligible increase in disorder until > 0.5 Li has been 

extracted; and (3) there is a small lattice expansion commensurate with an increase in 

atomic order until one Li is removed (reflection amplitudes increase beyond 100 mAh/g).   

 

4.5 In Situ XANES and XRD Discussion 

In the above sections there has been a lot of fine detail analysis, however, the full 

scope of the results have mostly been talked about within their respective experimental 
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silos (i.e. scattering and absorption).  The organization and understanding of the data 

acquired, viz. the electrochemical, XRD and XANES results from the two charging 

regimes, is not trivial.  However, the semi-quantitative methods that were adapted for 

both the XRD and XANES analysis give a natural place to begin summarizing the 

results outlined in this chapter thus far.   

The trends established in the preceding sections (4.1-4) are indexed to their 

respective states of charge during the initial electrochemical extraction of one Li from 

Li2FeSiO4.  To visually represent the data collected in a succinct manner, and to 

establish trends that exist across the three core observations (XANES, XRD and 

electrochemical), it is necessary to momentarily lose some of the fine-grained 

information to obtain an overarching view.  To this end one can use Pearson correlation 

matrices [93] to visualize the central trends in the data analyzed thus far.  Figure 4-13 

shows the correlation matrices for the data produced from the two charging series in 

this study.  The matrices display the correlation coefficient between two series of data 

giving a value between -1 (anti-correlated) and 1 (correlated); here, white is no 

correlation, red is highly correlated and blue is anti-correlated.  The matrix columns (and 

rows) are ordered by the discussions presented in this chapter, i.e. electrochemical, 

XANES and XRD quantities and labelled (1)-(10).  The bulk of the following discussion 

will pertain to rows 1-4 of the correlation matrices and their correlation with the 9 other 
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unique columns, i.e. the top 4x10 submatrices5.  These submatrices compare the 

separate semi-quantitative methods used in the above discussion with the charging 

curve, i.e. the correlation of the electrochemical response with XANES and XRD; the 

lower-right 6x6 submatrices are XRD specific and though they are not devoid of 

information, will not be discussed in the following.  

It is evident from looking at the two matrices in Figure 4-13 that the progress of 

the XANES pre-edge and shoulder peak position correlate strongly with the 

electrochemical results; i.e. the red square defined by rows (1-4) and columns (1-4) of 

the correlations matrix for both charging series.  That is, the evolution of the features on 

the Fe K-edge serve as a good linear indicator of the SOC within the electrochemical 

cells.  In comparing the two matrices, there is a higher correlation between the 

electrochemical results and XANES for the C/20 series than for that of the C/40 series 

(e.g. for C/40, 𝑟 ~ 0.75 and C/20, 𝑟 ~ 1).  Which is to say that the Fe contribution to the 

charge compensation in the C/20 series tracks quite linearly with battery potential and 

galvanostatic charge put into the system.      

 

                                            

5 The Pearson correlation matrix is symmetrical, so this is equivalent to looking at the submatrix starting at (1, 

1) and using the left-most 10x4 submatrix.   It is also of note that the diagonal of a Pearson correlation matrix is 

always one, and will be ignored for the discussion that follows. 
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Figure 4-13 Correlation matrices for the semi-quantitative methods invoked in this chapter for the 
two charging series C/40 (left) and C/40 (right).  The colors indicate Pearson correlation values 
where: red represents a value of one, dark blue represents an anti-correlation of negative one and 
white represents little to no correlation (see colour bar on right).  

 

Moving to the P-XRD peak amplitude columns (5-7) in the correlation matrices in 

Figure 4-13, another overarching trend can be stated: The general anti-correlative 

nature of these three columns with the XANES and electrochemical data highlights the 

peak intensity reduction that was noted in 4.4.3.  For the C/20 correlation matrix, this 

observation is rather uniform across the peak regions (col. 5-7) and the C/40 columns 

for region A and B are also relatively, uniformly anti-correlated.   The amplitude of peak 

region C (col. 7) does not correlate well with the XANES and electrochemical data (row. 

1-4) for C/40 (no positive nor negative correlation), however the peak C shift moves 
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concurrently with charge (row. 1, col. 10).  Earlier it was discussed (4.4.3) how this peak 

amplitude is invariant under charge, and that the underlying reflections suggest the 

retention and even organization of Si-Fe-Si chains in o-LFS.   

The C/40 amplitude of region B appears correlated with the electrochemical 

evolution (row. 1-4, col. 6), but the peak shift is not (row. 1-4, col. 9); here the disparity 

can be adequately described by an m-LFS oxygen lattice expansion and an invariant o-

LFS oxygen lattice (i.e. the peak splitting discussed in 4.4.3).  The C/20 series XRD 

reflection relative shifts in regions A and C are not synchronous with electrochemical 

delithiation (row. 1-4, col. 8-9); in this series there is no final displacement of these 

peaks, but there is evidence of a slight lattice contraction for both phases during the first 

0.6 Li extraction.  The C/20 peak B shift is highly anti-correlated with electrochemical 

evolution as the peak shifts to lower scattering angle during one Li extraction.  The 

region B peak agglomeration’s uniform shift to lower scattering angle from both 

underlying phases is ascribed to ligand lattice contribution from both phases within this 

charging regime.    

