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Abstract

In this project lithium iron phosphate (LiFeR{Pwas synthesized by a hydrothermal method
using homemade Teflon bombs as the reaction vesselsagés in the LiFePQtructurewere
investigated whergpplying a series of synthetisodifications The synthesis was optimized
using the developed methodology and infrastructure and phase pure LiWwaP@roduced.
Upon further characterization it was determined that although thligiowere phase pure,
they were not defectde This emphasized the importance of using a ntatthnique approach
to fully characterize and understamaththe average and local structuas well as identifyhe
presence of amorphous phaskseries 6 synchrotronbased techniques were used, namely
X-ray absorption spectroscopy (XAS) using bethay near edge structure (XANES) and
extended Xray absorption fine structure (EXAF$)owder Xray diffraction (PXRD) with
Rietveld refinement, and to a lessextent pair distribution function (PDF), together with

laboratory instrumentation such lgssbauespectroscopgnd Raman spectroscopy.

The main synthetic challenge was the elimination of air that causes the rapid oxidatiéh of Fe
to FE*. The presence of F& in the structurenegativelyinfluence thefunctioning of the
materialas a cathode, thus preventimgdation is crucial and largepart of this project. Other
factors thatinfluenced the produat/as the lithiumsion addition rate duringysithesis where
slower addition rates promote the formation of impurity phases as viie# agidatiorto Fe*".

To produce LiFeP@with the lowest amount of defects, cation disorder arid Gantent, it

was found that all the precursor solutions needée fourged with nitrogen before and during
mixing until they were sealed in the reaction vessels, longer reaction times were preferential,

and a lithium addition rate of one drop every 3 seconds appeared optimal.

After optimizing the synthetic route thegsibility of doping (ith Zn?*) and cedoping (vith
Zn?* and C3") was investigatedt appeared that dopingas possible using thisethod and
there was nandication that either doping @o-doping specifically affectethe Fé* content

and nosignificant structurakthanges were noted.



Acknowledgements
| would like to thank the following people and institutions:

1 The University of the Witwatersranational Research Foundation (NRF, South Africa)
Department of Science and InnovatioiCentre of ExcellencéDSI-CoE, South Africa)
Materials br Energy Research Group (MERG) ad&RI-GCRF START programme
(DiamondLight Source, United Kingdom) for financial support.

1 The School of Chemistry

T Profdés Caren Billing, Dave Billing and De
patience

1 Gerrard Peters and Dr Rudolph Erasmus for always being willing to assist me.

1 Dr David Pickup for the University of Kent for assisting me with my XAS analysis.

1 Themembers in my research group

9 Brookhaven National Laboratory, USA (beamlinelP81 (PDF) at NSLS I1)

91 Diamond Light Source for the award of beam time as part of the Energy Materials Block
Allocation Group SP14239.

1 Mathias Kiefer, my best friend, for your continuous support, mehaging, jokes and long

discussions about life and science. Without you | am not sure | would have been able to
finish. SODACOVA.

1 Dr Grace Ngubeni for all your guidance, support and liageear. | appreciate you dearly
my friend.

1 My mother and brother for never complaining and always supporting me. | know it has not
always been easy and | will forever be grateful.

1 Lastly, | want to thank God. With the many blessings and constant resitigerl am

never alone | was able to finish. This has been a journey of faith.

Trust in the Lord with all your heart and do not rely on your own understanding; in all your

ways know Him, and He will make your paths straight (ProverbsG3: 5



Conferenceproceedings that resulted from the work presented in this thesis

Poster presentations

Thiebaut M.,Billing C., Billing D.G.,i St ruct ure comparison of [
mat e r 9" Ihtermational Conference of the African Materials Research Society,
Gaborone, Botswea, 1114 December 2017.

Thiebaut M. Billing C., Billing D.G., Naidoo D., Exploring air exposure as a major pitfall
in producing LiFePO4" Indaba9- International Union of Crystallography Conference,
Skukuza, Kruger National Park, SoWfrica, 27 September 2018.

Thiebaut M.,Billing C., Billing D.G., Naidoo D.,"Exploring air exposure as a major
pitfall in producing LiFePO4" The Annual CoESM / AMSEM Student Presentation
Workshop. University of the Witwatersrarfsiouth Africa, 21 May P18.

Thiebaut M. Billing C., Billing D.G., Naidoo D.;Exploring air exposure as a major pitfall
in producing LiFePO4" Energy Storage and Industry 4.0 Conference, KwaMaritane Bush
Lodge, Pilansberg National Pafkouth Africa,31 July- 2 August 2019.

Thiebaut M. Billing C., Billing D.G., Naidoo D.;'Exploring air exposure as a major pitfall
in producing LiFePO4" SA-ESRF Light Source Conference, Johannesburg, Johannesburg
Business School, South Africa, 1113 November 2019.

Oral Presentation

Thiebaut M, Billing C., B i Hffects ofd.i* ddditiGn rate dirimg tileo o D .
synthesis of LiFePQ: Combining X-ray diffraction and spectroscopy techniques to
determine the aver aghe25Congreds ofthe Intersationanidrt ur e . 0
of Crystallography, Prague, Czech Republic, Hybrid conference (attended virtuailly214

August 2021.

Paper submitted to Dalbn Transactions(Manuscript ID - DT-ART-06-20220017%)

Thiebaut M, D Naidoo, Billing D.G., C Billing.,The influence of the Li* addition rate
during the hydrothermal synthesis of LiFePQ on the average and local structure



Table of Contents

[D7=Tol o = Ui [o] o IO PP PP PPP T PPPPPPPRPPP 2
Y 0153 1 = oX SO PRRPP P PPPPPPPRPPPI L
ACKNOWIEAGEIMENTS ...t e e e e e e e s e e e e e e enn e e e e e e e e e nnnnees I1.
Conference proceedings that resulted from the work presented in this thesis......................... 11l
IS Ao ) o U = T VIl
LISt Of TADIES. ... e e e e e e e e e e XVI
(04 0= T (= S PO P PP PRPPPR PO 1
Overview and [ITErature FEVIEW ...........euiii oo e e e e e e e e e e e 1
1.1 OVEBIVIEW ...ttt ettt e et e st e e e sttt e e bt e e e s e e e e e e e e e 1
1.2. The globalen@rgy CriSiS........cccoieii i e e e e e e e e e e e e e e e e e e e 1
1.3. Batteries as energy storage teChNOIOGIES..........ccvuiiiiiiiiiiiieee e 2
1.3.1. Le@aCid (PDQ) .. .uueiiiiiiieee ittt 2
1.3.2. Nickel based batteries: Nickeladmium (NiCd) and nickehetal hydride (NIMH)........ 3
1.3.3. Sodium suUlphur (NAS)........coooii e e e e e e e e e e e e e e e e e e e e e e s s aae e 3
1.3.4. Vanadium redox batteries (VRB)..........coooiiiiiii e 3
1.3.5. Metalair batteries (zineair and litNIUMFAIr) .........oveiiiiiii e 4

1.4 Lithium -ion DAMENES (Li-I0N) ..eeiiiiiiiiiiiieiee et a e e e e e ennne e 4
1.4.1. Lithiumion battery COMPONENIS........cciiiiiiei e 6
1.4.2. LiFePQas a cathode material.............cccoiiiiiiieiiiiiieeieecs e 12

1.5. AIMS @NA ODJECTIVES. .....eiiiiiiiiiieii ettt e e e s e e e e e e e ans 18
1.6, RETEIEICES. ... .. et e et e et e e e e e ettt e e e e e e eeaee s 20
(O4 0= (=] S0P PPPPPPPRPPPN 33
Synthetic methodology, instrumentation and theory of the characterisation methods............ 33
2.1 General outline of the synthetic method................coo oo 33
2.1.1. Description of the reaction vessel: Teflon bombs...........cccoociiiii 33
2.1.2 General outline of the SYNthESIS..........oociiiii e 34

2.2. Instrumentation and data analysis methodology............cccuuvuiiiiiiiiiiiiiiiiiiiieeeeeeeeee, 35
2.2.1. Synchrotron powder-My difffaCtion...........coooiiiiieeeeeeee e 35
2.2.2. Pair distribution @analySIS..........oooiiiiiiiii e 36
2.2.3 Xray abSOrption SPECIIOSCOMY.. ...t uurrrrreeeeiiiuirreeeeeeeaastttreeeeessanssbrnreeeessanrrseeeeessannen 37
2.2.4. MOSSDAUET SPECITOSCOPY ... . vvrrrereeeiiiuittrrreeeeaastttereeeeesasbbbereeeesssnsbbee e e e e e s s annbreeeaeeas 40
2.2.5. RamMan SPECIIOSCOPY. .. . eieeeeeeieiieiiiiinaaaaeeeeeeeeeeeenennnnasseeeeeeeeeessssnnnssseeeeeeeeeeessenenn 40
2.2.6. Data VISUBHIZALION. .......ceeiiiiiiiieei et 41

2.3. Theory of the characterisation Methods............cccceoviiiiiiiic e, 41

v



2.3.1. Powder May diffraCtion.............cuuuuuiiiiiiiiiiiieieiieee e 41

2.3.2. Pair distribution fUNCLIOM..........oiiiiiiiiiiiie e 46
2.3.3. Xray absorption SPECIIOSCOMY.....ccuttiiiiiiieeee et eee e 48
2.3.4.  MOSShaUEr SPECIIOSCOMRY....ccttiiiiiiiiiiiiieeiiee e e rreeees) 64
2.3.5. RAMAN SPECITOSCOMNY.....cciieieiieii i i i e e e e e e e e e e e e e e e e e e aaaeaeaaaaeaeeas 79
24 REIBIEINCES.....ci i ettt e e e e e e 82
L0 =T o] =] S P PRR U 87
Characterization of LiFePOsand the use of commercial LiFePQ@as a reference material....... 87
3.1. Literature review Of LIFEPO 4StIUCIUIE .........ccoiiiiiiiiiiiiieiieie et 87
3.1.1. Powder Xray diffraction (PXRD)........cccuuriiiieiiiiiiiiieeee et 87
3.1.2.  X-ray absSOrption SPECIIOSCOMY.......c.uuvrrrreeeeaiiirirreeeeessaibrrreeeessasinrreeeaeessanneeees 89
3.1.3. MOSSDAUET SPECITOSCOPY ... uvrrrrrirerieeieiiitieieettaetaaeaaeaaea e e e e s s s s s aesaaaernnsanrenrarrreaees 93
3. 1.4, RaAMAN SPECIIOSCORY ... u i ieteetttieetettteetttttaeeseettseeseata e s ear e aeert e reer e eeearnn, 94
3.2.  Results and Discussion for GLIFEPO4.........cocuiiiiiiiiiiiiiee e 96
3.2.1.  Powder Xray diffraCtion.............eviiiiiiiiiiiiie e 96
3.2.2.  X-ray absorption SPECIIOSCOMY.......cuuvvrrrreeeeaiiirrrreeeesssairrrreeeessasirrreeeaeeesannneees 97
3.2.3.  MOSSDAUET SPECITOSCOPY .. uutrrrrrrrrirereriieererreeetereeteaeaaeeaeaaaaaaeaaeesasassasssanaannnnnnnes 101
3.2.4. RaAMAN SPECIIOSCOPY . ..uueeterrutietettiaseestttuseeeeetareeteeriaaeeats e ererr e, 102
R SO0 (o1 U1 o] o TP PP PPP PP 105
4. REIEIEINCES. ... .ot e e e e 105
(O 0= o1 (=] O TP PP PP PPPPP S PPPPPPPRPP 111
The chronicles of synthesising LIFEPQ...........coooiiii e 111
v N [ 1 o [F Tt i o o FA PSP PP P PP PPPPPPPPPR 111
4.2 Experimental Procedure, Results, Discussion and Section Conclusions.................... 114
4.2. 1. SYNTNESIS TIMIE ... . e e e e e e 114
4.2.2. Percentage volume of the solution in the Teflon bamhbs..................cccoeieiinnne, 120
4.2.3. Determination of the Molar RatGLi:FE:PQh..........ccooviiiiiiiiiiiiiecee e 123
4.2.4. Individually purged SAMPIES.......uuuuiiiiiiiieiieeieeeeeee et 131
4.2.5. Controlling the exact volume to improve reproducibility...........cccccooeiviieniieennnnnee. 148
G T @70 ] Tox 111 o H PP PP RPPPPPPPPP 158
4.4, REIEIEINCES. ...eeiiiie ettt e et et e e e e e e e e e e e s e e e e e e e e e e n 159
L4 =T o] =7 g PSPPSR 165
Effects of Li* addition rate during the synthess of LiFePQs: Combining X-ray diffraction and
spectroscopy techniques to determine average and local structure................cccccoiiiiinnnnnee 165
I A [ a1 o To [T 1o o I TSP PPPTOTPPPP 165
5.2, EXPEIMENTAL .......oiiiiiiiiiiiie e e s e e e e e e 165



5.3. RESUILS QN0 DiSCUSSION. ... eeeiee ettt ettt ettt et e et et e e et e e e e e e e e e e e eerarenaeerans 166

5.3.1. Synchrotron radiation powdefr&y diffraCtion.............cccoocviiiiiiiiiniiiiiee e 166
5.3.2. Xray absorption SPECIIOSCOMY......uutiiiiiiiiiiieiieeeeee e et 173
5.3.3. Pair distribution fUNCHION............cuiiiiiiiiic e 188
5.3.4. MOSSDAUET SPECITOSCOPY ... . vvveereeeeaainrreeeaeee e ettt e e e e e s e s e e e e e e s s e e e e e e annreeeeas 194
5.3.5. RAMAN SPECIIOSCOPY. ... uuuuueunrnnrrrrnnrreneeereeeeeeeeeeeeeeeeeeaaeeeaaaasaseassaassaasaaannnnrnnnrnnnen 198

5.4, CONCIUSION ...ttt ettt e e e e e e st e e e e sine e e e s nreeeeea 201
5.5, RETEIEITES ... .eeiiiitiie e 202
L0 =T o] =] PP EEEPRRR 207
The effect of air exposure during the synthesis of LIFEPO............cccvviiiiiiiiiiiiiiiee 207
6.1, INETOTUCTION ....eeiiieeeeetee ettt e e e e e et e e e e e rr e e e e e e e nnnnreeeaeeas 207
(SIS Y= 10 4] o] (I o1 (=] 0= U= Vi) o P 208
6.3. RESUILS @Nd DISCUSSION. .....ceiiiiiiiiiiiiiee ettt e e 208
6.3.1. Powder Xay diffraCtion...........ccccccuuiiiiiiiiiiiiiieeeee e, 208
6.3.2. MOSSDAUET SPECITOSCOPY. ... .uvvvrereeeeaaiittereaee e e sttt e e e s s s e e e e e e s s b e e e e e e s anneeneeas 214
6.3.3. RAMAN SPECIIOSCOPY.. .. uuuuuunnrrrrrrnrererrreeeeeee et et e tetteeeaaeaaaaeaaaaaaasaasaasaaa e aannnnnnnnes 218

L S 7] g Tod [U 11 o o WP P PP PP UPPPPPUPRPO 221
B.5. RETEIEINCES. ... .oeiiiiiii e 222
(O4 0 F= o1 (= S AP PP PPPPP S PPPPPPPRPPP 225
Doping with Zn?* using a low cost and low energy synthetic route............cc.cccevvvevvereeeneene. 225
4% T [ g1 oo [ BT 1o o TR TP PP PPPPPRP 225
FAV RS Y- 1041 o] (I o1 =T o= 1= Vo) o NSO 226
7.3.RESUILS @Nd ISCUSSION.......eeiiiiiiiiiiiiie ettt e e sbe e e e 226
7.3.1. Powder Xay diffraClion............ooiiiiiiiiiiieiee e 226
7.3.2. RAMAN SPECIIOSCOMY. ... uuuuuuuuunrinrrnrinnnreeeeeereeertteteetaeeaaaaaaaaaaaaaaaaassaasaaaaaaannnnnanne 232
7.3.3. Xray absorption SpectroSCOPY (XAS)....ccccoi it e e e e e e e e aa e e e 235

A S 7] 4 Tod [0 11 o o OO PP PP PPPPPPPPPRPO 252
7.5, RETEIEINCES. ...ttt 253
(O 0 F= T 1 (=] o S PP PP PPPPP S PPPPPPPRPP 258
Co-doping with Zn? and Cc?* using a low cost and low energy synthetic route.................... 258
8. L. INETOTUCTION ...ttt e e e e e e e e e e e e e e e e e a e e aeeas 258
SIS Y= 10 0] 0] (<IN o] =] 0= 1= i) o ISP 259
8.3.RESUILS @Nd AISCUSSION.....ceeiiiiiiiiiiiiiee ettt e e e e e e e e e s eeeeas 259
8.3.1. Powder Xay powder difffaCtion............ccuueiiiiiiiiiiiiiie e 259
8.3.2. RAMAN SPECIIOSCOMY. ... uuuuuuuunrintitiirrnreieeeeteeeetteeeeteeeaaaaaaaaaaaaaaasaasaasaaaaaaanennanne 265
8.3.3. Xray absorption SPECIIOSCOMY. ...« eeteetiieiieeeiee e e e 268

Vi



I N @ o] o [o] 11 1= o ] PP 284

8.5, REIBIEINCES. ..ottt e e e 285
L0 =T o] =] S PRSP 289
GENETAI CONCIUSIONS. ....eiiiitiie ettt s e e e e e eneeas 289

Al. Synchrotron PXRD calibration using LaBs..............ccccceiiiiiiiiiiiiieiiicieec e 293

A2. Experimental components fOr XAS..... .o 294

A3.°%Co decay scheme and the description of a Mossbauer spectrometer...................... 295

A3.1. DECAY OPICO t0%F@....ueeeeie ettt et e e et s e e eree e ere e eareeeans 295
F NG B o d o 1= 1] 00 [=T ) r= U ST=] Vo 295
A.4. MOssbauer spectroscopy CalibDration............coooeeiiiiee e 299
A5. MOssbauer data analyses using VindaD antd - values for fitS...........cccccvviiiiieenenn. 300
A6. Scripts used for PDF Gaussian fittiNg..........cceveeiiiiiiiiiiiiiee e, 304
A7 Integrating the 2-dimensional PXRD data to a idimensional diffractogram ............. 305
A8. Modifying the FEFF.inp to account for doping and cedoping by adding a single

scattering path for the dopant.............ooi e 307
AD. RETEIBICES. ... ..ot e et e e e e e et r et e e e e s a b e e e e e e e e annnees 310

Vi



List of Figures

Figure 1.1: Schematic diagram of the working principle of LIBS............cccoiiiiiiieeiiiniiiiieeeeeee 5

Figure 1.2: Different cell designs of batteries (left) are shown for (a) coin (b) cylindrical (c) prismatic
and (d) pouch cell$!! The schematics of the different components inside the cell are shown on the

e 1 OSSR 6

Figure 1.3: Crystal structure biFePQ.. FeQ octahedra are represented in blue; ®@ahedra are
represented in pink, Ligbctahedra are represented in grey and the green spheres represents oxygen.
Li* and Fé* occupy the M1 and M2 Sites reSpeCtiVelY..........ccoveivreieiiieice e 12

Figure 1.4: The lithium channels are parallel to thexis. Fe@ octahedra are represented in blue,