Through the corroborative evidence outlined here further insight into the 

differences between the delithiation processes of the two charging regimes can be 

formed.  First, the C/40 series plateaus earlier on in the cycle than C/20; this is clearly 

seen in the pre-edge and shoulder peak XANES analysis and the in situ electrochemical 

data (Figure 4-2 and Figure 4-7).  This early asymptotic behaviour, where Fe sites are 

electronically highly localized (low p-d mixing, ferric pre-edge signal) is commensurate 
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with XRD evidence of an amorphized m-LFS component and a stabilized (or growing) o-

LFS component and is likely an indication of partial phase transformation from m-LFS to 

o-LFS.  This partial transformation follows evidence of the early onset of charge 

compensation from the oxygen lattice in the m-LFS phase exclusively in this charging 

regime.  The Fe sites become more localized (from this O lattice participation) because 

there are either inherent differences in the metastability of the two phases that present 

themselves temporally, or conversely because there is a phase instability that results 

from the slightly different charging kinetics.  Following this asymptotic region where 0.6 

Li extracted in the C/40 series, it appears that Fe does not participate in charge 

compensation for the removal of the remaining 0.4 Li and the cathode must rely upon 

the oxygen lattice holes to remain stable under delithiation.  The C/40 cell hits the final 

potential cutoff of 4.5 V early, i.e. before one Li extraction at 155mAh/g, which suggests 

that the energy required to extract Li from the (now o-LFS enriched) cathode is higher.  

This higher energy of extraction being concomitant with an increase in o-LFS content 

agrees with Lu et al’s diffusion calculations that predict Li ionic diffusion being worse in 

o-LFS phases [54] .    

In contrast to all of this, the C/20 series behaves more like a normal intercalation 

cathode material.  Here it is observed that the faster charging allows both phases to 

participate in the expected manner without evidence of instability.  The XRD pattern 

shows that m-LFS phase is still present upon one Li extraction,  and the Fe charge 

compensation mechanism behaves normally, going from Fe2+ to Fe3+ following the 

removal of one Li with some evidence of O lattice participation in charge compensation 
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near the end of extraction.  The improved electrochemical performance upon 

subsequent cycling of cells that have been formation cycled at faster rates then is 

elucidated:  in this higher, albeit still a slow, galvanostatic regime, LFS (both m-LFS and 

o-LFS) behaves analogously to a normal intercalation cathode with the cation redox 

couple being the predominant charge-compensation mechanism.     

A potential explanation for the phase transition discrepancy between the two 

charging regimes is as follows: The transition seen here is likely the result of unequal Li 

ion diffusion energy barriers between the two phases; at C/20 the kinetics must be fast 

enough to overcome this barrier for both phases.  In the C/20 case, following the lattice 

expansion (0.33 Li extraction) the electrochemical measurement begins to plateau 

(Figure 4-1) and more reminiscent of the characteristic two-phase model.  At the final 

state of charge in the C/20 case there is evidence of phase stability for both o-LFS and 

m-LFS, it is at the same Fe3+/Fe2+ state as in C/40, but with higher Fe-O covalency than 

in C/40 end state.  The reaction kinetics of C/40 are, in contrast, slow enough that the 

charging occurs disproportionately amongst the two-phases.  The solid-solution 

behaviour here extracts more Li from some domains, likely m-LFS domains owing to 

their higher ionic conductivity [54].  As the delithiation progresses faster in these 

domains they require higher O lattice participation to compensate charge, explaining the 

early onset of m-LFS oxygen lattice participation seen in the XRD series of C/40.  

Additional evidence of this is observed with the average Fe3+/Fe2+ ratio being the same 

at the end of charge for the two series, but the localization of Fe is more dramatic in the 

C/40 case.  Here, as m-LFS is delithiated disproportionately, the presence of O holes in 
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m-LFS localize Fe and lead to anti-site mixing of Fe and Li.  These sites serve as a 

catalyst site selectively transitioning m-LFS to the o-LFS phase [34, 50].   As the 

cathode becomes predominantly o-LFS the Li diffusion is universally poorer, and the 

performance loss of subsequent cycling is thus attributed to the gradual reduction of m-

LFS content within the cathode.   
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5 SPONTANEOUS FORMATION OF SOLID ELECTROLYTE 
INTERPHASE 

5.1 The Solid-Electrolyte Interphase 

It was determined in the late 1970’s that in non-aqueous battery systems, under 

which lithium ion batteries most certainly fall, the current-potential relationship cannot be 

adequately modelled using the Butler-Volmer equation [94, 95].   It was posited at that 

time that the reason for the discrepancy was due to formation of a thin layer of material 

between alkali metals and the electrolyte on the order of 10-25 Å that mitigates ion 

transfer; this thin layer was confirmed experimentally and called the solid electrolyte 

interphase or SEI [95].  In present day, understanding this passivation layer is of 

importance to the mass commercialization of any lithium ion battery technology, where 

proper SEI formation can improve self-discharge regulation [96], limit irreversible charge 

loss [97] and improve battery safety by limiting dendrite formation [98, 99].  Primarily, 

research efforts have focused on reliable SEI film formation on graphitic carbon anodes 

(the most widely used anode in commercial Li-ion batteries).  Film formation can be 

assisted through solvent and salt specific additives that create stable SEI layers that 

form under low potential in the initial cycling of Li-ion battery cells [100, 101], or it can be 

imposed a priori using atomic layer deposition to coat the electrode [102].   