PQu tetrahedra are represented in pink aridakeé represdad by the grey spheres. The oxygen atoms

have been removed for simplicity.*lthigration pathare indicated with A, B, C........................ 14
Figure 2.1: Diffracted beam emanating from a powdered sample showing the Sxigyreer cones.
................................................................................................................................................ 41
Figure 2.2PDF of LiFePQ. The blue plot corresponds to a£0f 10 whereas the pink plot
corresponds to afof 20. The space resolution for the£of 10 is [oWer..........cccvvvveeeeeeveerrennn. 47
Figure 2.3 The PDF of LiFeP®@showing the different structural effects that can be determined
independently of Structure MATEY.*...........c..ooiiie e 47
Figure 2.4The photoelectron excitation process with the surrounding electron shells using the Bohr
MOTEIZO ...ttt et ea e et e et e e e h e e e st e e teeeaeeeabe e aeeeateente e teeaareereearee e 48

Figure 2.5 A schematic of the experimental setup for measurements in transmission.maode.49
Figure 2.6 An absorption spectrum of LiFeR€howing the different XANES and the EXAFS

regions. The numbered regions will be described in (i) PEIOW............oevveeiiiiiiiiie 50
Figure 2.7 The first derivative spectrum of LiFeRO his spectrum can be used in most cases when
Lol a1 T 1S3 ] s o 1= PSRRI 55
Figure 2.8 The (a) absorption spectrum before normalization, (b) thegge and postdge

regression lines used for nornzation and (c) the normalized spectrum of LiFeRQ................. 56
Figure 2.9 A plot of LiFePQ as (a)..."Q function in kspace, (b) the magnitude of the Fourier
transform (dashed) and the real parts of the Fourier Transform (solid)................ccceceeiiinnnns 58

Figure 2.10The effect of different Rgvalues (a) 0.2, (b) 1 and (c) 2 on the background function and
(d) the effect on different &g values in the FT magnitude demonstrating the removal of Fourier

LI V1S (0] 1 4 I =T o £ O 59

Figure 2.11 The effects of different-weight on the.."®nction of LiFePQ. The spectral weight

changes With the-lEIgNT. ... e 60

Figure 2.12 A schematic showing the nuclear resonant absorption and nuclear resonance fluorescence
observed in a receftee enNVIFONMENTS..............ooiiiii i) 65

Figure 2.13The intensity distribution showing the emission spectral line centered areuhieE

mean lifetime of the excited state can bedusedetermine the natural line width....................... 66

Figure 2.14The movement of tHe i @due to the recoil energy if the nucleus was at rest before

L= 0171 o] o OO POPPPRRPRR 67

Figure 2.15A schematic illustrating the effect of the recoil on both the emission and absorption lines.
These lines are separated by an energy ef2# no overlap is observed between these fhes.68

Figure 2.16 The amount of overlap between the emission and the absoiipgsnd responsible for

the formation of a transmission SPECIRATE.............ccceeiiiiiiiiieesie e

Figure 2.17 (a) Changes in the interactions betweemilgear charge and the electron density

present at the nucleus for the bare, source and absorber and (b) the shift of the energy of the nuclear
states due to the interactions producing the iSomers8hift..............ccccovviviveii i 74

Figure 2.18(a) The splitting of0 o qwith an energy separation ¥D Oand (b) the Méssbauer

spectrum that results from this splitting. The states can also be shifted and is indicated by the isomer
S 0PRSS 78

VIiI



Figure 2.19(a) The magnetic dipole splitting &Fe and (b) the Mdssbauer spectrum and intensities

that results from this SPlItint............cccerieiiierie e d D
Figure 2.20 Different scattering processes that can occur upon photon interaction with a mflecule.
................................................................................................................................................ 80
Figure 3.1: The olivine structure of LiFeP@dapted from Strelstov et &..............ccceeeveeernennee. 88
Figure 3.2: The XAS spectrum of LiFeRP€xn be divided into XANES and EXAFS.................. 90
Figure 3.3 The siitting of the energy levels forthe metabdr bi t al s. The 1s Y 3d t
twO dIfferent eXCItEd STALES............cceeiiiie ettt ettt et ete e saeeereeere e 91
Figure3.4: The XANES spectrum of LiFeR©@an be divided into predge, rising absorption edge

and main abSOrPiON EAQE.........cooi e a e e e e e e aaaaaaaa e 91
Figure 3.5:(a) The EXAFS oscillations for LiFeR®@an be used for local structure determination. (b)
The different coordination shells around the Fe absorbing atonrspaée for LiFePO................. 92

Figure 3.6: Synchrotron diffractogram ofLEP showing the observed (purple), calculated (green)
and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections for
LiFePG areindicated by grey markers. The unmatched phase present is indicated.in red....97
Figure 3.7 Normalized Fe Kedge spectrum of CFP, FePQA 4,8 and FeO; that were used as

£} = L0 F= U0 £ 98
Figure 3.8 Normalized Fe Kedge spectrum of CFP. Thepre-edge regiorfinset) and the main edge
are indicated on the SPeCtrNC-LFP. ... 98
Figure 3.9: The FT magnitude of EXAF®..."Q data for GLFP showing the first, second and third
COOIAINALION SNEIIS.....coii it s s e e e e e e b eeeeeeeaas 99
Figure 3.10: (a) The experimental Fevkeighted [®..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..'Q data (green) and the theoretical FEFF fit
(maroon) of GLFP. The fitting window here for (a) was 312.828 A and for (b) 1.3 5A......... 100
Figure 3.11: The Mdssbauer spectrum dfkP when including three doublets and two sextet models
to model the experimental data...............oooiii e a e e 102
Figure 3.12: Raman spectra for the white particulateslif & (W1/W2). The green arrow indicates
the intense peak that could be associated WHOAE................oooiiiiiiii i, 103
Figure 3.13: Raman spectra for the black phaselik2 (B1/B2). The green arrow indicates the
intense peak that could be associated WIHOEE.................cccceiiiiiiiini e, 103
Figure 4.1: Powder diffractogram of the 12hefBssample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld refinemalysis. Bragg reflections
for LiFePQ, LisPQy, the Feimpurity and LiFePGQ(OH) are indicated with the grey, blue, yellow and
red markers, respectively. (*) indicates an unidentified iIMPULILY..........ccoovvviviiieiineeen, 115
Figure 4.2: Powder diffractogram of 48hos showing the observed (purple), calculated (green)
and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflfmtio
LiFePQyand the Feimpurity are indicated with the grey and yellow markers, respectively. (*)
indicates an unidentified IMPUITTY.........uueeiee e ee e 115
Figure 4.3: Laboratory powder diffractogram of the 12hd@%sample showing the observed
(purple), calculated (green) and difference (black) plots generated from a Rietveld refinement
analysis. The inset is indicated by the brown rectangblyd@reflections for LiFeP{are indicated

WITN TN QY . et e et e e ettt e e e e et e e e e e e e e e e e e e 117
Figure 4.4: Laboratory powder diffractogram of the 48h@frshowing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. The
inset is indicated by the brown rectangle. Bragg reflections for LikFafeOndicated with the grey

0T 1 ST £ PP PP PPPPPPPPP 117
Figure 4.5: MOssbauer spectra for (a) the 12h@6rand (b) the 48hou2b samples showing the
different €NVIFONMENTS PrESEIL. ... .uuieiiiee ettt e et e e e e e e e e e s e e e e s s areeeeeeeans 119



Figure 4.6: Powder diffractogram of the 48hetfssample showing the observed (purple), calculated
(green) and difference (black) plots gested from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ, LisPQvand the Fémpurity are indicated with the grey, blue and yellow markers,
respectively. (*) indicates the unidentified IMpUriLy...............coo i, 121
Figure 4.7: Powder diffractogram of the 48hedEssample showing the observed (purple), calculated
(green) and difference (black) plots generated from a RieRe&fitiement analysis. Bragg reflections
for LiFePQ, LisPQy, the Feimpurity and LiFePQOH) are indicated with the grey, blue, yellow and
red markers, respectively. (*) indicates the unidentified impurity..............ccccceeiiiiiiiiiinvinnnne. 122
Figure 4.8: (a) Powder diffractogram of the LE® (pink) and LFR2b (green) samples showing the
observed plots. Bragg reflections for LiFefDe indicated with the black mais...................... 125
Figure 4.9: Powder diffractogram of the L-2a (pink) and LFR2.5b (green) sample showing the
observed plots. Braggftections for LiFePQ@are indicated with the black markers.................. 125
Figure 4.10: Powder diffractogram of the L-BR sample showing thabserved (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and the Fempurity phase are indicated with the grey and yellow markers, respectively.

Figure 4.11: Powder diffractogram of the L-BB sample showing the observed (purple), calculated
(green) and difference (black) plots generated faoRietveld Refinement analysis. Bragg reflections
for LiFePQ and the Fempurity phase are indicated with the grey and yellow markers, respectively.

.............................................................................................................................................. 126
Figure 4.12: Mosshauer spectrum of LB ... 128
Figure 4.13: Raman spectrum and microscopic infeget) of LFR3D...........cccccooviiiiiiieeinnnnes 130

Figure 4.14: Powder diffractogram of the PR sample showing the observed (purple), calculated
(green) ad difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ are indicated with the grey Markers............cocviiiiiiiiiiiieeeeeeee e 132
Figure 4.15: Powder diffractogram of the l-PR sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ are indicated with the greyarkers......... oo 132
Figure 4.16: Comparison Fe-é&dge XANES predge region of the different standards purged

ST L] 0] (=TSP 135
Figure 4.17: Comparison of the XANES Feekige rising absorption and main absorption edge for

the LiFePQ standard and the pgiEd SamPpPles...........cooooiiiiiiiiiiii e 136
Figure 4.18: LCF best fit (blue) of (a) LAPL for the Fe Kedge XANES spectrum (pink) and (b) for
LFP-P2 of theFe K-edge XANES spectrum (olive green) along with the residual spectrum (48&y).
Figure 4.19: Comparison of the Feweighted [@..."Q] spectrum of the LF#P1 and LFFP2

SYNENESISEA SAMPIES. ... ..o e et e e e e e e e e e e e e e e e e e e e e e s s e e s se s e e naaaaaesrearrreeees 138
Figure 4.20: The magnitude of the Fourier transf of EXAFS'®..."Q data comparing the radial
distance of the different coordination shells of the two purged samples...............cccccoeooe. 139

Figure 4.21: (a) The experimental Feweeighted [®..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (green) and the thetical FEFF fit
(black) of LFRP1 The fitting window is indicated witthe vertical lines................cccccvvvvvvvenneee. 140
Figure 4.22: (a) The experimental Fevkeighted [..."Q] spectrum and (b) the experimental FT
magnituek (top) and FT real (bottom) of the EXAR®..."Q data (pink) and the thedieal FEFF fit

(black) of LFRP2 The fitting window is indicated with the vertical lines...............cccevveeeeeeeee. 140
Figure 4.23: MGssbauer spectra for the (a)4EAPand (b) LFAP2 sample..........cccoocvvvvieeeininnns 144
Figure 4.24: Raman spectrum and microscopic image (inset) ePllFPhe bottom inset is that of
the poorly Crystalling NEMALITE...........cc.uiii e 146
Figure 4.25: Raman spectrum and microscopic image (inset) ePRFPhe bottom inset is that of
the poorly crystalline NEMALIe.............oii i e 146



Figure 4.26: Powder diffractogram of the L-ERBample showing the observed (purple), calculated
(green) and difference (black) plots generated from a RieRe&fitiement analysis. Bragg reflections

for LiFePQ and LgPQ; are indicated with the grey markers and blue markers, respectively. 149

Figure 4.27: Powder diffractogram of the L-BRBample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and the Fempurity are indicated with thgrey and yellow markers, respectively...149

Figure 4.28: Powder diffractogram of the L-BBample showing the observed (purplajcalated

(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and LgPQ; are indicated with the grey markers and blue markers, respectively. 150

Figure 4.29: Mossbauer spectrum of the LFRample...........ccccooee e 153
Figure 4.30: MGssbauer spectrum of the EF&ample............coovvviiiiiiiiiiie e 153
Figure 4.31: MGssbauer spectrum of the LF8mMpPle...........cccvviviiiiiiii e 153
Figure 4.32: Raman spectrum and microscopic image (inset) 6LER................ccccvvvvevvnneee. 156
Figure 4.33: Raman spectrum and microscopic image (inset) GRLEP.............ccccccveeiinninee. 156
Figure 4.34: Raman spectrum and microscopic image (inset) 68LAMroad peak at ~1350 ciis

(o[ o [=To BT o] =T gL [T PP PPP PP 157

Figure 5.1: Synchrotron diffractogram of the 1sec LiFefnple showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFeP@are indicated with the grey markers...........cccccee e, 166

Figure 5.2: Synchrotron diffractogram of the 2sec LiFefdnple showing the observedifple),

calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFeP@and LsPQ; are indicated with the grey and the yellow markers respectively.

(*) indicates unidentified peaks from IMPUITRASE/S..........ccccvviiiiiiiiiiiiieeeeeee e, 167

Figure 5.3: Synchrotron diffractogram of the 3sec_1 Likefple showing the observed (purple),
calculated (greergnd difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFeP@are indicated with the grey markers..........cccccceeei e, 167

Figure 5.4: Synchrotron diffractogram of the 3sec_2 Likefple showing the observed (purple),
calculated (green) and difference (black) plots generated d&r Rietveld Refinement analysis. Bragg
reflections for LiFeP@and L&sPQ; are indicated with the grey and the yellow markers respectively.

Figure 5.5: Synchrotron diffractogram of the 4sec LiFefdnple showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFeP@are indicated withhe grey markers.........cccccceeee e 168

Figure 5.6: Synchrotron diffractogram of the 5sec LiFefdnple showing the observed (purple),
calculated green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg
reflections for LiFeP@and L&sPQ; are indicated with the grey and the yellow markers respectively.

(*) indicates unidentified peaks from impurity pPhase/S..........ccuveivereiiiiiiiiiiiiiiiieieeeeeeeeeeeee, 169
Figure 5.7 Normalized Fe Kedge spectra for all the varied laddition samples compared to that of
the LiFePQ standard (blek). These spectra are largely overlapped..........ccccooviiiiieeeeeinninnee. 173
Figure 5.8: Comparison Fe-&dge XANES preedge region of the different standaedsl varied Li
AddItION TAte SAMPIES. ...t e e e e e r e e e e e s e e e e e e e 174
Figure 5.9: Comparison of the LiFeP€andard with the different Laddition samplesfahe
XANES Fe K-edge rising absorption and main absorption edge.........ccccccovvvviiiinin. 176
Figure 5.10LCF best fit (blue) of th&secof theFe K-edge XANES spectrum (purplalong with
the reSidual SPECIIUM (IBY ). . ettt ettt e ettt a e e e e e eeeeeeeeas 178
Figure5.11 LCF best fit (blue) of th@secof the Fe kedge XANES spectrungfeer) along with the
FESIAUAl SPECIIUM (GIBY.) - i iuiitteeeieeee ettt e e e e ettt e e e e e e e e e e e e s et e e e e e s et b e e e e e e e e s aannnbeeeeeens 178
Figure5.12 LCF best fit (blue) of th&sec 1 of theFe K-edge XANES spectrum (piflalong with
the 1BSIAUAl SPECTIUM (GIBY ) - uteieieeeiiiitie it e ettt e e e s e e e e e st e e e e e s s nnnneneeeees 178

Xl


file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011599
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011599
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011600
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011600
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011601
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011601

Figure 5.13: LCF best fit (blue) of tl3sec_2Bec of the Fe Kedge XANES spectrumkiack) along

With the residual SPECIIUM (GrEY ). .ciiuurrieeeee et e e e e e e e e e eeeeeas 178
Figure5.14 LCF best fit (blue) of the 4sec of the FeeHge XANES spectrum (pink) along with the
FESIAUAl SPECIIUM (GIBY.) .. iititieieeeee ettt e e e e ettt e e e e e e e e e e s e e e e e s s asb e e e e e e e e aannnnneeeeenn 179
Figureb5.15 LCF best fit (blue) of thésec of the Fe ¥edge XANES spectrum (black) along with the
(TS o [N E UYL= To (0T (I (o (=3 TS 179
Figure5.16 Comparison of the Fekveighted E @ E ] spectrum of the different Liaddition rate

T2 10 ] 012U PT PP PPPPPPRPPP 180
Figure5.17 The magnitude of the Fourier transform of EXAE® E data comparing radial
distance of the different coordination shells of the differehatdition rate samples................ 181

Figure 5.18: (a) The experimental Fevkeighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..'Q data (blue) and the theoretical FEFF fit
(black) of the 1sec LiFeRPOThe fitting window is indicated with the vertical lings.................. 182
Figure 5.19: (a) The experimental Feweighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (red) and the theoretical FEFF fit
(black) of the 2sec LiFePOThe fitting window igndicated with the vertical lines.................... 182
Figure 5.20: (a) The experimental Fevkeighted [®..."Q] spectrum and (b) the experintal FT
magnitude (top) and FT real (bottom) of the EXARS.."Q data purple) and the theoretit& EFF

fit (black) of the 3sec_LiFePQ. The fitting window is indicated with the vertical lines.......... 183
Figure 5.21: (a) The experimental Fevkeighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..'Q data (olive) and the theoretical FEFF fit
(black) of the 3sec_2 LiFeRQOThe fitting window is indicated with the vertical lines............... 183
Figure 5.22: (a) The experimental Fevkeighted [®..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (pink) and the theoretical FEFF fit
(black) of the 4sec LiFePOThe fitting window is indicated with the vertical lines.................. 183
Figure 5.23: (a) The experimental Fevkeighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (green) and the theoretical FEFF fit
(black) of thebsec LiFe®.. The fitting window is indicated with the vertical lines.................. 184
Figure 5.24: The experimental PDF of the 3sec_1 LikeRa@ple using a fitting range ofi13 0

The observed G(r) is indicated with the green circles, the calculated G(r) is indicated with the black
solid line and the difference curve is indicated iN.ed...........ccccoeeviiiiiieiie e 188
Figure 5.25: The experimental PDF of the 3sec_1 Likea@ple showing a fitting range of 6 . 5
with the major interatomic bond distance contributions in real space. The ab&4ryés indicated

WIth the QrEEN CIrCIES......uiiiiiiiiit e aee e 190
Figure 5.26: The observed G(r) of the differentadldition rate LiFeP@samplesising a frange of 1
i6.5 . Di fferent ar eas TilEmdaéanportant siuctural eatuoeearear e | ab e
indicated With YEIIOW CIrCIES.....uuueiieeeeeeeee e 191

Figure 5.27: The proposed model for the increase in coordination number around the Fe atoms.
Possible interatomic interactions are indicated with the dastes] Iron is represented by brown,

lithium by green, phosphorous by purple and oxygen by.ted...........ccccuvveiiiiiiiiiienie i, 194
Figure 5.28: Mossbauer spectifa(from the bottom to the top) the 1sec, 3sec_1, 3sec_2 and 4sec Li
addition rate LiFeP@samples showing the different Fe environments present..................... 195
Figure 5.29: Raman spectrum and microscopic image (inset) of the 1sec L deeRe............. 198
Figure 5.30: Raman spectrum and microscopic image (inset) of the 2sec L geeldle............. 199

Figure 5.31: Raman spectrum and microscopic image (inset) of the 3sec_1 J faefTe......... 199
Figure 5.32: Raman spectrum and microscopic image (inset) of the 3sec_2 l sael(®......... 199
Figure 5. 33: R-aegmaimthe2gee ldRrePOsamplea.f....U.........cccocveveeeee. 200