As Virma, et al. stated, “(The) proposed composition of SEI varies from one 

research group to another as operating conditions in different laboratories can be 

different” [97].  Hence, even in the field of research dedicated to the SEI formation on 

graphitic anodes, there is too much variation to generalize the contents and stability of 
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these passivation layers.  Perhaps then it is not surprising that fewer groups publish on 

the formation of SEIs regarding the cathode-electrolyte boundary, where the solids in 

question are becoming increasingly exotic [21].  Specifically, the morphology and 

composition of cathode materials themselves in lithium ion battery research is incredibly 

diverse.  For lithium metal silicate (LMS) cathode materials, for which ionic conductivity 

is often low, the morphology is often the major factor in improvement of battery 

performance [80, 103, 104].  These engineered morphologies, often involving nano-

structures, provide ideal growing conditions for an interphasial film.  This is because 

edges and surface imperfections act as catalytic sites for solvent reduction [97, 105], i.e. 

the inherent dangling bonds of nano-structures form areas of high-current density 

whereby the electrolyte is selectively reduced to form the SEI. 

The SEI formation is not, however, an exclusive function of the solid substrate’s 

catalytic properties, the electrolyte itself can determine more than the SEI composition.  

When the non-aqueous electrochemical system uses fluorinated salts (e.g. the LiPF6 

salt used in these studies) the presence of HF can remove the SEI layer entirely from 

carbon anodes [100, 106] (see discussion of HF formation in 2.2.3).  In fact, the effects 

of HF formation can be more severe than merely impacting SEI stability; in the case of 

LiCoPO4 the acid directly decomposes the cathode material which results in significant 

capacity fade [107].  Studies have been performed to determine the stability of 

Li2FeSiO4 with LiPF6 salts in EC/DMC, under accelerated conditions [108, 109], and via 

ex situ methods [110].  These studies revealed an instability between this specific 

electrolyte and LFS; however, in the one of the accelerated studies Dippel, et al. 
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commented that the electrolyte was “thermally decomposed at 60 °C even in the 

absence of LFS, hence the previous high temperature study appears to have observed 

reactions not necessarily operational in an actual coin cell that is typically used at lower 

temperature” [5].   The ex-situ study by Ensling et al. found little coverage of SEI after 

the formation cycle, with some evidence of salt instability in the formation of “possible 

oxygen-containing decomposition products of LiPF6,” such as LixPOyFz; as well, Ensling 

et al. found evidence of electrolytic decomposition of the LFS cathode, thought to be 

caused from hydrolysis of LiPF6 [110].   Though the latter of these studies has been 

performed, in the opinion of this author, rather meticulously, difficulty remains with ex 

situ approach they adopted.  Concretely, as Verma et al. commented, “It is almost 

impossible to demarcate the boundary between the end of the SEI and beginning of the 

electrolyte.  So, it is always tricky to justify what thickness of the surface layer on carbon 

one wishes to analyze.  Peeling off the SEI from carbon surface is too difficult and 

almost impossible to be performed precisely.  In the methods which measure the SEI 

along with the electrolyte or after washing with solvents of the electrolyte, there is 

always an uncertainty as to which component actually belongs to the SEI and which one 

is from the electrolyte or is a side-product of the separation procedure” [97].  To this end 

the studies in this chapter hope to contribute to the picture developed by Ensling, using 

combined in situ XANES and XRD measurements.   As far as can be determined 

through a broad literature search, this is the only in situ study to look at SEI formation in 

situ using XANES [111, 112].   
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5.2 Methods and Sample Preparation 

The in situ battery sample cells were modified CR2032 battery cells, previously 

described in Chapter 2, Section 2.2.1. The assembled cells were sealed inside a glove 

box under an argon atmosphere and contained Li2FeSiO4 nanoparticle aggregates 

rolled onto Al foil sitting in 1M of LiPF6 in ethylene carbonate and dimethyl-carbonate 

(EC/DMC) electrolyte.  The ex situ battery cathode was prepared by removing the 

cathode from an assembled cell in a glove box under high purity N2 atmosphere; after 

being carefully washed using EC/DMC solvent they were hermetically sealed until the 

XANES and XRD measurements, Section 2.2.4.  The assembled cells were left to age 

in the electrolyte for ca. 96hrs.   

After aging, one of the cells was disassembled (ex situ), another was measured 

as is (uncharged), and the final was formation cycled at C/20 and measured without 

prolonged rest (cycled).  An additional pristine sample was prepared by coating Kapton 

tape with the Li2FeSiO4 nano-particle powder and mounted inside an otherwise blank 

CR2032 in situ cell.   The four samples represent the same state-of-charge for the LFS 

cathode.   The samples were measured using the combined XANES and XRD method 

outlined in Chapter 2, Section 2.3.    
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5.3 Results and Discussion6 

The normalized Fe K-edge x-ray absorption spectra are presented in Figure 5-1a; 

these are the cycled (blue), in situ uncharged (red), ex situ uncharged (purple) and 

pristine (black) LFS cathode XANES measurements.  The local electronic structures of 

the four different preparations are visibly similar and typical of a high-spin Fe(II or III) 

tetrahedral complex [67].  Further to this point, Figure 5-1b shows the first derivative of 

the spectra in Figure 5-1a, where the position of the inflection points of the four spectra 

are principally the same.  Differences between the four traces are observed in the post 

“white-line” region (“i.e. the strongest peak area above the edge jump”[5]) and in the 

pre-edge features.    

 

                                            

6 Most of the following has been adopted from the following published works: [2] Z. 
Arthur, H.C. Chiu, X. Lu, N. Chen, V. Emond, G.P. Demopoulos, D.T. Jiang, In situ 
XANES and XRD Study of interphasial reaction between uncharged Li 2 FeSiO 4 
cathode and LiPF 6 -based electrolyte, Journal of Physics: Conference Series, 712 
(2016) 012124, [5] Z. Arthur, H.-C. Chiu, X. Lu, N. Chen, V. Emond, K. Zaghib, D.-T. 
Jiang, G.P. Demopoulos, Spontaneous reaction between an uncharged lithium iron 
silicate cathode and a LiPF6-based electrolyte, Chemical Communications, 52 (2016) 
190-193. 

 



 

 

103 

 

 

Figure 5-1 (a) Normalized Fe K-edge XANES from (black) pristine, (purple) ex situ uncharged, (red) 
uncharged, and (blue) cycled. (b) Derivative spectra highlighting the pre-edge to white-line region; 
(c) zoomed-in pre-edge region with background subtracted, also included are two reference 
spectra pre-edges of FeS4 in rubredoxin for reduced and oxidized states. (d) Category plot of the 
Fe2+ and Fe3+ contribution to the pre-edge for the pristine material, uncharged (20C0) and cycled 
(20Df), as determined by a linear combination fit of the FeS4 reference compounds: low-
temperature XAS from molecular FeS4 in rubredoxin.  Figures are taken with permission as an 
amalgamation from references [2, 5].  Copyright 2016 IOP Publishing and the Royal Society of 
Chemistry. 
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5.3.1 In Situ vs. Ex Situ 

In the region following the white-line the electronic states most often originate 

from multi-electron effects induced by the resonant phenomena itself, i.e. the so called 

“shake-up” [113] satellite peaks.  The bound “shake-up” peaks in this case derive from 

passive electron occupation of the otherwise empty hybridized 3d-2s orbitals of the Fe-

O bond.  The shape of this region for the spectra in Figure 5-1a is dependent upon 

whether the measurement was performed in situ or ex situ.  The uncharged and cycled 

near edge spectra show a broad peak spanning from ca. 7135-7150 eV, where the ex 

situ pristine and uncharged samples show two well defined peaks.  Figure 5-2a shows 

the spectra for the uncharged LFS (ex situ and in situ) that have both been in contact 

with the electrolyte and have not been cycled; they are overlaid to facilitate the 

comparison7.  Here the broadening and subsequent merger of the ex situ satellite peaks 

is apparent.  The derivative spectra in Figure 5-1b reveal that the inflections from the 

original satellite peaks are still present, but that they have moved to lower energy.  This 

shift can be thought of as a lowering of the d-manifold (decreased electron shielding), 

following the oxidation of the electrode by the electrolyte.  The shift is restored to higher 

energy following the discharge process (in situ cycled Figure 5-1b). 

 

                                            

7 The differences between the amplitude of the 1s-4p resonance (the ‘white-line’) cannot be de-convoluted from 

the thickness effects implicit with electrochemical cell loading and as such are not discussed here.  
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Figure 5-2 (a) Normalized Fe K-edge XANES of the uncharged SOC for the in situ and ex situ (post 
mortem) LFS cathodes exposed to LiPF6 in 1:1 EC/DMC electrolyte for 96hrs. (b) P-XRD patterns 
for the pristine, uncharged (both in situ and ex situ) and cycled LFS cathode.  

 

The multiple-scattering resonance, or MSR, peak is also affected by the 

electrochemical environment.  The origins of the MSR hump at around 7185eV is 

understood physically as the constructive interference between the outgoing photo-

electron waves and the furthest scattering paths achievable within the core-hole lifetime.  

The paths which contribute to the MSR peak are nearly impossible to parse with the 

near-edge spectra alone, however some important observations can still be made.  The 

global shift of the MSR peak towards lower energy in the in situ samples (Figure 5-1a) 

implies a longer average scattering path length than those in the ex situ samples which 

could pronounce a small lattice expansion of the in situ crystalline phases.    
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Figure 5-2b shows the powder XRD traces for the four measured samples.   

Once more the physical differences between the ex situ and in situ measurements 

becomes evident.   Borrowing from the analysis in 4.4.1 the intensity of peak region C 

increases significantly in the electrochemical environment for both the uncharged (in 

situ) and cycled cathodes.  As already described, this reflection is from lattice planes 

predominantly composed of Fe sites, which mostly originate from the o-LFS component 

of the cathode.  The intensification of this reflection suggests an increase in either o-

LFS content or global Fe-Fe tetrahedra ordering coinciding with the cathode’s 

equilibration in the electrochemical environment.  The uncharged ex situ cathode P-

XRD pattern suggests that the crystalline change upon equilibration with the 

electrochemical environment is not permanent: following the removal of the cathode 

from the battery cell the cathode’s powder pattern is indistinguishable from the pristine 

material.   

5.3.2 The Tetrahedral Fe K-edge Pre-edge Feature 

The pre-edge of a tetrahedrally coordinated Fe K-edge is well understood and 

the origin of these features were described in 4.3.3. Recall that the apparent ‘two-peak’ 

pre-edge corresponds to an Fe2+ state and that the single peak at higher energy 

represented an Fe3+ electronic configuration.  Looking at Figure 5-1c, the background 

subtracted pre-edges of the four samples are shown (as well as the FeS4 tetrahedral 

standards for the ferrous and ferric signals).  The in situ uncharged pre-edge (red) 

shows a stronger ferric signal than any other sample.  That is, upon insertion into the 
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electrochemical environment, the cathode is oxidized.  Whereas, the cycled cathode 

and the ex situ uncharged pre-edges are restored to their pristine Fe2+ state.  The semi-

quantitative methods developed in Chapter 4 were applied to the pristine, in situ 

uncharged, and cycled pre-edges; the results of the linear combination fits are shown in 

the histogram Figure 5-1d.  In a more quantitative sense, the previous discussion of pre-

edge shape is confirmed in Figure 5-1d:  the in situ uncharged LFS cathode has a 

higher oxidation state than either the pristine or cycled material.  