Xl


file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011602
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011602
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011603
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011603
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011604
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011604
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011605
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011605
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011606
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011606

Figure 6.1: Synchrotron diffractogram of the AirO LiFe@mple showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LilePQ are indicated with the blue makers...........cccvvviiiiiiiii. 209
Figure 6.2: Synchrotron diffractogram of the Air3min LiFeR@mple showing the ohsed

(purple), calculated (green) and difference (black) plots generated from a Rietveld refinement
analysis. Bragg reflections for LiFeRQisPQ: and the Fe impurity are indicated with the blue,

orange and red Markers, reSPECHIVELY..........ooiiiiiiiii e 209
Figure 6.3: Synchrotron diffractogram of the Air30min LiFeR@mple showing the observed

(purple), calculated (green) andfdifence (black) plots generated from a Rietveld refinement

analysis. Bragg reflections for LiFeRQisPQ:, Fe impurity and tavorite are indicated with the blue,
orange, red and green markers, respectively. (*) indicates an unidentified impurity. phase..210
Figure 6.4: Synchrotron diffractogram of the Airlhr LiFeR@mple showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFeP@ LisPQy, Fe impurity and tavorite are indicated with the blue, orange, red and
green markergespectively. (*) indicates an unidentified impurity phase.........ccccccccvvvvveeen... 210
Figure 6.5: Synchrotron diffractogram of the Airdhr LiFeR@mple showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFeP@ LisPQy, Fe impurity and Tavorite are indicated with the blue, orange, red and

Oreen MaArkerIESPECTIVEIY. ... ...uiiiiiee ittt e e e e e s e e e e e e s e e eeas 211
Figure 6.6: Mossbhauer spectra of (from the bottom to the top) the Air0, Air3min, Air30min, Airlhr
and Airdhr liFePQ samples showing the different Fe environments present.............cc..oe..... 215
Figure 6.7: The Fécontent increases with air eXposure time...........ccccceeeeeeeeeieeeceeeeeeeene 217
Figure6.8 Raman spectrum of the AILiIFEPQisample............cccooviiiiiiiiicc e 219
Figure6.9 Raman spectrum of the Amin LIFEPQ SamMPle...........ccvvveiiiiiiiiiiieiceiiiieeeeee 219
Figure6.10 Raman speatm of the Air30mirLiFEPQ, SamMPle.....uuuieeeeieiieiiiiiiiiiiiiiiieeeeeeeeeee, 220
Figure6.11 Raman spectrum of the Ainr LIFEPQisample........ooooiiiiieiiiieeece e 220
Figure6.12 Raman spectrum of the Airdhr LIFEPEAMPIE.......oovvviviiiiiiiii, 220

Figure 7.1: Synchrotron diffractogram of LiFeP€howing the observed (purple), calculated (green)
and difference (black) plots generdfieom a Rietveld refinement analysis. Bragg reflections for
LiFePQ and the Fempurity are indicated with the grey and yellow markers...............cccc...... 227
Figure 7.2: Synchrotron diffractogram of the 1Zn LiFeB&mple showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFeP@and LEPQ: are indicated with the grey markers and blue markers......227
Figure 7.3: Synchrotron diffractogram of the 2.5Zn LiFeP#@nple shoimg the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFeP@and the Feémpurity are indicated with the grey markers and blue markégs.
Figure 7.4: Synchrotron diffractogram of the 3Zn LiFeB&mple showing the observed (purple),
calculated (green) and difference (black) plots generated drRietveld refinement analysis. Bragg
reflections for LiFeP®LisPQ, and the Fémpurity are indicated with the grey, blue and yellow

MAFKEIS FESPECHVEIY...... e et e et e e e e e e e e e e e e e e e e e e e e e e e e e e aaannns 228
Figure 7.5: Variation in the volume as a function of‘Zroncentration in terms of x:LiE€ZnPQx.
.............................................................................................................................................. 230

Figure 7.6: Raman spectra for the undoped anddfred LiFeP@samples. The peaks due to
symmetric stretching af & o vibrational mode at ~950 ch{9107 976 cm') is given in the inset.

Figure 7.7 Normalized Fe Kedge spectra for the different doped samples (pirikundopedplack
T 1Zn, greeri 2.5Zn and blué 3Zn) compared to that of the LiFeP&andard (purple)............ 235
Figure 7.8: Comparison Fe-&dge XANES preedge region of the different standards, and the

undoped and Zdoped LiIFEP@SamMPIES..... ... 236


file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011630
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011631
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011632
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011633
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011634

Figure 7.9: Comparison tifie LiFePQ standard with the different undoped anddped LiFeP®

T2 10 ] 1= TP PT PP PPPPPPRPPP 238
Figure 7.10: LCF best fit (coral) of the undoped LiFeB&mnple of the Fe ¥&dge XANES spectrum
(pink) along with the residual SPECIIUM (GreY)-....c.oiiuririieeee it 239
Figure 7.11: LCF best fit (coral) of the 1Zn LiFeP¥ample of the Fe &dge XANES spectrum
(black) along with the residual SPECIIUM (GreY)-.....cccieeieeiiiiirtiirr e e e e e e e e aaaeeas 239
Figure7.12 LCF best fit (coral) of the 2.5Zn LiFeR®ample of the Fe #€dge XANES spectrum
(green) along with the residual SPECIrUM (GreY).....cccieeicciiiirriirr e e e e e e e e e aaeeens 240
Figure7.13 LCF best fit (coral) of the 3Zn LiFeR@ample of the Fe #€dge XANES spectrum

(blue) along with the residual SPeCtrUM (OE..........ooiiiriieiie e 240
Figure 7.14: Comparison of the Feweighted [@..."Q] spectrum of the different synthesised
samples (undoped aZah-doPed SAMPIES).......uuiriiiiiiiiiiiiee e 242
Figure7.15 The FT magnitude of EXAFE @ E data comparing radial distance of the different
coordination shells of the undoped anddfped samples...........cccco oo, 243
Figure 7.16: (a) The experimental Feweighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (pink) and the theoretical FEFF fit
(maroon) of the undoped sample. The fitting range for (a) 48828 A'and for (b) 1.3 5 A...244
Figure 7.17: (a) The experimental Fevkeighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..'Q data (black) and the theoretical FEFF fit
(maroon) of the 1Zn sample. The fittirange for (a) is 3 12.828 Atand for (b) 1.3 5A.......... 244
Figure 7.18: (a) The experimental Fevkeighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..'Q data (green) and the theoretical FEFF fit
(maroon) of the 2.5Zn sample. The fitting range for (a)iisl2.828 Aland for (b) 1.3 5A........ 245
Figure 7.19: (a) The experimental Fevkeighted [®..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (blue) and the theoretical FEFF fit
(maroon) of the 3Zn sample. The fitting range for (a)iisl2.828 Atand for (b) 1.3 5 A.......... 245
Figure 7.20The changes in the (a) of interatomic distance and (b) the disorder of the fi&f (Fe
COOrdINALION SNEIL......... e e e e e e e 249
Figure 7.21 The changes in the (a) of interatomic distance and (b) the disorder of the secBhd (Fe
COOrdINALION SNEIL......... e e e e a e e 250
Figure 7.22The changes in the (a) of interatomic distance and (b) the disorder of the tHel) (Fe
(odo o] o T aT= 11 To 1] 1 1= | R 251
Figure 8.1: Synchrotron diffractogram of the undoped LiFef@wing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg
reflections for LiFeP@and the Fempurity are indicated with the grey and yellow markers...260
Figure 8.2: Synchrotron diffractogram of 2.5Z8.5Co fiowing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections
for LiFePQ, LisPQy and the Feémpurity are indicated with the grey, blue and yellow markers
respectively. (*) iicates the unidentified IMPUIITY.........coooiiiiiiii e 261
Figure 8.3: Synchrotron diffractogram of 3Z18Co showing the observed (purple), calcediat

(green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections
for LiFePQ and the Fempurity are indicated with the grey and yellow markers.................... 261
Figure 8.4: Synchrotron diffractogram of 4zr2Co showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections
for LiFePQ, LizsPQy, the Feimpurity and LiFePG(OH) are indicated with the grey, blue, yellow and
red markers respectively. (*) indicates the unidentified iIMPULILY..........ccoovvviiiiieieneen, 262
Figure 8.5: Raman spectra for the undoped arttl-Zbo?* co-doped LiFeP@samples. The peaks due
to symmetric stretching af &t o (9501 951 cnt) are give in the inset (879 1118 crm)......... 266

XV


file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011644
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011644
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011645
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011645
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011646
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011646
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011647
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011647
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011649
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011649

Figure 8.6 Normalized Fe Kedge spectra for the different doped samples compared to tbhthe
LiFePQy 1 standard (purple). The spectra for undofe8zZni 3.5Co, 3 Zri 3Co and 4z 2Co

LiFePGy samples are indicated in pink, black, green and blue, respectively...............ccco...e. 268
Figure 8.7: Comparison normalized Feege XANES predge region of the different undoped and
Zn?*- C0?* CO-dOPEALIFEP QL SAMPIES......ccueivieiieiiieiesieecie ettt te e re e sre e nnas 269
Figure 8.8: Comparison of the LiFeP€andard with the different undoped andZ€o** co-doped
I o @R Y= 11 4] 0] (= TP 270
Figure 8.9 LCF best fit (corf of the undoped.iFePQ sample of the normalizéee K-edge XANES
spectrum (pinkalong with the residual Spectrum (Qrey)........ooooeieei e iccccccci e 271
Figure 8.10LCF best fit (coral) of th@.5Zn3.5CoLiFePQ, sample of the normalideFe kedge
XANES spectrum (blagkalong with the residual SPectrum (grey)......cccccovvereeeeeeniniiiieeeenns 271
Figure 8.11LCF best fit (coral) of th8Zn-3Co LiFePQ sample oftie normalized Fe dge
XANES spectrumdreer) along with the residual Spectrum (grey).........cccoveveeeeiiiiieneeeeee e 272
Figure 8.12LCF best fit (coral) of thdZn-2Co LiFePQ sample of tk normalized-e K-edge
XANES spectrum (bluealong with the residual spectrum (grey)......ccccceeeeeeeeeieiiee e, 272
Figure 8.13Comparison of the Fekveighted E ? E ] spectrum of the different synthesised
samples (undoped and Z+Co?*co-doped SAMPIES)......cc.eeecreeeeieieecie e et eaee e 274
Figure 8.14 Phase corrected FT magnitude EXAES E data comparing radial distance of the
different coordination shells of the undoped and"Z0?* co-doped samples............cccceeveenene. 274

Figure 8.15(a) Theexperimental Fekweighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..'Q data (pink and the theoretical FEFF fit
(maroon) ofthe undopegample. The fitting range for (a) wa$ 32.350 A and for (b) 1.3 5..276
Figure 8.16(a) The experimental Fé-keighted E & E ] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS.."Q data (blackand the theoretic®EFF fit
(maroon)of the 2.5Zr3.5Cosample. The fitting range for (a) wa$ 32.350 At and for (b) 1.3 5

Figure 8.17(a) The experimental Fé-weighted [@..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bot) of the EXAFS®..."Q data (greenand the theoretical FEFF fit
(maroon) of the8Zn-3Co sample. The fitting range for (a) was 32.350 A and for (b) 1.3 5 A

Figure 8.18 (a) The experimental Fé-weighted [®..."Q] spectrum and (b) the experimental FT
magnitude (top) and FT real (bottom) of the EXARS..Q data (blug¢ and the theotial FEFF fit
(maroon) of the Zn-2Co sample. The fitting range for (a) was 32.350 A and for (b) 1.3 5 A.

.............................................................................................................................................. 277
Figure 8.19The changes in the interatomic distance of the firsi@feoordination shell........... 280
Figure 8.20The changes in the disorder of the first-Becoordination shell............................ 281
Figure 8.21The changes in the interatomic distance of the secorB)Eeordination sh........ 282
Figure 8.22The changes in the disorder of the secondRFeoordination shell......................... 282
Figure 8.23The changes in the interatomic distance of the thiredFgjecoordination shell........ 283
Figure 8.24The changes in the disorder of the third-f&9 coordination shell........................ 283
Figure Al: The Rietveld refinement plot for the calibration oi28L at BNL of NIST 660c (LaB
with a wavelengt.h..0f..0..167057.(4) . 293
Figure A2:The Rietveld refinement plot for the calibration ofIZ81 at BNL of NIST 660c (LaB
with a wavelengt.h..0f..0..2663L6..1) . 293
Figure A3:The Rietveld refinement plot for the calibration of the Bruker D8 Advance of NIST 660c
(LaBsy wi th a wavel en.gt.h..0f..0..7.0.9313.(.4).......294
Figure A4:The decay scheme ®fCo to%’Fe producinga 1 @®with energy 14.4 keV........... 295
Figure A5:A schematic of the experimental setup for transmission measureffents............. 296
Figure A6: PHA spectrum fo¥Co showing the different energy lines.............ccccccevvevveeeneennes. 298


file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011665
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011665
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011666
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011666
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011667
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011667
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011668
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011668
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011669
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011669
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011670
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011670
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011671
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011671
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011671
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011672
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011672
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011672
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011672
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011673
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011673
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011673
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011673
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011674
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011674
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011674
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011674
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011675
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011676
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011677
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011678
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011679
file:///C:/Users/Michelle/Desktop/Michelle_Thiebaut_736407_Final%20Submission/Michelle%20Thiebaut_736407_PhD%20Thesis%202022_Final%20Submission.docx%23_Toc105011680

Figure AQ The cal i br at iFefoil resopdeddn transmissionfmode.h.e.....U..300

Figure AlAAdescri ption of the differ-seheef.Del.dB8 provic
Figure Al After loading of the spectrum the spectrimMformation as well as the plot is added to the

different fields. Different models can be selected to account for the different environments. The

objective is to minimize the clsiquare by solving different parameters.............cccccvvieeeeenne 302
Figure A12 Error analysis boX iN VING@..........ccccciiiiiiiiiiiiiiieeeeer e e e 302
Figure A13 An example of the Ipython WINAOW............oociiiiiiiiiiii e 304
Figure Al14 The script used for fitting a Gaussian model to a PDF peak............................. 305
Figure A15 The individual PDF peak and the Gaussian.fit...........cccccocc s 305
Figure A16 The informaibn output after executing the script shown in Figure Al4............... 305
Figure A17: Integrating the-Rimensional data to produceleéDimensional powder pattern for the
calibrant LaB. The masked beam stop is shown inred..........cccceevvveiiiei e, 306
Figure A18: Integrating the-Rimensional data to produce aldimensional powder pattern for the
LiFePQ sample. The masked beam stop is shown inred..............ccccceeiccccccces 306
Figure AL9: The FEFF.inp of the undoped LiFeR@sulting in four different nearest neighbour Fe
AtOMS (INAICALEA 1N TEOY- .. eeeeeeee ittt s e e e e e e e e e e snnees 307
Figure A20 The undoped LiFeP{produces one Fe scattering path (indicated in red) with a high
2= 101 1T PP PP PPPPPPPPPPP 308
Figure A21: Adding Zn to thatom list (indicated in green) produces one Zn nearest neighbour
(indicated in green) and three Fe nearest neighbours (indicated inred).........cccccccoeeeeeein. 308
Figure A22: The Zn doped LiFeR@roduces one Zn scattering path (indicated in green) with a very
low ranking and one Fe scattering path (indicated in red) with a higher ranking................... 309

Figure A23: Adding Zn (indicated in green) and Co (indicated in blue) to the atom list leads to one Zn
nearest neighbour (indicated in green) one Co nearest neighbour (indicated in btue) Bad

nearest neighbours (indicated iN red)..........ccoiiiiiiiiiiic e e 309

Figure A24: The Zn doped and Co-doped LiFeP@produces one Zn scatteringtipdindicated in

green) and one Co scattering path (indicated in blue) both with a very low ranking and one Fe

scattering path (indicated in red) with a higher ranking...............cccccoviiiiiii e 310

List of Tables

Table 1.1: Commonly used single dopants and the doping effect on the structure and electrochemical
[0 L=T (0] g 1= T o] YRR 15

Table 1.2: Co-dopants and the doping effect on the structure as well as electrochemical performance.
................................................................................................................................................ 16

Table 2.1:Refineable parameters for each phase present and the refineable global parameters (for the
WHOIE POWAET PAIEITTS: ... cieiieieiie ettt e e e e e s e snneeaaesreeas 43

Table 2.2:Commonly used criteria to determine the quality of th&fit..................ccoeeeeiiinnn. 45

Table 2.3:Description ofparameters that are used in the EXAFS equatign 2.16, that contribute

to the signal and the method of determinatffi................cccooi i, 52

Table 2.4:The fitting parameters, typical values and the correlations associated with the par&meters.
................................................................................................................................................ 62

Table 2.5Different molecular vibrations and the changes that are linked to the different vibfations.
................................................................................................................................................ 81

Table 3.1:The lattice parameters and volume when using a hydrothermal synthesis............ 87

Table 3.2:LiFePQii nt er at omi ¢ di stances ( ) as .r.ep8rted b

XVI



Table 3.3: The average interatomic distance and average Ddlalker factor as determined in

lIterature fOr LIFEP Q... ...t e e e e e e e e e e e e e e e e e e e e e e ea s s s e s s e e nnnnsnneeneeerennees a3
Table 3.4:Hyperfine parameters (IS and QS) commonly found in literature foiifreiFePQ......94
Table 3.5 Raman wavenumbers and the different assignments for Life®a in literature.......95

Table 3.6:Rietveld error indices, lattice parameters and the volume-dfi....................c.. 96
Table 3.7: Structural parameters determined using FEFF for the first, second and third coordination
SNEIIS OF CLFP ...ttt 101

Table 3.8: Raman modes for the white and black particulates presehfin. CiFePQ modes are
shaded {iFa0s;igorange, FEUin green and the unidentifigohases are not shaded...104

Table 4.1:Reliability factors for each Rietveld refinement.............ccoocciiiiieiiiiiie e 116
Table 4.2: Selected structural parameters of the refined Likef@ctures for the different samples.
.............................................................................................................................................. 116

Table 4.3: Multiphase analysis (%) of the undoped LiIFaRQ..................oc oo, 117
Table 4.4: The percentage Feoccupying the Fésite (M2), vacancies on the M2 site and &mnd

Fe?* occupying the Lisite (M1) in the refined LIFEP BIUCIUIES........c.covveiiveeerieiie e 118
Table 45:Di f f er ent ii snov/s)and quadrupdletsglitting 6 mm/s) for the 12 and

A8 NOUN SAIMPIES..... . et e et e e e e s r e e e e e e st r e e e e s e nnrreeeeeas 119
Table 4.6:Percentage contribution from each form of Fe and the total Fe in the 12 and 48 hour
STz 110]0] L= TR RSRERRR 119
Table 4.7:The full width half maximum line widtho§i mm/s) value for the 12 and 48 hour samples.
.............................................................................................................................................. 120
Table 4.8 Rietveld error indices for LFBa and LFFBD.............cooooiiiiiiiieeeeeeeeee 126

Table 4.9: Selected structural parameters of the refined structures for the different sampled27
Table 4.10: The percentage Feoccupying the M2 (F8) site, vacancies on the M2 site and &mnd