5.4 Conclusion 

Regarding the uncharged in situ uncharged cathode, the “relative spectral 

intensity increase of Fe3+… is usually a direct fingerprint of the charge compensation 

process throughout a normal charging sequence. Here however, no external charging 

has been applied” [5].  The plausible mechanism by which this Fe oxidation occurs was 

previously characterized by Ensling et al.  That is “the oxidation of Fe(II) (by reduction of 

the electrolyte) in this case is rendered feasible because of the F-induced weakening of 

the Fe(II)–Si–Ox bonding caused by the Si–F interaction”, where the fluorine is from the 

hydrolyzed LiPF6 salt.  Ergo, in the absence of applied current, the mechanism by which 

the uncharged cathode increases its apparent SOC is well described by delithiation 

through formation of a Solid Electrolyte Interphase.  The delithiation effects of the 

proposed spontaneous SEI formation, in this case, must also be reversible because the 

cycling process (with a Li anode) is restorative of the pristine Fe2+ state (Figure 5-1d).    
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The absence of increased Fe3+ signal in the ex situ uncharged pre-edge can be 

well described as a consequence of the post-mortem sample preparation process.  That 

is, the oxidized Fe closest to the surface of the bulk cathode is mechanically removed 

by the washing process.  This is an important result that emphasizes that a part from 

being a philosophically superior approach, that the ramifications of ex situ methods 

employed can entirely obfuscate the processes at play.  

In the previous section, when comparing the ex situ and in situ samples, a 

number of differences between the observed state of the cathode were highlighted.   

Notably, the Fe oxidation state owing to the SEI formation would not have been 

identified.   Additionally, there was evidence in the post-edge region that the Fe K-edge 

data from the ex situ samples, as measured, were not representative of the true 

electrochemical environment.   Finally, the long range atomic ordering of the Fe sites, 

as evidenced by the XRD measurements and hinted at by the MSR peaks, is increased 

within the battery cell.  Together the divergent observations between the ex situ and in 

situ samples measured here underscore the importance of using minimally invasive in 

situ methods in the study of these passivating films.  
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6 PROJECT SUMMARY AND FUTURE WORK 

6.1 Successes of the Combined XRD and XANES Setup 

In the previous three chapters, the combined XRD and XANES setup detailed in 

Chapter 2 has been applied to the investigation of Li2FeSiO4 cathode materials.  The 

structure-function relationships revealed in the preceding chapters have demonstrated 

the utility of these SR based methods applied both in situ and ex situ when applied to 

the characterization of energy materials.   The argument for applying these techniques 

near simultaneously, though initially grounded in expedience, can be expanded 

succeeding the applications described.  Manifestly, the multivariate approach of 

combined XRD and XANES analysis performed in Chapter 4 would not be appropriate if 

the systematic variance of sample preparation and measurement were not well 

controlled.  By guaranteeing that the same sample spot position is maintained during 

the combined XRD and XANES measurements of each sample, the multivariate 

analysis approach becomes appropriate.  Similarly, in Chapter 5, the spontaneous 

formation and reversibility of the SEI was confirmed using results from both techniques, 

giving the result a more substantial scientific footing.  This combined experimental setup 

then remains true to the inherent scientific philosophy behind performing any 

measurements in situ; i.e. to minimize the experimental uncertainty introduced by 

human intervention.   

In the following, the core results of each of the preceding chapters are 

summarized.  The outcomes from these studies stand testament to the success of the 
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combined diffraction and absorption setup at 06ID-1 at the Canadian Light Source.  As 

well, they highlight the importance of SR based methods to understanding structure – 

function relationships for energy materials research. 

6.1.1 Solid Solution vs. Two-phase Behaviour 

This comprehensive ex situ study, described in Chapter 3, used the combined 

XRD and XANES setup, as well as results from soft x-ray absorption techniques to 

conclusively show the solid-solution behaviour of Li2FeSiO4 electrodes when cycled at 

near equilibrium galvanostatic rates.  The experimental setup allowed for a constrained 

Rietveld refinement of the XRD patterns of the two-phases which comprise the LFS 

cathode.  The metastability of the o-LFS and m-LFS phases over 10 cycles had not 

previously been observed.  The electronic structural information obtained from O, Fe 

and Si K-edges demonstrated that upon one Li extraction there is evidence of O lattice 

participation in the charge compensation mechanism (and hence localization of the Fe 

electronic orbitals).  The Si-O bonds, on the other hand, remain stable throughout the 

formation cycle.  It is likely that the localization of Fe is the catalyst point for the m-LFS 

to o-LFS transitions that take place with delithiation upon subsequent cycling.  STXM 

data provided a physical map of the local domains of delithiation, underscoring that the 

average or bulk measurements do not always reveal the whole picture, and 

corroborating the solid-solution nature observed during LFS (de)intercalation.  
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6.1.2 Physical Origins of Rate-Dependent Capacity Fade 

In Chapter 4, looking exclusively at the charging processes for two nearly 

identical galvanostatic rates, the study used combined in situ XANES and XRD 

measurements to elucidate the structural origins underpinning better capacity retention 

in LFS batteries that underwent marginally faster formation charging processes.  The in 

situ study revealed that the over-potential present in cells charged at C/20 builds until a 

nominal 0.33 Li extraction limit, after which there is a slight lattice expansion in both o-

LFS and m-LFS components and the solid-state diffusion of Li begins, following a nearly 

two-phase process.  The Fe K-edge absorption spectra reveal less localized Fe sites 

following one Li extraction, and XRD confirmed phase stability under delithiation with 

some evidence of disorder with an overall volume reduction at the end of cycle.  The 

battery cells charged at C/40 did not correlate with the electrochemical measurements 

as strongly.  The Fe K-edge XANES showed evidence of higher Fe3+ content, and more 

localized Fe states at the end of one Li extraction.  The XRD patterns showed an 

increase in the o-LFS signature following the O lattice participation in the charge 

compensation mechanism.    

Overall it seems that the non-equilibrium charging (polarization) at C/20 is 

responsible for limiting the amount of charge compensation required from O for 

delithiation.  Specifically, it appears that at a nominal one Li extraction, the delithiation 

front happens more uniformly amongst o-LFS and m-LFS structures.  At the end of 

charge Fe is more covalently bonded to O and the original lattice is preserved.   In the 

C/40 regime, the more solid-solution type delithiation results in the need for O lattice 
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charge contribution, which electronically localizes the Fe sites and causes phase 

instabilities in m-LFS particles: e.g. evidence of transformation over to o-LFS, despite 

the metastability over 10 cycles, is already showing at one Li extraction.  For the 

subsequent lithiation, the non-equilibrium charged cathode (> C/20) has maintained its 

general structure and this process apparently results in a more resilient atomic structure 

than that of the pristine, i.e. repeated cycling at C/50 after formation performed at C/10 

exhibits limited capacity fade as compared to formation cycling which has been 

performed at C/50 (previously reported) [4].   

6.1.3 Surface Electrolyte Interface 

The observation of the spontaneous formation of a SEI film on LFS cathodes in 

LiPF6 salt containing electrolyte, outlined in Chapter 5, was not a hypothesis that had 

been set out for testing.  Rather, the nature of the in situ setup and the cross-

confirmation of the two SR base methods revealed the underlying process as a matter 

of happenstance.  The phenomenon was able to be confirmed in situ, for the cells that 

had been assembled at McGill and shipped to the Canadian Light Source, but the 

evidence of the SEI growth was mostly destroyed in the post mortem preparation 

process.   

The SEI study highlighted the importance for doing work in situ and reported 

important information about the stability of LFS cathodes in a LiPF6 based electrolyte.  

The results were published in Chemical Communication as a quick notice to the LFS 

user community in 2016 [5].    
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6.2 Improvements and Future Work 

Following the initially successful experiments detailed above, using the described 

experimental setup in 2.3.1 there were deficiencies highlighted that have been 

addressed for future work at 06ID-1.  The improvements discussed here are those that 

have been implemented to date, and the motivation for them is included in the following 

sections.  Figure 6-1 shows the experimental setup for combined XRD and XANES 

studies of energy materials at 06ID-1 as it stands at present.  The fundamental 

differences between this setup and the schematic presented earlier (Figure 2-4) mostly 

pertain to the improvement of the XRD signal, i.e. cleaning up scattered beam, 

collimating, and minimizing the beam spot size.  The absorption measurement methods 

were effectively unchanged.  However, the previously used ADC ion chamber (applied 

for transmission absorption measurements) was substituted with a more compact unit 

modelled after the standard SSRL ion chamber [114].  Preliminary tests of the 

apparatus were performed in April 2016 and again in December 2016; the current 

performance, remaining limitations, and future work will be discussed in the following 

subsections.  
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Figure 6-1 Improvements to the experimental setup following the lessons learned from the 
inaugural studies covered in this dissertation.  From bottom to the top:  the JJ X-ray® slits, the 150 

mm ion chamber with added He flight tube, 100m square tungsten collimator,  100 m rhenium 
clean-up pinhole,  8 battery cell charging array,  tungsten beam stop (not pictured),  6 cm ‘SSRL’ 
style transmission ion chamber, and the mar345S image plate detector (covered). 

 

6.2.1 X-Ray Diffraction 

In processing the data taken from the in situ diffraction measurements of the LFS 

cathodes, it became quickly apparent that using Rietveld refinement was not reasonable 

given the large uncertainties in the experiment.  Explicitly, the o-LFS and m-LFS 

polymorphs are of low crystal symmetry and have many overlapping reflections and this 



 

 

115 

 

was further convoluted by systematic deficiencies, including: wide diffraction peaks, 

large background scattering, and limited reciprocal space recorded.  For these reasons, 

in Chapter 4, the prescribed analysis used semi-quantitative methods and focused on 

three reflection agglomerates, looking at trends instead of definitively solving the 

evolving crystalline structures.  In an ideal case, one would be able to perform these in 

situ measurements with sufficient quality to permit Rietveld refinement of the XRD 

patterns recorded.  Some of the changes required to achieve this lofty goal were sample 

specific, e.g. the cathode loading was reduced to lower the uncertainty in sample-to-

detector distance, and the Al foil was replaced with an Al mesh to remove the face-

centred-cubic peaks from the XRD patterns.  The major instrumental changes that were 

made to improve the quality of the XRD patterns taken using the combined XRD and 

XANES setup where: 

i. The replacement of the 2 mm tungsten collimating pinhole with a 100 or 50 m 

square tungsten aperture.   

ii. Implementation of a rhenium clean-up pinhole array immediately upstream of the 

sample, with 5 holes sized: 50, 75, 100, 150, and 200 m. 

iii. Replacement of the photo-diode beam stop with a 2.8 mm diameter tungsten rod. 

iv. Upgrade of the mar345 to the mar345S.  

v. The incident beam energy was increased, to probe larger reciprocal space. 