Fe?* occupying the M1 (L) site in the refined LIFEP BIUCIUIES...........cooveeeveeerieiie e 127
Table 4.11:Di f f er ent i sno/e)and quadripdletsglittind@ O i mm/s) for LFR3b.
.............................................................................................................................................. 128
Table 4.12:Percentage contribution from each form of Fe and the total Fe i¥8bhFP............... 129
Table 4.13:The full width half maximum line widtho§i mm/s) value for LFEBb....................... 129
Table 4.14: Raman modes of LFBb with the assigned vibrational modes............cccccceveeeeen.. 130
Table 4.15:Rietveld eror indices for the different purged samples..............ccccccoiinn, 133
Table 4.16:Selected structural parameters of the refined structures foiffdredt purged samples.
.............................................................................................................................................. 133
Table 4.17:The percentage Li occupying the Fe site (M2), vacancies on the M2 site and Fe
occupyingthe M1 (Li) site in the refined LIFERGIIUCIUIES............ccoviiiiiiiiiiie e 133
Table 4.18:Interatomic bond distances of the refined structures............cccccovviiiiiieeeeniinnen. 134
Table 4.19:The different preedge peak intensities and peak positions for the standards and purged
T2 10 ] o1 1= PSP PEPP PO 135
Table 4.20:The different main edge peak intensities and peak positions for the standards and the
PUIJEA SAMPIES.....coiiitee ittt e e e e e e sttt e e e e e e bbb e e e e e e e e b b e e e e e e e e anntnnees 137
Table 4.21:LCF goodness of fit parameters for the purged samples............ccccvvevieeiieeeennnen. 138
Table 4.22:LCF Percentage of the different components present in the purged samples....138
Table 4.23:The reliability factor and energy shift of the purged samples............ccccoovvveeennn. 140
Table 4.24:Structural parameters determined using FEFF for the first, second and third coordination
shell of the purged SAMPIES...... ... e e 142
Table 4.25:The average interatomic distance and average Délafker factor of the different
COONdINALION SNEIIS......ooeiiiiiii e e et e e e e e e e e e e aaaaeaaeeas 142
Table 4.26:Di f f er ent iismomme) shidf gs afddumpnd)ferthe purgedt t i ng (
7= 10 ] o1 1= 2SSO PTP O PPPPPPRPP 144



Table 4.27:Percentage contribution from each form of Fe and the total Fe in the purged sdples.
Table 4.28:The full width half maximum line widthd)i mm/s) value for the purged samples.145

Table 4.29:Raman modes of the purged samples withafgégned vibrational modes.............. 147

Table 4.30:Rietveld error indices for LFR, LFR2 and LFP3........coooeveviiiiiii e 150

Table 4.31:Multiphase analysis (%) of LFP, LFR2 and LFP3..............ccccociviiiiiiiiiiieeeeeeee, 150

Table 4.32:Selected structural parameters of the refined structures for the different purged samples.
.............................................................................................................................................. 151

Table 4.33:The percentage Li occupying the M2 (Fe) site, vacancies on the M2 site and Fe

occupying the M1( Li) site in the refined LIFEPEIUCIUrES...........cooviiiiiiiieiiiiiieeeee e 151

Table 4.34:Interatomic distances of the refined StrUCtUIES............coovviiiiiiee i 152

Table 4.35:Di f ferent iisnmmme) ahidf gs af@iiupnd)ferthepurgedt t i ng (
STz 110]0] L= TP EEEPESSERR 154

Table 4.36:Percentage contribution from each form of Fe and the total Fe in the purged sdrbples.
Table 4.37:The full width half maximum line widtha§i mm/s) value for the purged samples.155
Table 4.38:Raman modes of the purged samples with the assigned vibrational mades......157

Table 5.1:Rietveld error indices for the varied‘laddition rate samples...........cccccccevviiiineennen. 169

Table 5.2: Selected structural parameters of the refined Likg#@ses for the varied Laddition

FALE SAMPIES. ..o a e e e e e e e e e 170

Table 5.3: The percentage LiFeR@nd LsPOy obtained from a multiphase Rietveld refinement of

the XRD of the LTaddition rate SAmMPIES........uuuiiiiiiiiiieiieeeeeeeeee e 170

Table 5.4:The percentage Li occupying the M2 (Fe) site, vacancies on the M2 site and Fe occupying
the M1 (Li) site in the refined LIFERGIIUCIUES. ...........vviiiiiiiiiiiieee e 171

Table55:l nt er at omi ¢ bond di satd#ioncatcesamples)......o.f....t.h78 var i e
Table 5.6: The different preedge peak intensities and peak positions for the standards and the varied

Li* addition rate SAMPIES........ooii i a e e e e e e e e e e e 175
Table 5.7: The different main edge peak intensities and peak positions for the standards ahd the Li
AddItIoN TAtE SAMPIES. ... it e e e e e e e e e s e e e 177
Table 5.8:LCF goodness of fit parameters for thé addition rate samples.....................oo... 178
Table 5.9:Percentage of the different components present in the vafieddition rate samples as
determined frOM LCR ... ..o e e e e e s e e e e e s s e e e e e e e enneeees 179
Table 5.10:The reliability factor and energy shift of the varied &dldition rate samples........... 182
Table 5.11:Structural parameters determined using FEFF for the first, second and third coordination
shell of the LT addition rate SAMPIES.........coiii i 185
Table 5.12:The average interatomic distance and average Délatker factor of the different
COOIAINALION SNEIIS.....ccii ittt e e e e e e e e e e e s snr e eeeeeeeanes 187

Table 5.13:The peak positions for selected peaks to determine any changes in the interatomic bond
distances for the Liaddition rate samples as compared to the ailglysed 3sec_1 sample. Blue
indicates the shorter distances and orange indicates longer distances...............ccoceeeeiinnne 192

Table 5.14:The peak widtfFWHM) for selected peaks to determine any changes in disorder for the
Li* addition rate samples as compared to the fully analysed 3sec_1 sample. Blue possibly indicates a
lower degree of disorder and orange possibly indicates a higher degree in disardet........... 192

Table 5.15:The peak integral intensity for selected peaks to determine any changes in coordination
number for the Liaddiion rate samples as compared to the fully analysed 3sec_1 sample. Blue
possibly indicates a lower coordination and orange possibly indicates a higher coordinatioh93
Table5.16:Di f f er ent ii sno/e)and quadripdletsglitting @ Ui mm/s) for the varied

Li™ @dditioN rate SAMIPIES ... ..eiiiii i e e et e e e e s e e e e e e 196
Table 5.17:Percentage contribution from each form of Fe and the total Fe in the varidiition
£ LESIRST= T T o] 1= SRR 197

XVIII



Table 5.18:The full width half maximum line widtho§i mm/s) value for the varied Laddition rate

T2 10 ] 1= TP PP PP PPPPPPRPPP 197
Table 5.19:Raman modes of the different’laddition rate samples with the assigned vibrational
modes. Intensities for thigp (0 & o ) ando (0 & o ) modes are given ibrackets................. 200
Table 6.1:Rietveld error indices and selected structural parameters of LikePQ................... 211
Table 6.2: The percentage of LiFeR@nd impurity phases obtained from a multiphase Rietveld
refinement Of the SAMPIES. ... e e 212
Table 6.3: The percentage Loccupying the M2 (Fe) site and Fe occupying the M1) @ite in the

FEfiNEd LIFEPQ SITUCTUIES . ... . ittt ettt et e e e e e e e e e e e e e e e e e ea e e e e s e e s s aaa s annnneeneenneseeeeseenees 213
Table 6.4:Interatomic bond distances of the refined Structures.............ccccevvvcviiiiiee e, 214

Table6.5:Di f f erent iismmme) ahidf gse adbimpn/d) ferthe giffeieritt | ng (

T2 10 ] 1= SO PP PP PPPPPPRPPP 216
Table 6.6:Percentage contribution from each form of Fe to the total Fe in the different sangdlés.
Table 6.7:The full width half maximum line widthagi mm/s) value for the different samples.218

Table 6.8:Raman modes of the different air exposed samples with the assigned vibrational modes.

bond

bond

.............................................................................................................................................. 221
Table 7.1 Reliability factors for each Rietveld refinement.............ccoociiiiiieriiiiiiiiieee e 229
Table 7.2:Multiphase analysis (%) of the undoped LiFeR@d doped samples...................... 229
Table 7.3:Latticeparameters and volume of the LiFeRfDase for the undoped and-daped
LIFEP QS SAMPIES. ...t e e e e e e 230
Table 7.4:0ccupancy of F& on theM2 and Li and F&/Fe** on the M1 SiteS.........ccccveeuvennnen. 231
Table75:The individual and aver age -0 RQa;nd atMihi c
.............................................................................................................................................. 232
Table 7.6: Raman modes of the undoped and*Zvped LiFeP@samples showing the assigned
VIDFatioNal MOTES. ..o e e e e e a e e e e nnnees 234
Table 7.7:The different preedge peak intensities and peak positions for the undoped athoh£nd
LIFEP QO SAMPIES. ...t e e e e e e e e e 236
Table 7.8:The different main edge peak intensities and peak positions for the undoped@oypkdn
LIFEP O SAMPIES. ...t e e e e e e e e e 238
Table 7.9:LCF goodness of fit parameters for the undoped andafred LiFeP@samples....... 239
Table 7.10:LCF weight percentage of the different components present in the undoped-dnpedh
LIFEP O SAMPIES. ...t e e e e e e e e e 240
Table 7.11:Amount of Fe that should be replaced for each doping percentage................... 241
Table 7.12:The reliability factor and energy shift of the undoped andi@ped samples........... 244
Table 7.13:Structural parameters determined using FEFF for the first, second and third coordination
shells of the undoped and -BEPed SAMPIES..........cciiiiiii e 246
Table 7.14:The average interatomic distance and average Délatker factor of the different
COONAINALION SNEIIS.....ceiiiiiiei e e et e e e e e e e e aaeaaaeeaaeeas 247
Table 8.1 Reliability factors for each Rietveld refinement.................ccoooiiiiiciiiiiiireeeeeee, 262
Table 8.2 Multiphase analysis (%) for the undoped LiFeR®well as the doped Like
A 1 X O ¥ = T PRERT 262
Table 8.3 Lattice parameters and volume for the LiFeP@ase of the undoped and 2*Zn
C?" co-doped LIFEP@SAMPIES......ccuiiiieieieeiie et estie ettt e sree e ae e snaessaeeseesneesnneenis 263
Table 8.4:Occupancy of F& on the M2 and Li and Peand/or Fé'on the M1 sites................. 264
Table85The individual and aver age -0, RQ@ad atMdni c
.............................................................................................................................................. 265
Table 8.6: Raman modes of the undoped and*Z&0c?* co-doped LiFeP@samples showing the
assigned Vibrational MOUES. .........oooiiiiiiiii e e e 266

XIX



Table 8.7: The different preedge peak intensities and peak positions for the undoped 3hdCat

CO-AOPEALIFEP QL SAMPIES..... ettt e e e e e e e e e e s 270
Table 8.8: The different main edge peak intensities and peak positions for undoped?andcZh
CO-AOPEALIFEP QL SAMPIES......ceeeieieee et e e e e e e e e e e neeeeas 271
Table 8.9:LCF goodness of fit parameters for the undoped akth Do?* co-dopedLiFePQy

STz 110]0] L= TP EEEPESSERR 272
Table 8.10:LCF weight percentage of the different components present in the undopedand Zn
C0?* CO-doped LIFEPQSAMPIES. .....cvvieivie ettt ettt e et et e s e e eree e saeeeeareeanns 273
Table 8.11:The amount of Fe to be replaced by thedopants in the feff.inp file..................... 273
Table 8.12:The reliability factor and energy shift of the undoped antd-Z20?* co-doped LiFeP®

STz 110]0] L= TP EEEPESSERR 276
Table 8.13:Strucural parameters determined using FEFF for the first, second and third coordination
shells of the undoped and ZNCo?* co-doped SAMPIES........cceeevieeiirieicieeccee e 278
Table 8.14:The average interatomic distance and average Délatker factor of the first

(odo o] o T aT= 11 To] 1] 1 1= | R 280
Table Al: Rietveld error indices for the calibration of-E8-1 at BNL of NIST 660c from the
refiNEMENT OF FIGUIE AL e e e e e e e s e e e e e e nnnees 293
Table A2: Rietveld error indices for the calibration of-g8-1 at BNL of NIST 660c from the
FEfiNEMENT OF FIQUIE AZ... ... et e e e e e e e s a s e rrrr e reeeees 293
Table A3: Rietved error indices for the calibration of the Bruker D8 Advance of NIST 660cdLaB
from the refinement Of FIQUIE AS..... ... e e 294
Table A4: The determined.c value along with the sample name and the chapter the data was used in.
.............................................................................................................................................. 303

XX



Chapter 1

Overview and literature review
1.1 Overview

LiFePQ: has been shown to be a good replacement for mat#grrcathode materials in
rechargeable Lion batteries due to its low toxicity, low cost ardher operating voltagdsit

it also has the disadvantage of poor electronic and ionic conductivity. A latgmes of
research published on this material has been focused on how to improve the ionic and electronic
conductivity properties. However, limited research has been conducted on using a low cost,
low energy synthetic route that produces minimum defectsiaderstanding how this affects

the synthesised material. A relatively simple hydrothermal route was investigated and
optimized, and the structure of the material produced was investigated using both diffraction
and spectroscopy techniques. This methodoleas then further used to dope anebope the
LiFePQ structure with divalent metal ions and the effects on the structure were assessed.

This chapter gives a brief literature review on rechargeable batteries, specificaly Li
batteries and looking &te different components found in-idn batteries (LIBs) with a focus

on the cathode materials. The different sections that will be covered include the different
compositions, structure, advantages, disadvantages, common structural defects of tHe materia

limitations and commercialization.

1.2. The global energy crisis

Energy is an essential global need and the demand for energy is increasing every year due to
the increasén the population and the increase in technological and economic development.
This increase in demand brings twéfelient topics under discussion: the increase in the use of
fossil fuels and the need for sustainable enetgybon dioxide (Cg) emission fron the use

of fossil fuels is the main contributor to global warming which is a major global traedt

with the increase in energy demand there is a substantial increase in themi&Sion.
According to The BP Statistical review of Wothergy (2023)for carbon emission to reach

zero by 2050there would have to ba constant deease of about 2.6 gigatonnes of £LO
emissionfor the next 25 yearsThis indicates that there has to be a massive decrease in the
use of fossil fuelln 2019 there was worldwide increase in the use of renewable energy

sources, particularly wind and solar energy, which edatdecrease in carbon emission



compared to prgous yeardbutthe usagef oil andcoalstill remained the main source the

production of power and electricify.

Several attempts have been made to rethecemission of Cgby reducing the usage of fossil

fuels and by creating a sustainable future and sustainable energy. To work swgtadsable

energy means the responsiblease t he e ar t handtheanmpkemengtstionsabdi r c e s
reliable, afforéble and accessibémergyto everyoneThese attempts involve using renewable
sources, improving on existing or creating new energy conversion and storage technologies,

and reducing energy wastage.

1.3. Batteries as energy storage technologies

Renewabl@nergy sources like solar or wind are available intermittently making energy storage
systems an important focus point. Having efficient storage systems allows for the storing of
excess energy that can be used when the renewable energy sources arablet’dviierent
technologies can be used as efficient storage systems, such as electrical, chemical, mechanical,
thermal and electrochemical energy storage systéniatteries are classified as part of the
electrochemical energy storage systems angists of two electrodes that aeparated by the

electrolyte.

Battery storage systems arsportant for a variety for reasons and can be used in electrical
grids, electric and hybrid electric vehicles, wireless network systems, portable electronic
systems, marine and aerospace applicafiditgese systems can provide qualitgasl energy

and backup energy, they provide a safe supply of energy as well as the efficient generation of
power? Currently used batteryarage systems include, but are not limited to,4aeid, nickel

metal hydride and nickedladmium, sodium sulphur, vanadium redox, mataland lithium

ion batteries:*° A brief description of each battery follows here, except for ther.ibattery

(LIB) which, is of interest in this project and will be discussedreaer detailin section 1.4.

1.3.1. Leaehcid (PbQ)

PbQ batteries are still being used for industrial, automotive and household applications. The
cathode material is made of lead dioxide (Pb@he anode material of metallic lead (Pb) and
the electrolyte is aulphuric acidsolution}#® The advantages of this battery is its energy
efficiency (85- 90%), low sekdischarge, low maintenance costs and the robustness of the



battery. The disadvantages include the toxicity of lead, slow charging rate, low cyclallife a
low energy density (30 W h/kgP:®

1.3.2. Nickel based batteries: Nickeladmium (NiCd) and nickehetal hydride (NiIVH)

The anode in a NiCd battery consist of Cd and that in alMHVIH battery consists of MH. In
both batterieshe cathode is nickaxyhydroxide and the electrolyte is an alkaline solution
Examples of the different metal hydrides (MH) include two different alloy classegwhigre,

A = La, Ce, Nd and Pr, B = Ni, Mn and Co) and ABhere, A = Zr and Ti, B = Ni, Cr and
V).” The advantages of tiNiCd battery are its capability to recharge fast and a long cycle life
(3000 cycles) but the main disadvantage is the toxikigh cost of cadmium aramemory
effect’* The memoneffect refers to a reduction sapacity that a battery exhibits when it is
discharged to the same point every time before being charged®dgathium ion batteries
generallydo not suffer from this effec¢tThe advantages of thdi-MH battery are its higher
energy capacity (3040% higher than NiCd), higher energy density, improved environmental
friendliness and almost no memory effect. The disadvantdgbssalevice are its high self

discharge rate, low service rate and overcharging ability that can lead to overfheating.

1.3.3. Sodium sulphur (NaS)

This stationary device is made of a molten sulphur cathode, a molten sodium anode and a solid
betaalumina ceramic electrolyfe®It provides good efficiency (>85%), long cycle capability

(2500 cycles), high energy density (1’5170 kW h/nf), slow discharge (~6 hours), improved

storage capacity, low cost and lolifg cycle (15 years}*® The disadvantages are that this

device can oly be used as stationary storage systems (such as for wind farms and solar plants)
due its high operating temperature (308 5 0 C), an external heatin
the charge and discharge electrochemical processes, and the safetysaskateab with the

device if the sodium is exposed to air and moisttfe.

1.3.4. Vanadium redox batteries (VRB)

This device is classified as a flow battery. The active constituents of the battery are in solution
(different ionic forms of vanadium) where an ion selective membrane separates the active
constituents:*°The advantages of this flow battery are a high tolerance to overchatgeym,
charging without decreasing the cycle life, high efficiency (~85%), low maintenance cost, the

ability to recover the capacity, no excessive amount of hydrogen is produced and improved



safety. The disadvantage of the VRB is the need for pumps, sans@sscondary containment

which makes them suitable only for large scale energy storage applications.

1.3.5. Metalair batteries (zineair and lithiumair)

Metalair batteries generate electricity by using oxygen (from air) in an electrochemical couple
with an electropositive metal and an ionic liquid as the electrtbfA&The use of the metal

air batteries are limited to small scale usagly. The Znair battery is slightly more affordable

and environmentally friendly than the-&ir battery, but the latter has a higher specific energy.
The disadvantages of a metat battery are its low efficiency (~50%), low electrical
recharging as wkehs the formation of dendrites caused by the @@sent in the air of the
atmospheré:*

1.4 Lithium-ion batteries (Li-ion)

Batteries can either be classifiedrastrechargeable (primary) or rechargeable (secondary).
Both working principles are the same except that for rechargeable batteries the electrochemical
reaction needed to produce the current is reversible. The current is produced by the flow of
electronswhich in turn is produced by the chemical reactions occurring at the positive and
negative electrodes. Different electrode materialand electrolytesaffects the chemical
reactions thatacur andhese areesponsible for properties such as the voltage and how much
energy the battery can stdfeLi-ion batteries are classifiess rechargeable batteries and
consists of four components: the cathode, anode, electrolyte and seffdfatdbattery can

exist in two different states: charged and dischargied {.1).Thedischarged state is the initial

state of the battery and the cathode material containsteris. Charging the battery by using

an applied electric field pushes the electrons through the external circuit to the anode and drives
the movement of the tdions through the electrolyte and separator to the alfddelsing the

battery in devices causes it to discharge, allowing electrons to move through the external circuit
and Li*-ions to diffuse back to theathode'?
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Figurel.l: Schematic diagram of the working principle of LIBs.
A cell is a single electrochemical device whereas a battery is a group of different cells making
them bigger in size. Batteries are manufactured in different cell designs with the most common
designs being coin, cylindrical, prismatic (rectangular) anaipoalls (Fig. 1.2). Coircells,

cylindrical and prismatic cells all have hard casings whereas pouch cells‘dé%not.
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Figure 12: Different cell designs of batteries (left) are shown for (a) coin (b) cylindrical (c) prisi
and (d)pouch cell$:* The schematics of the different components inside theathown on the
right1213

Coin cells are small, inexpensive to manufacture and are fairly safe devices designed to be
compact for use in portable devidésAlthough these are the most commonly manufactured
cells, their low power makes them only useful for small electronic devices, such as wrist
watches?® Cylindrical, prismatic and pouch cells are more commonly used in electric
vehiclest® Cylindrical cells ae safer due to the metal casing that improves the overall stability

of the battery as well as the quicker manufacturing process that decreases the cost of the battery.
The downside of the cylindrical cells is the complicated design that requires more
interconnections’ The prismatic cells have a larger capacity than that of the cylindrical cells
due to the desigh.The casing is also more durable than that of the other cells. The pouch cells
have a more flexible casing made of polymeated aluminiurf making the manufacturing
process less expensiV&The packing of these cells is very important due to the absence of the
metal casing making the cells more fragil@he electrolyte used in these cells is a gel rather

than liquid, making spillage less of a safety fisk.

1.4.1. Lithiumion battery components
1.4.1.1. The anode material

Batteries that contain Li metal as the anode material are commonly referred to as lithium
batteriesand were somewhat commercialised in earlier rechargeable battdriesLi metal

was very attractive as an anode and showed a high and promising theoretical capacity of
~3860 mAh/g and a negative electrochemical potenBad40 V vs SHE}**® The common
problemsassociated with these batteries are the inability to fully reckaaged the poor safety
caused byhe growth of Li dendritesn the anode that can lead to short circuiting and short

life cycles of he batteries®?° This increased safety risk has led to the elimination of Li metal



as the anode material by replacing it with a different material and by synthesising the cathode
material in the charged state, meaning that it is the source of lithinsnTibese types of
batteries are referred to as lithium ion battelfd$.Numerous studies have been done to find
suitable anode materials. Among the anode materials that have been commercialised are
carton-based @raphitg?2® and lithium titanium dioxide (LiTisO12/LTO) anodeg® 26
Graphite has been used as the anode in the majority-adribatteries and can be classified

as an intercalation compourfdrming LiCs during charging. This material showed good
reversibility, a low gravimetric density, a high theoretical capacity (3300 mAh/g), a low
lithiation voltage and the improvement of both the safety and life ¢)é%é! The main
disadvantages of this material is the lower capacity compared to that of Li metal, the possible
formation of dendrites due to a high charging rate and the side reactions between selected
electrolytes and graphité®?"?8These side reactions affect the battery capacity and have been
researched extensively to find suitable electrolyte materials that are compatible with the anode
material?®?° A synthetic carbon was mostly used as the anode material but was replaced with
a natual graphite due to the high production cost and the high temperatures needed to produce
the materiaf’ LTO has a theoretical capacity of 175 mAh/g and reaches an actual capacity of
~150 mAh/g*° This material also has the ability for fast insertand removal of L'ifrom the
structure during charging, good cycle reversibility, is thermodynamically stable due to the
stable operating voltage (1.5 V vs'/ALi) and almost no volume change occurs during the
charging and discharging cyd@e3'®, The main disadvantages of LTO are that the material
suffers from low rate capabilitgaused by a low diffusion coefficiett ¢ p m AT T

OA & v F%and low electronic conductivitys @ 1 3TA A & v ).3% Graphite or other

carbonbased materials are still the chosen anode materialdonlbatteries.

1.4.1.2. The electrolyte and the separator

The electrolyte transports th&*-ions between the anode and the cathode but miuteslow

for the flow of electrons? It is important that the electrolyte is able to form of a solid
electrolyte interphase (SEI) on te&ectrodes through the formation of stable compounds by
side reactiong®3” This layer mainly depends on reactions occurring with the anode, is formed
during the firstfew cycles and is of importance as it prevents any other siddiogacfrom
occurring throughout the lifetime of the batté?y’ Other than the formation of the SEI,
important characteristics for suitable electrolytes are: it should be a good ionic conductor and

an electronic insulator, have a widkectrochemical window to avoid degradation, be inert to



other cell components, thermally stable, environmental friendly and lowcobe dfferent
electrolyte types used in room temperaturdased batteries are a) naqueous, b) aqueous,
c) ionic liquids, d) polymer and e) hybrid electrolytéghe focus here is on neagueous
electrolytes that are most commonly used in commerci@driibatteries. The electrolyte is
composed of a lithium salt (LiBFdissolved in an organic carbonate or a mixture of organic
carbamates such a5 ethylene carbonat&C)together with diethyl (DEY; dimethyl (DMC)
propylene (PCandbr ethykmethyl (EMC) carbonat® 38

The separator is a porous material that sepatla¢eanode and the cathode from one another
but it is permeable to tHd *-ions1%1236:3%The design of the separator is very important for the
battery performance and can affect properties such as the cycle life, power and energy density
and the safety of the battery and prevents any short circ@ftingportant characteristics to

take into account when either designing or selecting separators are the tlstabitiay,
porosity, thickness, permeability, thermal stability, mechanical strength, wettability, thermal
shrinkage, shutdown and the cost of producing the sep&tdt@elgard 3501, Solupor 7PO3A

and Separion S240P30 are examples of three commercial sepHr@eigard 3501 consists

of a single polypropylene (PP) layer and is coated with surfactant, Solupor 7P03A consists of
ultrahigh molecular weight polyethylene (PE) fibrils and Separion S240P30 is coated with
polyethylene teephthalate (PET), ADs and SiQ.

1.4.1.3. The cathode material

The development of cathode matesalave mainlybeenfocused on tw different categories

of compounds namely conversion and intercalation compainds.

0] Conversion compounds:

The working principle behind #se types of cathode materials are based on the ability of the
material to undergo electrochemical conversiGiihe structure is comprised of elements that

are more abundant, inexpensive and environmental friendly such as chalcogenides, halogens
(in their salt form) and transition metals (eg. or Cu)*? These materials exhibit an increase

in capacity>*® due to the use and availability of multiple valence states making them very
attractive cathode materials. Two different conversion reactions can occur anesnthav
breaking and formation of new bonds and the production of elecftétishe first reaction
includes high vdence (valence state of & above) metal ions and halides (e.g. JreFhe

element with the highest mobility (e.g) mill diffuse out of the compound (e.g. Fg¢Rand



form a bond with Li (e.g. LiF) while the metal (e.g. F& will form nanocomposit@articles.
These nanocomposites are then dispersed it’l*fA.he second reaction involves the lithiation

of S (LiS), Se (LiSe), Te (LiTe), Br (LiBr) and bk (Lil) but the reaction only forms one phase

i one single phase is converted into a different single gR&memising candidate materials

for this typeof battery areS/Li>S Cuk and FeE.*? S/Li;S has the highest theoretical capacity,
with a gravimetric capacity of 11661675 mA h/g andelumetric capacity of 1937 mA h/ém

CuR offers higher theoretical potentials (3.55 V vs. LijLand Fek offers relatively high
gravimetric (713 mA h/g) and volumetric (1982196 mA h/cm) capacities. Metal fluorides

also have the advantage mbviding maximum energy storaffeAlthough very promising,

none of these conversion compounds have been commercialized yet due to the very low
conductivity, interaction between the electrodes and the electfélyte, substantial volume
change associatedth the conversion reaction causing limited cyclability, limited reversibility
and capacity loé¢*°as well as the presence of voltage hysteresis which is detrimental to the

battery efficiency#434°

(i) Intercalation compounds:

Most intercalation compounds have been widely mamtialized and consigif different
structuresthat accommodate the insertion and extraction of theiohss. Intercalation
compounds rely o single redox coupl@V™Y/M")2 rather than having multiple valence
states available for the reactias shown with the conversion compouttihe removal of
theLi*-ions from the cathode material results in the multivalent metal ittvirvthis material
undergoing a change in oxidation state to maintain charge neutrality, producing electrons and
it should maintain its structural integrit§*’ Other important characteristics when searching
for a suitable intercalation compound fogchargeable batteries includes being able to
reversibly react with the lithium, have a high capacity, be able to operate at a high voltage,
have high power density, be a good electronic conductor, low cost and environmentally
friendly#® The different crystal structures that fall under intercalation compounds are layered
(Li/TiS2, LiCoOz2 and Nicontaining materials), spinel (LiM®4) and polyanionrcompounds
(olivine- LiFePQy).

Layered cathode materials are composed of alternating catidranionsheets. The first
commercialised layered cathode material was LY EiSd was commercialized by Exxéh.
This material exhibited high cycle durability, a high lntercalation capacity of ~240 mAh/g,

low operating voltage of ~2 Versis Li/Li* and an experimental capacity of 256 hig2°48



The cathode material was synthesised in the charged staig didi.i metal was needed as
the anodeThis meant thiathe battery waaccompanied by safety issuessociated with the Li
metal Another safety issue associated with this material was the release of toxic8ps (H
uponexposure to moisturé. Although commercialized this material only found useoinc

cellsutilised in watche4®

The most common layered compound is LIGEOCO) and was first investigated and tested

by Mizushimaet.al®, using an organic electrolyte that lowered the operating tempetature
ambient tempetures making them more useable in deviéeEhis cathode materialas first
commercialised by SONY in 1990. The theoretical specific capacity ofitQ®4 mAh/g but

only at an operating vageof ~5 V versus Li/Lt. *° An operating voltage this high, however,
oxidises the organic electrolyte and poses a safety risk by causing an unstable structure. In
commercial cells the material exhibia specific capacity of between 145155 mAh/g at an
operating voltage of 3.64 V versus Li/Lt, ?°**°where lowering the voltage is the reason for
lower actual specific capacity. The main advantage of lcG@pared to Tisis that the
materal is synthesised and produced in its discharged state and the cathode material already
contained Li-ions eliminating the need for Li metal as the anode material which reduced the

safety riski°

Ni - based layered cathode materials derifrech the same parent layered material: LiNiO
(LNO) and was tested in 1985 by Thoneasil>° LNO showed improved capacity and energy
density! compared to that of LCO but exhibited poor thermal staisftity. Another major
problem with LNO was the migration of Nionto the Li sites leading to poor rate
perfamance’®>*Modifications to the parent material by substituting'Miith different metals

led to improved thermal stability and the commercialization of two different variations of
cathode materials. LiNMnyCo,0. (NMC) was first patented by Argonne WNatal Laboratory
(ANL)®>® and showed improved capacity and improved thermal stability due to the partial
replacenent of Nf*with both Mrf* and C3*.>6 Abundant research has been done to determine
the optimum ratio of each metal ion in NMC where peecentage of Nf was the main metal

with eithera lower or higher Ni conter?€>” NMC 333 (3Ni, 3-Mn, 3-Co molar ratio) and
NMC 532 (5Ni, 3-Mn, 2-Co molar ratio) are the twhli-poor cathode materials that have
dominated the battery industry and the most promising materials for electric véhitéasng
Ni-rich materials (more than 50%) led to an increase in the oxidation of the electrolyte as well
as decreased the thermal stability of the mat&trdINi-rich cathode materials that have been
commercialized are NMC 6226i, 2-Mn, 2-Co molar ratig and NMC 811 (&Ni, 1-Mn, 1-

10



Co molar ratig.2° NMC on its own has been used by companies like Dairnkl hakeri
Li-Ted and Honddcell makeri Toshibd in the Smart and Fit vehicle modetspectively®
NMC together with LiMaO4 (LMO 1 discussed in the next section) has been used
companies likd=iat (cell makeri Samsung)Mitsubishi(cell makeri Li-Energy Japanand
Renault(cell makeri LG Chen) in the 500,4MIiEV and Zoe vehicle model, respectivéfy.

A different Nirich cathode material that has been commercialised iso k@ 15A10.0502
(NCA)®® with a specific capacity of 180 mAh/g and an operating voltage of 3%2ANCA
exhibited improved energy density compared to NMC but was also plagued by lower discharge
voltage?® Thepresence of Al has to be kept at low percentages, usually betwé&el086, to
inhibit capacity decay and improve battery safety. Percentages higherith@#5nhibit Li
diffusion>® Due to the high Ntontent in this material it can exhibit limited cycle life caused
by the formation of inactivenaterials on the surfacef the cathode material a result of
adsorptionof moisture and C@and the formation of kCOs; and LiIOH caused by improper
storage’® NCA exhibits an increase in thermal stalyiltompared to that of the Mich NMC
811 but a decrease compared to thgpddr NMC 333°51NCA on its own is usedybTesla
(cell makeri Panasonic) in the Model S vehitdéut used together with LMO by Nissan (cell
maker- Automotive Energy Supply Corpation (AESC)) in the Leafehiclemodels'®

In 1983 Thackeragt al *?®3showed the 3D spinel structurelokn ;04 (LMO), with voltage

of 37 4 V versus Li/LT has a dual discharge ptau and it was considered as a major
competitor to LCO. LMO (M = manganese) was cheaper to produce compared to that of LCO
(C = cobalt), LMO was less toxic, it had improved thermal and cyclic stability and improved
power density*%>The stability at room temperature of thehwate was first tested wittarbon
anodesy Taracoret al,®¢5” at Bellacore . The theoretical specific capacity was determined to
be 148 mAh/g but in a working cell the capacity reachedi 1120 mAh/g°%8at an operating
voltage of 4.1 ¥*%8to ensure the stability during cyclif’° Two othermainchallenges are

1) the presence of the Jatweller effect at lower voltagethat causes cell degradattéi-"2

and 2) disproportionation of 2Mhinto Mn?" and Mrf*. The disproportionation originates
through the reactions that occur between LMO and the lithium saltd)l.tRE organic solvent

and trace KO content and affects the battery performance by causing capacitysussture
degradatioff-">and increases the charge transfer resistance by the migration of tharidn
Mn** cations towards the anad&’®LMO has been used together with oth®MC and NCA

in some electric vehicles$.
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Polyanionic compounds consiststefrahedral structurgéXOa4)™ or (XmOzm+1)™ where X= P,

S, As, Mo or W to list a few,that are combined with transition metal polyhedral stnest

(MOy) where strong covalent bonding occlfi¥he advantages making these material types

So attractive as cathode materials are the increased thermal stability due to the strong covalent
bonding improving the safety of the battery as well as the high capacityhésat iaterials
posses$® The different polyanion compounds that arspenvestigated include phosphates,
silicates, fluorophosphates, fluorosulphates and bofafEse cathode material of interest is
LiFePQiand the next section will discuss this cathode material in further detail.

1.4.2. LiFePQas a cathode material

Phospheolivines were first investigated by Goodenough anddasn for the use as a cathode
material’’ These materials have been thought of as a good replacement intercalation compound
in Li*-ion batteries LiFePQ: falls under the phosphalivine group, has an orthorhombic
structure andrystallises in thé>nmaspace grouplt exhibits a slightly distorted hexagonal
close packing oxygen array which has two different octahedral sites and a tetratedFig.
1.3)/77°

‘IF@

‘u

$o

‘P
M1
M2

Figure 13: Crystal structure of LiFePOFeQ octahedra are represented in blue, Rfrahedra are
represented in pink, Lioctahedra are represented in grey and the green spheres represents oxygen.
Li* and Fé" occupy the M1 and M2 sites respectively.

The two octahedral sites are energetically distinguishable and are responsible for cation
ordering® Lithium occupies the M1 edggharing otahedral site where Liforms a chain
along the kaxis [010] and lies on an inversion site (Fig. I’$Iron occupies the M2 corner

sharing octahedral site where Fd@rms a zigzag pattern in the b/c plane anlbcated on a
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mirror plane (Fig. 1.3)'®1and phosphorou®(/ ) occupies the tetrahedral sites PG
Although Li* and Fé" both occupy octahedra sites, the averag® I(M1-O) bond distances

are shorter than that of the-Be(M2-O) bonddistance<! The distance between neighbouring
Li-Os (M1-O) octahedraare shorterthan thedistance betweeneighbouringFe-Os (M2-0O)
octahedraThis shorter distance between neighbagrii-O (M1-O) octahedra causes slight
electrostatic repulsion and is responsible for more distortion around the M1 octiEuka.
presence of the R@etrahedra is advantageous for the cathode material in terms of the battery
operation and the thermal stability. This is due to the electrostatic repulsion that exists between
the Fe and P causing the weakening of théOHeonds. This weakening of the Misnis
responsible for the high operating voltage (3.5 V verstiili’”8%8The PQ tetrahedra also
stabilize the structure due tive inductive effectby reducing the F© covalent character and

by the sharing of oxygen ions between iron and phosphéfétiZhis bonding sequence
prevents oxygen from being released at elevated temperatures and reacting with the
electrolye’”® and provides thermal stability by providing protection against overcharging.
Yamada et &t showed that only 147 J/g of heat is released over a temperature rangé of 250
360 C when fully charged. This is very impo
are prone to accidental overheatfi§®

Chemical lithiation and delithiation of LiFeR©@ccurs via a twgphase system where the?Fe

is oxidised to F& (LiFePO; £ FePQ). The delithiation is accompanied by a 6.81% volume
reduction’’898387and both structures have the samdirBensional framework with similar
lattice constants which allows the structure to stay ift&€The small volume change and the
similarity in structure leads to the high cycle life of LiFeP®*®#During delithiation the
olivine structure is theoretically able to utilise all the lithium in the structure and is stable over
a wide range ofithium concentrations{ & p).8” The Li* migration during lithiation and
delithiation in the olivine type structure has been studigdnsively and Li diffuses only
through a idimensional tunnel®89°1 By calculating the energy profiles of migration along
path A [010], path B [001] and path C [1QEig. 1.4)the most favourable migration path can

be determined. Path A is parallel to thexis -axis), path B is parallel to the-axis ¢-axis)

and path C is across the'lchannels®8%The energy and Lijump distance was determined

to be the dwest for migration along [010Path A has a distance of 28 . 0 path B F
distance of 4.6 4 . 7 a n ds gdstarite 0o€5.61B a 8°°°Due to the increase in the

energy profile and the jump distance it would be difficult to cross channels due to the high
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activation barrier and this confirms thaf lmigration only occurs along the cdémensional

[010] channel in a curved trajectof$2%°

Figurel.4: The lithium channels are parallel to thedds. Fe@octahedra are representedloe, PQ
tetrahedra are represented in pink andaké represented by the grey spheres. The oxygen atoms have
been removed for simplicity. Limigration pathare indicated with A, B, C.