The changes (i-iv) are labelled in Figure 6-1.  The reduction in size of the 

collimating aperture was necessary to reduce the line-width of the Debye-Scherer rings 

on the image plate detector,  all the while ensuring a parallel wave front is incident upon 

the sample.  In reducing the collimator size well below the JJ X-ray® slit defined 
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aperture, the incident flux on the sample is decreased after I0, which affects linearity 

between the two ion chambers during absorption measurements.  To accommodate 

this, the collimator was affixed to a Thorlab® 1” kinetic mount to allow for both removal 

and addition as the experimental setup switches between absorption and diffraction 

measurement modes, respectively.  The smaller collimator has the disadvantage of 

becoming a major secondary source of scattered x-rays, however.  So, to filter out these 

secondary x-rays scattered from the tungsten collimating aperture a rhenium pinhole 

array was placed just upstream of the sample, approximately 5 cm from the collimator.  

The size of the Re pinhole array was selected to be just larger than the collimator in 

order to reduce the amount of secondary scatter derived from the cleanup pinhole (e.g. 

for a 100 m collimator the 150 m Re pinhole would be used).  The collimator design 

was completed by Vincent Emond and Ryan Oglesby under my oversight and 

manufactured in the University of Guelph physics machine shop.  The Re cleanup 

pinhole array was generously provided by Dr. S. Desgrenier from the University of 

Ottawa.  The smaller beam stop was necessary since the previously used photo-diode 

shadowed up to 10° (2of the diffraction patterns acquired during the previously 

described studies (Chapters 3-5)The replacement of the ADC ion chamber with a 

more compact SSRL-style detector allowed the image plate detector to move closer to 

the sample.  This combined with the increase of the incident energy from 17 to 18 keV 

enables the measurement of a larger q-space, which assists with the refinement of low 

symmetry phases.  The upgrade of the mar345 to the mar345S permits a 2x faster 
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readout of 150 m scan mode, which means a higher achievable throughput of 

samples.   

Following the test experiments in 2016, new lessons were learned from the new 

XRD optical configuration; i.e. the setup in Figure 6-1 can be optimized further.  The 

smaller collimating aperture severely limited the flux incident upon the sample, and the 

exposure time increased accordingly.  This integration time could be shortened with 

better focusing of the beamline to the sample position; however, the current optical 

design of 06ID-1 is inflexible in this regard with the horizontal focal point being fixed by 

the toroidal mirror.  Additionally, the removal of the photo-diode beam-stop made the 

required exposure time of the mar345 a guessing game.  This process, in itself, is time 

consuming and makes accumulation of the required statistical significance difficult.  A 

small photo-diode is necessary for monitoring the transmitted flux at the beam stop 

position that can be used to integrate the detector until the required counting statistics 

are achieved.    

6.2.2 X-Ray Absorption Spectroscopy 

The XANES measurements performed in the experimental setup described 

above (and its predecessor) owe their success to the transmission electrochemical cell.  

The high concentration of Fe that is characteristic of the sample loading of a CR2032 

means that attempts to measure the absorption spectra using x-ray fluorescence would 

suffer severe self-absorption effects [69]. The detector electronics were operating 

linearly (2.3.2), and by detuning the 2nd crystal of the monochromator, second order 
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reflections are reduced and the light is largely monochromatic.  These conditions 

allowed for the high signal-to-noise absorption data that has been reported in this work.  

However, the holy grail of absorption measurements is found when one is able to push 

the signal-to-noise ratio low enough and measure the EXAFS oscillations to a minimum 

of k = 12 Å-1 past the absorption edge.   To accomplish this, future measurements must 

take into account optimal sample loading (ca. 2 absorption lengths thick [39]) and use 

the mesh Al foil already prescribed.  These future measurements will be beneficial for 

bridging the gap further between the XRD and XANES length scales but will necessarily 

extend the acquisition time.    

6.2.3 Electrochemistry 

In the inaugural experimental setup that was used in the previous three chapters 

there was a single CR2032 sample holder, equipped with electrical contacts to monitor 

the OCV during measurement.  The process of relocating the cells, which involved 

disconnecting and reconnecting them to the MTI cycler, was not ideal; on more than 

one instance a battery cell window was compromised during the transfer.  To protect the 

sample integrity and to expedite the measurement of multiple electrochemical systems 

simultaneously, an 8 channel holder for in situ measurements of these coin cells was 

developed.  The modular charging tray was constructed out of a 133 x 72 mm PCB 

bread board, all 8 PCB CR3032 battery holders were mounted and an 8 mm hole was 

bored through.  The 32 channels (8 battery channels with 2 anode and 2 cathode wires 

for voltage and current) were hand soldered to the PCB with 25AWG ribbon cable and 

terminated with 4-pin military style connectors corresponding to each channel of the 
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cycler.  The utility of the 8 channel sample holder (Figure 6-1) was tested in the April 

and December SR experimental runs of 2016: comparatively, there were no 

electrochemical cells compromised during measurement and negligible time was used 

for sample switching during experiment.   

The PCB bread board holder, designed for the above 8 cell sample holder was 

also engineered to accommodate a single standard Teflon holder (normally used at 

06ID-1 for absorption experiments) for post mortem and reference foil measurements.   

The modular framework of the sample holder allows for different sample boards to be 

constructed.   One such board has been described in Vincent Emond’s Master’s work,  

with the development of a 4-channel close-loop heater board that allows for combined 

XANES and XRD in situ measurements of battery cells held at fixed temperature [115].  