Aside from thenhigh operating voltage and tkigermal stability, LiFeP@s considered a good
cathode material due to its low cost, environmentally friendliness, excellent cyctéfigmod
cyclic stability a theoretical capacity of 170 mA/fut a reversible capacity of 110120
mAh/g.”’

The major drawbacks of LiFeRQ@hat affect the battery performance are poor electronic
conductivity and poor ionic conductivity (poor lithium diffusion) at room
temperaturé®80.83.9294 pgor electroniconductivitycan be improved by coating particles with
carbon®¥ or by dispersing conductive metalsdecopper or silver) in the active matetfal

to increase electronic contact between particles. This enhances the surface electronic
conductivity, decreases the resistance between particles and controls the particle growth. Poor
ionic conductivityis improved by minimizing the partie siz€*°3°%%7 and doping withmetal

ions 28194 Smaller particles provides a larger surface area, decrease tigfusion distance

and have a higher ability to support high current den$iti¥s’ This enhances the bulk

capacity, charge and discharge rate and overall electrochemical perfoffhrice.

Doping or cedoping with other metal ions can occur on thé dite andthe Fé" site or by
anion doping on the Osite or by cedoping on theesite.By introducing a dopanthegeneral
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structure does not change but the electrochemical properties are modifiedamndffect the
crystal field which in turn affects the electronic structure of the metatrenelectrochemical
potential’®® Doping on the Li site increases the width of thedimensional channel and
decreases the charge tran¥feébut caution has to be taken when doping the Li site as there is
a possibility that the dopant can block the diffusion channel. Doping oféfisite can
increase both the ionic and electronic diffusion, facilitating the lithium migration and
weakening the Li O bonds'®®1%Anotherdoping site is the anion site. Doping on thesie
enhances the conductivity and suppresses antisite defects that facilitate the lithium migration
by removing blockages in thehanneP®'% There are several dopants that are known to
improve the performance of LiFeRQable 1.1 gives a list of the most commhyoused single
dopants and the dopant site and Table 1.2 givest of cedopants used on either the lithium
and iron, the iron or the iron and oxygen sites.

Other drawbacks decreasing the electrochemical performance include the sensitivity to
moistureif not stored properlyl?119the inherent defects!!”12%and impurities present in
LiFePQ, 8311412 mpyritiescan lead to the extraction of*lfrom the structure®as well as Fe
dissolution risking the safety of the battét§l'4?2 The inherent defectsaffect the
electrochemical performand®y blocking the idimensional channé?? These drawbacks

can be overcomby proper storage of LiFeR@nd bysynthesising and heat treatment in an
inert atmospherg# 879611812426 Hagt treatment in an inert atmosphere of leetw450 8 0 0 C

is an effective way of removing most defects and leads to ordering cétibas®-8’

Table 11: Commonly used single dopants and the doping effect on the structure and
electrochemical performance

Doping Site Dopant Doping effect
Ng2e.127129 Improves reversible capacity, rate capability, ionic trans

and electronic conductivity.

Improves the Ui diffusion coefficient by expanding ti

K 100,130 channels, decreases charge transfer resistance and imy
Li site cyclic performance.
Mo13? Improves cyclic performance and battery cayaci
Nd*32 Improves thedischarge capacity araycling performance
Nb®33 Improves rate capability andLinigration.
Increass structure stability, Li intercalation/deintercalation
Fe site Zn?H101134 decreases charge transfer resistance, improves reversibilit
Li* diffusion.
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Improves cyclic stability, ionic andlectronic conductivity,

108
Mg enhances reversibilitgnd exhilit improved structure stability.

\/135.136 Improves cyclic stability, ionic and electronic conductiyi
enhances reversibilitgnd improves chargaischage current.

CL02.137140 Improveselectronic conductivitydischarge capacity, rate ar
cyclic performance and reversibility

Increases the stabiliof the structure, enhances’ diffusion
Njl08141142 and improves electritaconductivity and cyclic ability and
diminish electrode polarization.

Improves electronic conductivity, Limigration, capacity

Lal4d145 performance, cyclic stability and decrease charge trar
resistance.

Y146 Decrease polarization and increases exchange current del

M147 150 Improves etctronic conductivity, reversible capacity, exhib

high reversibility and structure stability.

Col08 151153 Improves electronic conductivity, Limigration, discharge an:
reversibility capacity.

Improves electronic conductivity andLdliffusion, enhances

_ 103,154,155 rate capability and cycling performance, suppresses
O site formation of defects.
C|104.156 Improves Li diffusion and revesibility.

Table 1.2: Co-dopants and the doping effect on the structure as well as electrochemical
performance

_p_gDZit:an Cathode/anode material Doping Effects
Lio.0Nbo.oiFen.o7Ti0.0P Qu/graphene Improveddischarge capacity, cycling stabilit
and reversibility*>’
Lio.9AN&o.0F€.97V 0.0PQ/C Higher capacity, better conductivity enhance
structure stability, increased* diffusion.*>®
Li0.997r0.0024~€0.99C00.01P Oy Increase in stability, increasedeatapacity
and cyclic stability:>°
Liand  Lio.oMNao.oXKooFePO4/C Cyclic ability and discharge capacity
Fe-site improved and that the diffusivity increast®
Lio.9MNay.ode.9sTio 0P Q/C Decrease in charge transfer resistance,
increase in electrical conductivity ahd’
diffusion.6?
Lio.od ao.0iFe.solio.sPQW/carbon aeroge Exhibit excellent higkrate electrochemical
composite performance (low temperaturegch as2 0
and electronic conductivit}f?
LiF€o.905V 0.069T10.028°Qu/C Improved the electronic conductivitli*
diffusion.1®3
: LiFeo.oVo.07Ti0.0dPQ/C Increase in discharge capacity and cyclic
Fe-site ability 164
LiFeo.0aMJo.0fCU.0osPQW/C Increase in conductivity, discharge capacity

Decrease in chige transfer resistand®
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LiFeo.9sNi0.02MNo.0PQ/C Improved structural stability, electronic
conductivity,Li* diffusion, cycling and rate
capability. Decrease in charge transfer
resistancg®®

LiFeo.9dNio.0iMNo.0:PQ/C Increase in rateability, cyclic ability, discharg
capacity'®’
LiFeo.9dNi0.01C00.01PQJ/C Improved structure stabilitgycling

performance, particle morphology and rate
capability 68
LiFeo.9dVIg0.001C00.00P Oy Increase in ionic mobility, diffusion
coefficient, discharge capacity and
efficiency.1%®
LiFeo.083VIgo.005T10.00P Oy High electrical conductivity, rate capability
and cyclic stability-"°
LiFe1xNa(PO4).,Cly Enhanced the initial capacity, coulombic
efficiency, rate capability’*
LiFe0.95V 0.08(PQ1)0.970.04C Improved cyclingperformance, low charge
transfer resistance, electrical conductivity, ic
Feand transport’2
O-site LiFeo.9aMgo.o POy)o.oA0.04C Increased electrochemical performance (lov
temperature2 0 ) i ncrease
coefficient. Redua# charge transfer
resistancé’
LiFeo.04Ti0.0° Q-6 No.os Increased rate performanté

The hydrothermal synthetic route has shown to be a low energy and low cost synthesis
producing small particle sizes but the main disadvantage is the formation of intrinsic structural
defects. Two different structural defect models have Ipgeposed to describe the possible
cation disorder in these sampfésd/®a lithium-iron mixing model or site exchange model

[(Li 1-Fe&)(LixFeix)PQ4y and a antisite defect model [{ld~ePQy) or (LixFeix)PQ4]. The site
exchange model involves the simultaneous replacementafifreLi* on the M2 site and i

with FE* on the M1 site. The antisite defect involves the replacement of either E&* on

the M1 or M2 site, where the most common antisite defect is the replacemehtithLiFe?*

on the M1 site (Re antisite defect). Thiglefect exists due to an excess of iron in the
structure?”17>17q ju et al*?*reported that in order for the frantisite to form during synthesis,

Li vacancies would have to form first as’Feould only occupy the [ sites under the right
conditionst?! The disordering caused by¥en the M1 site will cause additional electrostatic
repulsion leading to structural instability and is thermodynamically unfavoutablee of the

major electrochemical consequences of the formation efaRésites or site exchange is the
blocking of the idimensional Li diffusion channels. This is a major cause for concern as there
is only one channel along which*Lidiffusion can occur and blocking this site affects the

mobility, electrode capacity and the rate capabffid?}1"%17® The oxidation of F&to Fe" is
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another common defect present in LiFeP&E2** can be incorporated into the LiFeP€ructure
in one of two ways81811) the replacement of Fawith Fe* (3F&* 0 2Fé&™) leaving an Fe
vacancy in the structure and 2) the replacement of bé#mid Fé* with Fe** (LiFe** 0 Fe*).

The latter causes a'lvacancy on the M380'182

Although Goodenough and his team were the first to propose LiFeP®cathode materidl,

the commercialization of LiFeROwas a major patent battle between three different
organisations, namely, A123 Systems Inc., University of Texas (Goodehand Nippon
Telegraph and Telephone in Japan. A123 System$®irended up being the company
responsible for the patent in the early@ 0 6 s . 4 hhsib&ea B5€d is some electric vehicles
from companies like Coda (cell maketishen Tianjin{® and Chevrolet (cell maké&rA123y°

for the Model EV and Spark vehicles, respectively. Currently China is a major user of LiFePO

in electric buses, electrical grids and in electric vehicles from the company#&¥9.

1.5 Aims and objectives

The ains of this researchwere to synthesise LiFeRQsing a low cost, low energy
hydrothermal synthetic route. Homemade Teflon bombs have been successfully used in the
past to synthesise porous borophosphate¥’ [NH4Fe(ll)[BP.Os(OH)] and

MM, (H,0)[BP2Os].zH20, and it is explored here whether these bombs can be used to
successfully synthesise LiFeRQt was attempted to limit the formation of defects without
having to include the he&tteatmentstep at higher temperatures which would reqoiae

energy usagby applying several modifications to the synthetic route.
To achieve this, the following the obje@s will be addressed:

1 Objective 1: To determine the structural characteristics if the commercial Licair(le
which will be used as standard when analysing the data in-thg 2bsorption near edge
structure (XANES) region.

1 Objective 2: To optimis¢éhe parameters for the hydrothermal synthesis of LizeR{hg
Teflon bombs.

f Objective 3: To investigate the effects of various impurities and an increasingpRtent
on the LiFeP®@structure when samples are exposed to air for different duratiang the
synthesis.

1 Objective4: To investigate the possibility of using Teflon bombs to dope artbpeon

the Fesite andthe effect these dopants would have on the LiFegt@icture.
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1 Objective5: To assess the complementary and differences in the techniques used in the

characterisation of the synthesised samples.
The work in this thesis is broken up as follows:

Chapter 1 covers a literature review of different batteries, lithium ion bataeriethe cathode
materials found in the latter specifically LiFeR@hapter 2 covers the general synthesis,
instrumental and analysis parameters and a literature review of the different characterisation

techniques that will be used.

Chapter 3 is separaténto two sections. The first is a literature review on the structural aspects
of LiFePQ and the second is the investigation into any structural differences (if any) between
the information found in literature and that of a commercially obtained LiF¢EQFP)
sample which would be used as a standard for the XANES analysis. Synchrotron pewder X
ray diffraction (PXRD) with Rietveld refinement-day absorption spectroscopy (XAS) using
both X-ray absorption near edge struct{pANES) and extended Xray atsorption fine
structure EXAFS), Mossbauer spectroscopy and Raman spectroscopy were used to
characterised €CFP.

Chapter 4 comprises of an investigation of the effect of varying several parameters during the
synthesis process such as the synthesis theeydlume of the solution in the Teflon bombs,

the ratio of the precursors and purging of the precursor solutions. The techniques that will be
used to characterize the samples include synchrotron PXRD with Rietveld refinement,

Mossbauer spectroscopy andnf&a spectroscopy.

Chapter 5 shows the effects of varying the lithium addition rate to the remaining precursors on
the structure, the Becontent and the formation of impurity phases. Using this information an
optimum addition rate was suggested and tpeoducibility was investigated. To achieve this

the structure of the synthesised samples were characterised using synchrotron PXRD, XAS
with bothXANES and EXAFSMo&ssbauer and Raman spectroscopy.

Chapter 6 investigates the effects when the solutions exg@sed to air for different waiting
periods before the Teflon bombs were sealed and placed in the oven. This aided in determining
how exposure to air affected the formation of impurity phases and its effect orf'taerfent.

These samples were be chaterized using synchrotron PXRD, Mdssbauer and Raman

spectroscopy.
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Chapter 7 and Chapter 8 examines the possibility of doping (wi) Znd cedoping (with

Zn?* and C3%) using the hydrothermal route. Changes in the average and local structure
togetherwith the Fé* content were investigated. These materials were characterised using
synchrotron PXRD, XASXANES and EXAF$ and Raman spectroscopy.
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Chapter 2

Synthetic methodology, instrumentation and theory of the characterisation methods

2.1 General outline of the synthetic method
2.1.1. Description of the reaction vessel: Teflon bombs

The reaction vessels used were homemade Tdftambs [mage 2.1a and 2.)bwhich
consisted of three different componenfthescrew onlid, the capthat was needed to seal the
bombsand the sample cedis shown in Images 2.1a andTihe total volume of these bombs

were ~ 18.5 mL and for the experimdmgeocedure (as investigated) the volume used was ~4.6

mL (25% of the total volume as discussed in Chapter 4). After the manufacturing of these
bombs, the sealing of the Teflon bombs had to be checked to ensure the properup btild

the desired presseifor the synthesis. To test thascertain amount of wateras added to the
bombs which were then placed in then(model FSOH4) at 120°C for 4872 hours then
removed from the oven and cooled to room temperature. The bombs were opened and the
volume d the water inside the bombs were measured. If the volume remained the same in the
bombs it had no leakages and no solution evaporated then the bombs could be used for the
synthesis. However, if the volume decreased then the bombs had to be modifiezlabal/éh

test had to be repeated.

Image 21: (a) Fully assembled and (b1; b2) the deconstructed Teflon bombs used for the hydrothermal
synthesis
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2.1.2 General outline of the synthesis

A hydrothermakynthetic routeusingthe above mentioned homemade Teflon bombased

to synthesise all sample&s determined in Chapter 4n@olar ratio of 3:1:1 (Li:Fe:P%) was

usedwhere LiOH (98%, Sigma Aldrich) was used as the source of lithium, He 38 (99%,

Sigma Aldrich) as the source of iron and 85% wP&k as the phosphorous sourdée
FeSQAH,O and HPQ; were dissolvedtogetherin water separately from the LiOH while

under continuous stirring. The LIOH was then added drop wiseetBetBQ/H3PQ; solution

using a syringe. This mixture was then added to the Teflon bombs and placed in the oven
(Image2.2 at 120 C for a fixed period of time as
bombs from the oven, these were allowed to cool down ta temperature. The samples were

then filtered, using vacuum filtration, washe& #imes with deionised water and placed in the
oven on the filter paper at 70 C for 24 hour
an agate mortar and pestle andriplaced in a vial and stored in a desiccator (the effects of
storage conditions are discussed in the introduction of Chapter 6). The Teflon bombs had to be
thoroughly cleaned after each synthesis. This was done by placing the complete deconstructed
bombin a 1:1 HCI solution. The solution was then heated with the bombs for 3 days and then
removed and rinsed with water to ensure no sample remained on the walls on the Teflon bombs.
Following rinsing procedure the bombs were placed in a 1:1 4#d{dtion fora further three

days then removed from the 1:1 Hj$dlution, rinsed with deionised water and subsequently

placed in deionised water for 4 days before being removed and dried.

Image2.2: Teflon bombs placed in the oven for theided reaction time and at the desired temperature
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Modifications to the general synthesis outlined above will be discussed in other chapters.
Chapter 4 reviews the different modifications that were made to find the optimum synthetic
conditions. These modifications include the volume of sample addeddortiie the synthesis

time of the reaction, the ratio of the lithium compared to the other reagents, purging of solutions
and examination of the reproducibility of the synthesis. Chapter 5 will discuss how the
optimum lithium addition rate was determined aegroducibility of the optimum addition

rate. The final synthesis conditions noted in chapter 5 were then used to synthesise the samples
investigated for chapters 7 and 8, with the exception of the addition of the dopants.

2.2. Instrumentation and data analysis methodology
2.2.1. Synchrotron powder Xray diffraction

Synchrotron adiationpowder Xray diffraction (PXRD) data for Rietveld refinemantiere
measured athe 28-ID-1 beamline of the National Synchrotron Light Source Il (NS %t
BrookhavenNational Laboratory (BNL). Samples were loaded into Kapton capillaries and
measurements were done at room temperature. Different phases were identifietheising
software packag®IFFRAC.SUITE EVA version 4.2.1.10 linked to the crystallography open
datalase (CODY. Refinements and structure parameters were obtain dtydhi refinement

and was performed usirige Bruker AXS TOPASAcademic version ¥7andJedit 4.3.f was

used to construct the input fileBhe simple axial divergence motlelas usedd describehe
asymmety due to divergence and the peak shape was described using the Th&@uopson
Hastings (TCHZ) Pseuddoight functior? (discussedurtherin section 2.3.1.1)o describe

both the Gaussian and Lorentzian contributions. To describe the backgroundnscatt®

order Chebychev polynomial function was ug@dso discussed in section 2.3.).1The
structural parameters refined wehe scale, lattice parameters, occupancy of iron and lithium,
thermal displacement, fractional coordinates and both Gauas@riorentzian strainThe

lattice parameters were left to refine throughout the refinement and the thermal displacement
parameters were only allowed to refine between 0.1 A and 1 Asfsuggested for inorganic
structures. Aslescribed on pagdk7,there are usually two different models that can be used to
describe the cation disorder. During the refinement process both these models were considered.
The occupancy of the cations especially Fe and Li to include the occupancy of another cation
on thesame site was refined as described by Dinnebier’dhaluding lithium on the Feite

led to extremely igh errors on this site, whereas including iron on thesile produced

reasonable errors. This indicated that the model that best described the cation occupancy and
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disorder is the antisite defect mod€he starting model chosen was that of Streltsbal.’

This modé was then modified using the data collected of a PXRD pure LiFesR@ple
(labelled as LFHP1) synthesised using the above mentioned synthetic route. The modified
LiFePOs structure was then utilised as the starting model for all the other refined structures.
Rietveld could not be used to distinguish between the presencé*afrieeFé* and as such
Mossbauer spectroscopy was used to evaluate the percentadeasfdEé* present on these
sites. The refinement process used for the inclusion of doping cations will be described in
Chapter 7 and 8.

All preliminary PXRD measurements were performed on a Bruker D8 Advance with a

Molybdenum Xray source, the detector was a VANTEQ-dimensional PSD detector and

the X-ray generator had a voltage of 50 kV and a current of 30 mA with the presence of a Ni
filter. The errors reported for this section are the fitting error and do not include the
measurement errofhe calibration for tb synchrotron and the lab based measurements using

LaBe is discussed in Appendix Al.

2.2.2. Pair distribution analysis

Total scattering data suitable fpair distribution function®DF analysis waslsomeasured

at the 28-ID-1 beamline of theNSLSIl atBNLusi ng a wavelength of
Qmax= 2 8 The 2D tiff imagesbtainedwere integrated using Fit2and PDF data was
generated using PDFgetXand this data processing was performed at the synchrotron
Selected corrections to the dataremade in xPDFSuité’ To refinedata ofboth the calibrant

and the samp|ePDFGut! was used. LaB(NIST 660c) was used as the calibrant and to
determine the instrumentaésolution parameterQdamp (Which accounts for the Gaussian
damping due to the limited resolution@f andQuroad(Whichaccounts for the peak broadening

due the increase in noise wi).!? The values 0fdamp= 0.014(2) A' and Qouroad= 0.014(3)

Al were then fixed in further sample refinemeiitse refined parameters inclutithe scale,
delta2(to account for peakharpening at low temperatures), the lattice parameters and atomic
displacemenp ar amet er s. PDFG&6s t o ddstaneecontribuBonsdkef f er e |
O, PO, FeP and Fe-e) were alsocalculatedin PDFGui using the above mentioned
instrumental prameters. Gaussian functions were fitted to selected peaks of irféRRsak
positions, integral peak intensity, full width at half maximuwas well as the errorsvere
determined using automategtRon scripts similar to the peak selection software implemented

in XPDFSuitgthe script is shown iAppendix 26).1° The reported errors for the peak positions,
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integral peak intensity and full width at half maximum are the fitting errors and not the errors

associated with the measurement.

2.2.3 Xray absorption spectroscopy

Fe K-edge Xray absorption spectra werallected at the B18 beamliniamond Light Source
(DLS), Oxfordshire, United Kingdoni.he forage ring energy wased/ with a topup mode

at nominal current of 30hA. The beam was conditioned usiagmonochromator crystal
[Si(111)], collimating Si mirrors coated in Pand harmonics rejection mirrorgy full
descriptiorcan be found in Appendik2. Standards with known oxidation states and gepmet
around the Fe atom was used, namkilyePQ: (>97%, Sigma Aldrich), FeP4HO (97%

Sigma Aldrich andU-FeOs (puriss, Riedetle Haén)The LiFePQ standard was stored in a
desiccator.Standards and the synthesised samples were ground and mixed with cellulose
(Avicel PH-101, Sigma Aldrich and pressed into 13 mm pellets at ths. The cellulose to
sample ratio was 5: 1 -Fe®zData tvas soflelctedtinegtransnaission 1 O :
mode with the first ionization chamber filled with nitrogen and the second and third ionization
chamber filled with argon. Internal references (Fe foil) were used for the energy calibration at
each scaand was performed at the synchrotrohree scans of each standard eachsample
werecollected and both the data as well as the reference chaeresmported for each scan

to perform data processing. All the scans were aligned with the referencd sitahiFePQ
standard tenable comparison afdge energieslhereafter the threaligned scanor each
sample weranergedinto one scanThe threshold energyHp) was chosen to be tHast
maximum of thefirst derivative scan and is used as a refeedior all parameters in XANES
(X-ray absorption near edge structuaail EXAFS(extended Xray absorption fine structure)
analysesEvery scan was normalized and the background rem&yegyas set to 1. No spline
clamps were used at low energy valuag a strong spline clamwas usedt higher energy
values The merged scan faach samplevere used for further analysiBata processing
XANES analysis and linear combination fitting (LCWhas carried out usingthend?, and
Artemis'* was used for EXAFS analysiBeak positions were determined using the multiple
peak fitting tool in Origin®® (2016) or using the curve and peak fitting software Fifyk

(version 1.3.1).
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2.2.3.1.XANES (pre-edge and edge region) and the use of linear combination fitting

To investigate the predge region and to perform linear combination fitting (LCF) the three
standards were useldCF is a very useful tool to determine the major and minor components
present in unknown sampl&$?° Quantitative data as well as bonding characteristics of the
absorbing atomcan be determined. Thetandards providedhree different bonding
environments and characteristicaamely F€*Os and Fe*Os in a slightly distortd
environmeniandthenFe**Os in an environment with a higher degree of distortidfFePQ

(with F&*) showsthe presence of the two peaks énd g) in the preedge region with a weak
intensity that are caused by the break in the inversion symmetry due to the slightly distorted
FeQs octahedrg&!l 22 FePQ-4H.0 is an amorphous powdéand Fe exists as Fe Mdssbauer
spectroscopy and previous XAS studies indicate thaf#¥DFectahedral environment exists

in this phasé®2*Four of the oxygen atoms are bonded to phosphorous groups and the other
t wo are bonded to -FeOe standart also hasrad@ maahedr@h e U
arrangement>2>The pesence of the intense pedge peak indicates that the’Fis in a much

more distorted environment due to theFeerepulsion present in the structéfté’ For the LCF

fits theweighting of each standard was kept between 0 and 1 and constrained to a SNm of 1.

overall shift ofEo was allowed.

2.2.3.2EXAFS T Local structure determination

To emphasise oscillationsfEgherk-values &3-weighted Hanning window was utilised. This
k-weight order enhances any structural information that could have been lost due to signal
damping that occurs at high&rvalues. The kspace was analysed over therange of

37 12 . 82 8eyond this range the data was noisy aes excluded from the fitsThe
R-space was analysed over thange of 1.3 5  The minimum range was chosen to exclude
peaks thaare not related to the shortest interatomic bond distance and the maximum to include
the largest interatomic distance. By increasing the distance of analysis, separating and
identifying the different scattering contributions becomes difficult due to awgrg

contributions.

The mrametershat were refined for theetermination of the local structurerethe amplitude
reduction factor %?), the energy shiftEo), the change in interatomic distanep Randthe
DebyeWaller factor (). Thecoordination number (CN) was not set to refine and was changed

manually using knowledge of the known structufée starting values for each of these
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refineable parameters were the samthasstarting valuedetermined using Artemis and they
werel* Y = 1.000,qFo = 0, qR = 0 and{? = 0.003. These refined parameters led to the
determination of the structural parameters such as coordination num)erat¢ratomic
distances(R = Xa i Xp) and theDebyeWaller factor (?). The errors associated with the
interatomic distances and the lye-Waller factor are the fitting errors and not the
measurement error as seen with PXRD and PDF sections. To build the model used for the
calculation of the scattering paths of the cluster of atoms using?F&EFstarting model that

was used for LiFePOwas determined by Streltsat al.” The cluster size used for the

scattering path calculation was 7.038 A and the longest path that was included was 5.0 A.

All Fourier Transformed EXAFS were phase correctét first fitting modetonsidereetach
scattering path with its own unique refineable descriptiorgfrFor ths modelY and gqEo

were refined throughout the fitting process but had the same refineable description and was
thus kept the same for all scattering pafiisvas also given a unique refineable description

that was different for each scattering path thus determining the disorder individually for each
added path however the results for this model showeditihaid errors larger than the actual
value. Thel + error valueswere only reasonable when the first coordination sl six

identical interatomic bond distances showing an undistorted octahedra. Other techniques such
as Rietveld refinement of PXRD data and Méssbauer spectroscopy, for the samples discussed
here, indicated that the structure showed that a distorted octahedra was present (as shown with

results in Chapters 4 and 5). The first model was thus not adequate.

This led to the second model that was used for all the samples. This model als6 &egt
gqEothe same for all scattering paths with differéfor every scattering patbutgRwas only

allowed to vary for each coordination shell. This model produced reasonable values for the
0+ error and allowed for a distorted octahedrArgoodR-factor for anacceptable EXAFS

fit is less than 5% but for a good fit it is less than 2%The energy shiftfEo) parameteis

very important to ensure that the energy grid used to compare the measured data of different
samples with that of theoretical data are aligned. The energy shift is highly correlated to that
of the path length and it is therefore very desirable to haadl energy shift values10 eV <

OEo < 10 eV)3! The reduced.. value was used to determine if any changes made to the model

would significantly improve or worsethe fit.
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2.2.4. Mossbauer spectroscopy

The Mossbauer spectra were recorded at room temperature, in transmission mode and using a
5'C o -ray source (30 mCi) and a multichannel analyser. An Fe foil was used to calibrate the
isomer shift and the velocity and the analysis was performed using®¥iveasion 0.7) in
Microsoft Excel. The two most common line shapes are the Lorentzian or a convolution of the
Lorentzian line shape and Gaussian broadening and is called the Voigt. In this thesis a Voigt
model was used to describe the line shape rather than a Lorentzian as tiedatidrfor an

ideal case where all the Fe environments are identical but is not useful in cases where the
geometry and distance in the polyhedral is diffeféftin this case all the Fe environments

are not identical and due to the disorder present it deviates from the ideal line shape and a
Lorentzian line shape was not us&gectra for the different samples were fitted to a sum of
Voigt doublets and each compart was fitted with independent line widths to accommodate
any differences in the phases due to disor@enstraints were added to allow the minimum

line width to be 0.275 mm/s and a maximum linewidth of 0.65 mm/s. These values were
experimentally obtairee through the calibration process. Gaussian Broadening effects were
also included in the fit. Discrete doublets that does not really overlap were added in an attempt
to not over fit the dataModelling for the different spectra were performed based on the
research and different environments determined by Amstss#>® and Li and Shinnc®® Other

cited literature in the different chapters were also used as a way to identify the different
environments. These literature environments together with the other characterization
techniques were then used to discuss the resiilte.experimental setup, calibration process

and the fitting procedure, error analysis with the sample determinealuescan be found in

Appendices A3, A4 and A5, respectively

2.2.5. Raman spectroscopy

Raman spectra were acquired using the 514.5 nm line of a Lexel Mo&HG5argon ion

laser as the excitation source. The Raman spectrometer was a Horiba LabRiAMrHiRent
equipped with an Olympus BX41 microscope attachment. The incident beam was focused onto
the sample using a 100x objectine A. = 0.90 and the backscattered light was dispersed via

a 600 lines/mm grating onto a liquid nitrogen cooled CCD datehe software used for
acquisitions was LabSpec ?5The incident beam power was kept low (~ 0.4 mW) to
minimise any possible localised heatibgfferent sections as seen under the microscope were

sampled within each sathepespecially if different coloured particulates were present. Each
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colour was then sampled at least twice to get a good overall representation of the sample. Peak
positions, selected full width at half maximum (FWHM) and selected relative intensithes of t
resulting spectra were determined using Fftykersion 1.3.1). All peaks were fitted using a
Lorentzian functionSelected spectra were included in this thesis.

2.2.6. Data visualization

All figures used to represent data were written in Notepad++ and then run through Python
(v3.8.5) using the command shell iPython (v7.19.0). MatpfStlilvas utilised as the

visualization library.

2.3. Theory of the characterisation methods
2.3.1. Powder Xray diffraction

Powder Xray diffraction (PXRD) is a technique used for studying the atomic structures of
materials. The crystallites in a powdered sample are (or should ideally be) randomly orientated

and when the sample is placed in the path of @ayeam, the Xays would be reflected off

the lattice planes where the atoms reside and Miller indiddy dre used to describe the
planeDi f fraction from t hese pkganXdss fulibedbyd occu
having the correct orientatiot:

¢ _ Qi QF — 2.1)

wheren is the diffraction order and should be an integes the Xray wavelengthd is the
interplanar spacing of the lattice planes that are parallel to each othedsatite diffraction
angle between the incoming and diffracteday beams. The diffracted-bays at a certaig—
angle would form the Deby8cherrer cone@-ig. 2.1)and can be observed as-@iinensional

diffractogram by integrating the@mensional image produced by the Del8@herrer cones.

Diffractedﬂﬂl :
\ . &R

hkl hkl

_@L___Pri!n_ary beam

i
!

Figure2.1: Diffractedbeam emanating from a powdered sample showing the ERth@rrer cone¥.

The Bragg equationan also be used to extract structural information and peak positions on a

diffraction patterr?. A diffraction pattern is comprised of Bragg reflections and Bragg
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intensities 'O . The individual reflections display several properties, namely, positions,
height, breadth and an integrated area. The Bragg intensities can be related to the dame set o
Miller indices when the same planes were responsible for them. There is a direct relationship

between the Bragg intensity and the square of absolute structure*factor:
‘© 8 g0 s8 (2.2)

The diffracted rays from the planes contain information, on the atoms in the structure, in the
amplitude and phaséhis information contributes to the intensity of the peaks and can be
mathematically described as the structure factor . "O is determined by the sum of
neighbouring Bragg reflection contributions of the modeled structurestfingure factor can

be expressed #8*
"0 BUOAIRI®D Qo & dATBd (2.3a)

where N is the occupancy multipli€éfds the scattering factonkl are the Miller indices, 2y-

z describes the position parameters @ands given as:

o @ — (2.3b

The rootmeansquare thermal displacement of the atom parallel to the diffraction vector is

described by .

2.3.1.1. The Rietveld method

The refinement of crystal structures from powder diffraction data be done using the
Rietveld method to extract important structural information. The Rietveld method is an elegant
approach to obtain the best possible fit of a model to the experimental data using@uasest
refinement. The goal is that the besbétween the calculated and the observed data is obtained
for the entire powder pattern and this is found by simultaneously refining the parameters that
lead to the determination of the crystal structure using the Bragg reflettiardiffraction

pattern is given in the form of the intensity measured at different step incresnehtas the
scattering angle,e.6 O & [ The leassquares refinement is thperformedo the calculated
intensity, Wy in the diffraction pattern. Different structural and instrumental parameters are

refined to optimize the fifTable 2.} and to determinéy, using®

O B 0OSOsSng— ¢—006 Of (24)
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Where s is the scale factor and summation ad¢tdbat described the Miller indiceb,(k and

[) for the Bragg reflections accordj to the following parameterd) is the Lorentz
Polarization and multiplicity factorgOsis the structure factomn is used to describe the
reflection profile functionp describes the preferred orientation factbiis the absorption
factor andw, describes the background intensity.

Table 2.1: Refineable parameters for each phase present and the refineable global parameters
(for the whole powder patterf§:

Parameters for each phase Global parameters
Fractional coordinatesxm, Ym, Zm ¢— AOOT O
Isotropic thermal parameter8m Instrumental profile
The siteoccupancy multiplier Nm Peak asymmetry
Scale factor Background
Specimerprofile breadth parameters Wavelength
Lattice Parameters Specimen displacement
Overall temperature factor Specimen transparency
Thermal parameters: Anisotropic Absorption

Preferred orientation
Profile parameters: Crystallite size and microstra

Extinction

m indicates the Fhatom in the unit cell

The best fit between the observed and calculasddes is obtained by minimization of the

residual function and can be described by the summation over all the step® using:
Y B 0 Qfp (2.5)

where( — , Wy is used to describe the observed intensity at a stegognd used to

described the calculated intensity at a step.
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Peak profile function The peak profile on the diffractogramould have contributions related

to both the instrumental resolution function (IRF) as well as the microstructure such as the
microstran and domain size of the sample. The peak profile function accounts for the IRF
contributions such as the emission profile and instrumental aberrafléresmost common

peak profile functions used in refinements are Pearson VII, Gaussian, Lorentzian and
modifications of these functions. The profile function used in this project for the refinements
is the modied ThompsorCox-Hasting Pseud®oight (TCHZ)Y profile function and is
described by:*°

Y6 Ob-0 p -0 (26 4)

where— is the parameter that can be used to relate the individual GauSkiamd Lorentzian

(L) contributions and can be expanded as follows:

- P QOmEP3 T X X @ {8 T p P3G 3 (26 b)

wheres is described by:
3 Wowe — (260
ands is described by

3 3 CHWCHW B CYIv T8 XPpHIT TWIYXYIX 3 | (264d)

wheres is:

3 R T AT I S— 269

The refineable parameters in this profile functionldy®’, W, X, YandZ. The microstrain and
crystallite size for the contributing Gai@n parameters are describedlbgndZ and for the

contributing Lorentzian parameteXsaandY, respectively.

The background functiorThe background at a certain point on the diffraction pattern can

either be modelled using an empai function, analytical function or by manually modelling

the background. The background should always be refined as both the instrumental and sample
effects can contribute to the background, these include scattering (thermal, diffuse, incoherent
and ineastic) and disorder. A higherder Chebyshev polynomial can be used so that the
function is flexible enough to fit the features present in the background. The higher the order

the higher the flexibility of the function.
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How to identify a good fit?

A bestfit is reached when theesidual(eqn 2.5) has been minimised. It is also extremely
important that the fit makes both physical and chemical sense. To assess the quality of the fit
that the refinement has reached, a set of criteria should be examined. The same criteria can also
be used to assessvnthe fit is proceeding and when it can be stoppef@dctors are commonly

used as part of this criteria along with the goodivdsg (Table 2.2. The R-factors give
information about the observed and calculated intensities of the diffraction aterother
important criteria that should not be overlooked is the visual assetssfrige fit between the
observed and calculated pattern together with the resititfallisual inspection of the fit
throughout the refinement can indicate when there are possible errors such ae Vattice
parameters, the background shape, the scale factor and profile misrfi4ifd¢ressisual fit and

the chemical plausibility of the model can determine the quality of the fit that was produced

through the refinement proce®s.

Table 2.2: Commonly used criteria to determine the quality of th&fit.

Criteria Description

This factor is great for gauging the refineme

progress and is important du¢o the

Rweighted 8 5 o . |
pattern Y - (2.7) minimization term in the numeratdrhis factor
can be misleading if the pattern backgrount
high.
Rexpected 'Y i 28) N is the number ofdaté points -ancP is the
h number of parameters in the refinement.
This factor should ideally be equal to one fo
perfect fit. Generally,... p and become:
smaller as the fit between the observed .
calculated intensities imprové. ... p then
Goodnesof one possible case that should be considere
fit - (29) that the counting errors are larger than

errors in the model. This could be caused L
high background or poor counting statisti
Large counting times could also influence

by increasing th&p andR.yp difference??
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B This is a correlation parameter that meast

Q = (2.10 9
The Durbin the correlations betweeah values and shouli
Watson 3 O O (2.10 b) ideally be 2. This value will be further aw:
statistic from 2 if there is mismatch present between

observed and calcukd intensities.

While Bragg intensities are used for the other factors mentioned in Table 2.2 BifagdR
factor Re in egn 2.11) and the Rstructure factorRe in eqn 2.12) are not based on the Bragg

intensities. These factors are usually used forgfirements of single crystal diffractiéf.

- B f & - B n 7 {7
R R Y —— 2.12

2.3.2. Pair distribution function

The pair distribution function (PDF) has found great importance in characterising the local
structure of materials and describeslibad length and interatomic distance distribufidfihe
PDF,G(r), can be obtained from experimental data by obtaining the Fourier Transform of the

scattering amplitude&s(Q)*®

o titi - "0Y0 p OiQU (2.13 3

where” i AT "A are the microscopic pair density and average number density respectively
and Q is used to describe the magnitude of the scattering vector. Q can also be described in
terms of the elastic scattering where the scattering angle is describeq-vaimdjthe-adiation

wavelength is described by

o — (2.13 b

The real space resolution for the peaks on a PDF is highly influenced by Q (the scattering
vector)® If the maximumQ (Qmay is large then theeal space resolution would show the
splitting of peaks, but if the maximum Q is small then the peak splitting would be minimised
resulting in peaks with maybe some shouldering (as illustratéyir2.9.** A large Q would

also allow for structure analysis of the medium range in the structure and as such short and

medium range order can be described using PDF.
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Figure 2.2: PDF of LiFePQ. The blue plot corresponds to anfof 10 whereas the pink plot
corresponds to afof 20. The space resolution for the£dof 10 is lower.