These elevated temperature measurements are routinely used to improve the kinetics of 

Li diffusion in poor conducting cathodes during the formation cycling and can have a 

lasting impact on the cell capacities during subsequent cycles [63, 116].      
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APPENDIX I: UNCERTAINTY OF XRD PEAK POSITIONS 

This is a small note on the error associated with the peak positions of the XRD patterns.  
As a result of moving the samples in-between measurements the reproducibility of this 
placement is crucial to reproducing the same XRD peak positions.  A schematic of the 
errors associated with this variable in measurement can be seen in the figure below.  
 

 

a) Schematic of the experimental error in XRD peak position associated with sample placement 
reproducibility.  The variance in sample-to-detector length dl, is at most 1mm.   The pixel size of 
the mar345 detector dictates the variance in the peak position dx. b) Graph of the error in peak 

position as a function of 2 

The combined uncertainty in the measurement of 2can be calculated using the 
standard formula: 

𝛿𝑓(𝑙, 𝑥) =  √[
𝜕𝑓(𝑙, 𝑥)

𝜕𝑙
∙ 𝛿𝑙]

2

+ [
𝜕𝑓(𝑙, 𝑥)

𝜕𝑥
∙ 𝛿𝑥]

2

, 

where 2𝜃 = 𝑓(𝑙, 𝑥) = tan−1(𝑥 𝑙⁄ ) and the resulting error on 2is a monotonically 
decreasing function of 𝑥, with a maximum at 𝑥 = 0.  The maximum error of sample-to-
detector distance is conservatively estimated at 2 mm and the maximum error in x is 

considered to be the pixel size of the image plate reading head, i.e. 100 m.  In subbing 
in 𝑓(𝑙, 𝑥) the equation above reduces to: 

𝛿𝑓(𝑙, 𝑥) =
√𝑥2𝛿𝑙2+𝑙2𝛿𝑥2

(𝑙2+𝑥2)
, 

with a sample to detector distance at 𝑙 = 252.3 mm, the peak position error is then: 

max{𝛿𝑓(𝑙, 𝑥)} ≅ 0.004° 
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APPENDIX II: EXPERIMENTAL SCHEDULE FOR COMBINED XANES 
AND XRD STUDIES 

 

 

Tentative schedule for the experimental run in January 2015 at 06ID-1, the post-mortem electrode 
measurements discussed in Chapter 3 were performed first to validate the experimental setup was 
working.  The in situ measurements from Chapter 4 followed. 
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APPENDIX III: QUANTUM CHEMISTRY NOTATION GUIDE 

 

Schematic breakdown of the space-group notation used to describe the unoccupied, dipole 
forbidden transitions that contribute to the pre-edge intensity in the Fe K-edge tetrahedrally 
coordinated compounds.  Presented here is the 4T2g state, which has 4 electron holes in the 3d 
ground state (Fe2+), and the transitions to the excited state are triply degenerate.  
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Connecting the Fe-O tetrahedra to the electron d-orbital states about the Fe absorption site.  
These orbitals are grouped into the low energy |𝒆⟩ and high energy |𝒕⟩ states, whose energies 
diverge as a consequence of the crystal field from the O ligands.   
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APPENDIX IV: XANES SEMI-QUANTITATIVE ANALYSIS SCRIPTS 
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APPENDIX V: XRD SEMI-QUANTITATIVE ANALYSIS SCRIPTS 
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APPENDIX VI: LINEAR COMBINATION FITTING OF TETRAHEDRAL 
COORDINATED FE PRE-EDGES 
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APPENDIX VII: INTEGRATED DENSITY OF STATES FROM FDMNES 
CALCULATIONS OF PRISTINE AND ONE LI EXTRACTED MODEL OF 

LFS 

 

Table 1: Density of states for the monoclinic, orthorhombic one Li extracted phases of Li2FeSiO4 

II Integrated Density of States       

Energy Intn(0,0) Intn(1,-1) Intn(1,0) Intn(1,1) Intn(2,-2) Intn(2,-1) Intn(2,0) Intn(2,1) Intn(2,2) 

1.8 1.35E-01 3.64E-02 1.02E-01 4.89E-02 8.41E-02 1.79E+00 1.50E-01 6.56E+00 1.92E-01 

4.4 1.95E-01 7.84E-02 1.21E-01 6.94E-02 1.02E-01 1.81E+00 1.63E-01 6.59E+00 2.06E-01 

10.6 4.57E-01 2.24E-01 2.72E-01 2.18E-01 1.27E-01 1.84E+00 1.79E-01 6.62E+00 2.40E-01 

s Integrated Density of States 

Energy Intn(0,0) Intn(1,-1) Intn(1,0) Intn(1,1) Intn(2,-2) Intn(2,-1) Intn(2,0) Intn(2,1) Intn(2,2) 

1.8 1.32E-01 4.06E-02 4.26E-02 3.83E-02 8.98E-02 1.08E-01 1.40E-01 2.06E-01 1.82E-01 

10 4.42E-01 2.23E-01 1.88E-01 1.96E-01 1.30E-01 1.52E-01 1.86E-01 2.38E-01 2.28E-01 

 LiFeSiO4 Integrated Density of States 

Energy Intn(0,0) Intn(1,-1) Intn(1,0) Intn(1,1) Intn(2,-2) Intn(2,-1) Intn(2,0) Intn(2,1) Intn(2,2) 

1.8 5.99E-02 3.49E-02 2.53E-02 2.24E-02 3.95E-01 4.11E-01 6.50E-01 4.35E-01 9.06E-01 

3.4 8.69E-02 4.53E-02 3.44E-02 3.40E-02 4.02E-01 4.15E-01 6.57E-01 4.42E-01 9.17E-01 
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