2.3.2.1. Structural effects on the PDF

The experimental PDF displays some structural features such as the peak position, peak area,
peak width and'max (Fig. 2.3. These features can be determined independent of structure

modeling?*4°

Peak positia: The position of the peak on a PpFovides information on the bodength and
interatomic distances®

Peak areaThe peak areaf the pealon a PDF provides information on the coordio@, the
occupancies and the scattering pair responsible for the’fit&k.

Peak width The width of the peak provides informationtbe interatomiclistarce distribution
of similar atomic pair contributing to the same peak i.e. the disorder pfééent.

'max The maximum distance at vdfi peaks can be observed onRE- can give an indication

of theparticle sizé**

5

— Qmax = 20
4

2 A Peak position

G(r)/A—2
=

Peak width

r/A

Figure2.3: The PDF of LiFeP®@showing the different structural effects that can be determined
independently of structure modeliffy.
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2.3.3. Xray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a technique that produces a signal based on element
specific Xray energy and can be described in two different regions:rlyXabsorption near
edgestructure (XANES) that provides information about the oxidation state and geometry and
2) the extended Xay absorption fine structure (EXAFS) to determine the local structure
around the energy specific eleméht®

2.3.3.1.Background on XAS

During an experiment a sample is exposed to a specifayy¥nergy. If the binding energy of

an element is matched by therXy energy then the electrons, on exposure, can either be excited
into orbitals of a higher energy or into the continuum. If electrons are excited into the
continuum then it is no longer asgtted with the atomHFjg. 2.4).The excited photoelectrons
either leaves behind a hole or a core hole if the electrons were core elétTbagransition

of the electrons in higher energy orbitals to the core hole is calledlth@tion process. The

relaxation process is then accompanied by a release of energy in oneaafytsvo

1) The energy is released in the form of fluorescence radiation. The energy that is released from
the transition is equal to the energy difference ketwthe higher and lower energy orbitals

and the transition energy is element speéff€.Successive core holes are continuously filled

for example the electron in thedhell fills the hole in the Khell then the electron in the-M

shell fills the core hole in the-ghell?®

2) The energy can be released producing an Auger electron. The core hole is filled by a higher
energy orbital electron and this electron loses the energy of the transition by emitting another
electron (the Auger electron) that is either in the same odiffiesient shel®4°

Incident X-ray
m excited clcctrgg/contmuum

nucleus

K-shell
-L-shell
M-shell
Figure 2.4: The photoelectron excitation process with the surrounding electron shells using the Bohr

model?®
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2.3.3.2.X-ray absorption coefficient

The absorption coefficient* { can be described using thiellowing BeerLambert

relationship?®4®
0 0 (2.14)

where'Odescribes the transmittedrdy intensity through the sampl®jis the Xray intensity

that the sample is exposed to anid used to describe the thickness of the saniptiecreases
exponentially with the thickness af If the sample is exposed to morera§s then more X

rays will be transmitted through tisample?® The absorption coefficient can be described as
the probability of the absorption of-bays by the sample and XAS measures this probability
(‘) over an energy range. If the energy of the incomingyé are the same as taeergy
required for electron excitation to an unoccupied orbital then the probability for absorption to
take place increases dramatic&fy® The changes in the absorption coefficient are referred to

as the different absorption edges of the spectrum by scanning over a range of energies.

Sample holder

Tonization chamber

Figure 25: A schematic of the experimental setup for measurements in transmission mode.

2.3.3.3Measurements in transmission mode

Transmission mode measurements allow for theayintensity to be measured before the
sample as well asfter the Xray beam was transmitted through the sarffplin the
experimental setupF{g. 2.5 ionization chambers are responsible for meastingnd 'Q
Transmission mode measurements require that the absorber atom (the element of interest) is
present in high concentrations in the sample becétise concentration of the absorber atom

is high then enough transmitted-r&ys would be produced to allow for accurate

measurements.
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2.3.3.4.Absorption edges

The absorption edges and binding energies are element specific where the atomic number and
edge energy have a direct relationshipeavier atoms would have an increase in edge energy.

The edge energy increases due to the increase in the binding energy for heaviét Bhems.
electrons in the kshell for example would have a larger energy than the electrons in the L
shell. An absorption spectrum can be divided into the following sections: XANE®{ges

edge, white line) and EXAFS (oscillations), as displayeHigure2.6. The preedge can be

found before the sharp rise and the edge can be described as the sharp rise in the absorption
spectrum that is due to the excitation of a core electron. The white line is a sharp feature that

is on top of the edge and before thepdin the intensity of the oscillation regiéh.

XANES EXAFS

2.00

1.75
Preedge !

White line

T T
7110 7115 T1X0

—r—s

Normalized absorption

=

[

un
S

7000 7100 7200 7300 7400 7500 7600
Energy (eV)

Figure 26: An absorption spectrum of LiFeR€howing the different XANES and the EXAFS regions.
The numbered regions will be describedii) below.

0] XANES spectra

The range used to identify the XANES regman be defined relative to the edge energy and
ranges from50 eVi 200 eV Fig. 2.9. The absorption edge shape depends on the excitation

of the photoelectron and the available density of stdt&he features seen in the XANES
spectrum is a result of the excited photoelectrons that can otteeipynoccupied orbitabnd

the changes in the density between the different stifd® nucleus (positive) is screened by

the electrons (negative) in a neutral atom and when the oxidation state increased, the number

of protons present are more tham thumber of electrons thus causiagowering in the
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remaining electron energy states. The lowering in the energy statdts in the increase in

the edge energy and more energy would be required to excite the core electrons. Changes in
the oxidation site can also be accompanied by a change in the centrosymmetry of the absorber
atom and this will also lead to changes in the features of the absorptioff edge.

(i) EXAFS spectra

The extended ay absorption fine structuan be usetb determine the local structure and
bonding environment around the absorber atBi. (2.6.2%% This region extends ~1000 eV

and higher above the absorption edge. The information that can be determined from this region
is the identity of the surrounding atoms and the coordination numbers aroundaiieirad

atoms, the interatomic distance between the absorber and neighbouring atoms and the degree
of bonding disordet?*®Using the absorber atom as the reference point, the photoelectrons that
act like spherical waves move away from the absorber atoms (outgoing waves). The
neighbouring atoms that surround the absorber atoms are in turn scattering these photoelectron
waves §cattered waves). The probability of the absorber atom absorbing -thg X

determined by the phase of the outgoing and scattered waves.

The X-ray scattering process can be described in three procdiges26 numbered in

green)?®

1. Below the absorption edge, no photoelectrons are produced, and no scattering can be
observed.

2. For energies slightly above the edge, the wavelength of the photoelectron is longer and
drop in the oscillatory part of the spectrum indicates that mimrabsorption occurs and
the outgoing and the scattered waves are out of phase.

3. As the energy increases to above the absorption edge, the kinetic &agnggréases, and
the wavelength of the photoelectron becomes shorter. The remaining energyefter t

electron is excited into the continuum is given to the photoelectron in the form of kinetic

energy?®
O O © (2.15
where E can be described as the incidenay and k as the electron binding energy.

The outgoing and the scattered waves become more in phasarae identified as the

maximain the oscillatory region. The average distance between the absorber and neighbouring
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atoms can be determined by tperiodicity of the outgoing and scattered wavEsr
uncoordinated atoms the oscillations would not be present as the oscillations only occur with

neighbouring atoms.

The EXAFS signal is produced from the different scattering paths of the photoeldt¢teon.
scattering paths can be followed from the absorber atom to one or more neighbouring atoms
and then back to the absorber afdA.group of atoms in a shell would contribute to the same
component in the EXAFS signal and have shene radial distance. The number of atoms in

the shell with the same component contribution and radial distance would be referred to as the
coordination number in the shéll. The total spectrum is constructed by the sum of the
scdtering paths. The EXAFS equation can be used to describe the signal and each scattering
path can be describe B34

. Q0 B——i "gQY « Q0Q Q (2.16)
where'Y, the half path length of the photoelectron for a single scatteviegt, can be further
described &8

YooY 3y (2.163)

Y is the half path length that was used in the theoretical calculatioa™dnthn be used to
modify 'Y .

k% can also be used to describe the ex&ess the photoelectron in wavenumbers using the
following relationshig®

~

0 — (2.17)

o]
whered isthe massofanelectromj s Pl anc K@ sO ig€meassiredamel and is
~3.81K and k is measured in"A The balance of the termséqn 2.16are described ifable
2.3.

Table 2.3: Description ofparameters that are used in the EXAFS equaéqn 2.16, that
contributeto the signal and the method of determinafitfs.

Method of

Term Description determination

Describes the effective scattering amplitude and is the |

, " _ Calculatedoy
reason for EXAFS being an element sensitive technique FEEF

elements with similar electrons it can be difli to distinguish
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betweernthembased on the scattering amplitude as it depe
strongly on the number of electrons. The more elect
present in the atombe higher scattering amplitudes at higk

wavenumbers.

0 can either be described as the number of coordinating ¢
for single scattering eventstbre number of identical paths fc
multiple scattering events. Tlference inscattering path i
indicated by the subscript.

“Y is the amplitude reductiofactor. The slight relaxation o
the electrons that remaafter a core hole has been left by
photoelectron can be accounted for8y Different elements

have differentY values.

Modelling

The contribution to the EXAFS signal from a stalh certain
distance decreases with an increase in the distance froi

absorber

Modelling

i QY

The oscillations of the signal and the phase can beritled
using this entire terng,’Y describes the scattering path of 1
photoelectron as it reaches the neighbouring atoms and
travels back to the absorber atom. This terthen multiplied
by the wavenumbek, and is needed to determine the phas
the scattering event. A phasefsls caused by the interactio
of the photoelectron with both the absorber and neighbot
atoms. This shift is described by the termQ and causes a
approximate-0.5A shift in the distance when calculating t
Fourier Transform (FT). The wavelgih of the photoelectroi
lengthens upon interaction with the atoms. The sine ter
important for producing the FT andshow peaks that cdre
related to the different interatomic distasaé the different
shells surrounding the absorber atom. Duehtoghase shif
the peaks cannot dirdyg be related to the distance unle

phase corrected.

Modelling but

"Q is calculated

by FEFF

» can be described as the mesuare displacement of tt
interatomicdistance between the absorbed areighbouring

atoms in the different shell asthe DebyeWaller factor. The

Modelling
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value determined for this term therefore produces the dist
distribution between the absorber and coordinating atpm:
also accounts for the thermal and structural heteroge
disorder.

This term depends dhe mean free path of the photoelectr -
. _ _ _ Qhasto be
_ Q, and is the reason the EXAFS signal can be used to
a ) _ o ~ calculatedoy
at the different scattering contributions from atoms withi FEFE

range of 10A.

This term describes the changes in interatomic disti ,
3Y _ _ Modelling
between the starting model atied experimental data.

This term is used to align the energy scale between
30 measured and theoretical spectrum and relates to chani Modelling
the energy of the photoelectron.

2.3.3.5 Data reductiorfor XANES and EXAFS analysis

To analyse the XANES region, data reduction up to the normalisation step is needed but to
analyse the EXAFS spectra further processing should be incltided.

) Truncation:
Truncation has to be performed if the data cannot be used above or below a certain point for

example the presence of another edgehmdataset. Not removing these features could

interfere with other data reduction steps and the anaR&s.

(i) Aligning the reference scans:
Reference data that waseasured witlthedataset can be uséat aligning data and accounting

for any drifts in the energy caused byangeswith the monochromatd®:2%4’ Aligning the
data to one anoén and to a common energy scale can also prevent energy resolutidinsoss.
common to use the derivatigean to aligrthe scans and using the reference channels rather
than the data to ensure that beam damage does not play a factor as is the cemmeavith
samples?® The individual shift that ocurs after the samples are aligned to the reference

spectrum is applied to thiatascans®
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Merging the same scans in a dataset:

If multiple scans were taken of the same sample underathe sonditions then these ssan

can be averaged layprocess of mergimj Merging also hathe benefit of reducing the noise

and improving the signal of the merged scan. Merging provides an option of choosing the
weighting of importance for each added scan as one scan could be noisier tham tvangfe

A method that can be used is twggall the scans the same weighting andpgéticularscan

is too noisy and decreases the quality of the merged spectrum then it can be removed from the
datasef?

(i)  Choosing thdsg value:
The energy needed to excite a core electron is referred to as the edge energganbec

considered as the energy referespectrun?® The determination oo involves choosing a
certan point that carbe used as the zero energy and that can be used to align tredicheor
and experimental spectfaEo can beselectedin many ways but the method shoube
consistenandEg can be chosen using the derivative specttinat for LiFePQ; is shown in

Fig. 2.7) in one of the following way&’

Using the first maximum peak.
Using the first peak.

Using a weldefined peak.

o O O O

Using the derivative of the reference spectrum and choosing the peak.

0.4

0.3
0.2 ‘

0.11 ‘

deriv xu(E)

0.0 ,—_MJ o S ———

—0.11

—0.2 1

7000 7100 7200 7300 7400 7500 7600
Energy (eV)

Figure 27: The first derivative spectrum of LiFeRO his spectrum can be used in most cases when
choosing &
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(iv)  Normalization:
Normalization is used to remove any interference in the spectrum that is not due to the chemical

environment such as sample thickness or from the instrumentational and experimental setups.
If normalized correctly then different spectra of different samghelsenvironments regardless
the measurement modeg. tansmission or fluorescenoean be compared:*’ The pe-edge
line can be used to define the region before the edge and thedgesline can batilisedto
describe the oscillatory region after the edgjg.(2.83.%’ The regression of the pezige (ising
linear function) andhe postedge (isingpolynomial function) regiosiusing all the data is part
of the normalization process and the used function has to pasghtireumiddée of the data
in both regions ofhe spectrum’ By extrapolating the postdge line tahe choserEo chosen
as indicated above edge stepy* can be determinegFig. 2.8b)*¢ The preedge line is first
subtracted from the spectrum and the data alongptbe&dge line is moved to y = 0.
Normalization changes the spectrum such that it is moved betweenéd{@eegion) and 1
(oscillations) by diiding the entire spectrum B (Fig 2.89. Scaling of...'Q for EXAFS
analysisis doneby alsousingy* . After normalizationthe spectrum should be flattenedt if
does not oscillate aroundThe flattening function is applied to the pesige regiomy another
subtraction of the predge and the postdge slopg?® Flattening the dataesults in no data

changebut thevisualizationof the normalized data is bettgr.

254 2.5

x{E)

7000 7200 7400 7600 7800 70‘00 7260 TAYOO 76‘00 78b0
Energy (eV) Energy (eV)

. . . , ' '
7000 7100 7200 7300 7400 7500 7600
Energy (eV}

Figure 28: The (a) absorption spectrum before normalization, (b) thegge and postdge regrssion
lines used for normalization and (c) the normalized spectrum of LiFePO
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(v)  Converting...O to...Q:

Due to the creation of a photoelectron and its wdee behaviour, EXAFS analysis uses
wavenumber rather than the energy of thea)X To convert from energy. O to wavenumber

... Q the following relationship can be us&d®

~

o J— (2.19)

o)

The absorptiortoefficient would then also be described in terms of the waven@fnbé®

and can be plotted ikrspace Fig 2.93.%’

(vi)  The basics of Fourier Transform
The information that can be found in an EXAFS spectrum can be looked at as the sum of

differentsine waves with each wave possessing its own amplitude and phase. The amplitude
and the phase depends on two aspects: 1) the distance between the absorber and the
coordinating atoms and 2) the type of atdfiEo separate each compent into distances,

the sine waves can be Fourier Transformed and separated into its Fourier components of
amplitude and phase. The benefit of a Fourier Transform is that the coordinating atoms around
the absorber atom can be separated and bondiognafion can be extracted. The Fourier
components contain both the real and imaginary parts. The magnitude of the Fourier Transform
(FT magnitude¥ leads to the plot of.."Y in r-space Fig. 2.9bi dashedl A peak on the FT
magnitude shows the different coordinating atoms that are at similar radial distances
coordinating to the absorber atom and provides information about the atoms. Although the FT
magnitude produces the radial distances of the coordinating atoms it isad@lalistribution
function (RDF) as would be obtained when analysing PDF?8&tahe difference between

the two concepts are due to the followfig:

o The bond distance in EXAFS does not correspond directly with the first peak. The shifting
of this peak depends on the ¢ypf atoms involved (Fe, O etc.)

0 Multiple scattering paths affect the Fourier Transform but do not play a role in the RDF.

0 The peak amplitude in EXAFS depends on different variables but for a RDF the amplitude
relies on the coordination number.

o The amplitude becomes smaller with increasing radial distance from the absorber due to

_ "Q whereas once again the RDF amplitude is dependent on the coordination number.
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Even though the distances are extracted from the Fourier TrangerfT magnitude is still
complex andhencethe real(Fig. 2.9bi solid) or imaginary pagshould alsde modelled and
shown during the EXAFS fit together with the'Q function Fig. 2.99.2%46
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Figure 29: A plot of LiFePQ as (a)..."Q function in kspace, (b) the magnitude of the Fourier transform
(dashed) and the real parts of the Fourier Transform (solid).

(vii)  Background function of a dataset
Furtherbackground removal has to be perfornoedthe postdge regionn order to process

any EXAFS data. A background function rgists of splines. Splines are used as a way to
minimise contributions made by the background and is used as a smoothing function. If the
spline follows the data too closely some information in the oscillations willeb®ved
together with the background functitfiThe spline function has to be able to remove Fourier
Transform components in the lowRBrregion such that below the short&tistance there
should be no contributing signal and does not affect the components in theRigiggon*°
Currently an approach known as AUTOfKin Athena) is used to construct these functions
(Fig. 2.10ac). AUTOBK constructs background functions by using information provided in
the lower R-region and uses cubic (third order) splifeAUTOBK also uses theRokg
parameter (thenaximum frequency componérnhat is used to determine the value below

which contributing components would be considered as part of the background and all
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frequencies up tthe Rokg value would be removeFig. 2.10d.2° Rokgis commonly said to be
about 1i 1.5 A or half thedistance of the shortest atomic bond distaf¢e.
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Figure2.10: The effect of different Rgvalues (a) 0.2, (b) 1 and (c) 2 on the background function and
(d) the effect on different §g, values in the FT magnitude demonstrating the removal of Fourier
Transform effects

(vii)  K-weights used for Fourier Transforms:
The EXAFS signal that had been Fourier Transformed is writefiTa.."Qk*"] with units

ATk and indicates..™Q was multiplied byk using ak-weight &w) of 1, 2 or 3k, K or k%) i

before the Fourier Transform. TheQ function should usually undergo this process to
compensate for the diminishing amplitude of the oscillations with an increase in &hrgy.
The k-weight determines where the spectral weigbtlld be and if the lower or upper range

would be emphasisedFif. 2.19?%4’ for examplek! the data would be guhasised at lowk
values.
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Increasing th&" would also increase the range where the information would be emphasised
(Fig 2.11.2° The correck-weight to use should produce similar oscillations over the entire data

range?’

— kw = — kw=2 — kw=3

kx(k)(AT)

_4 T T T T T T
0 2 4 6 8 10 12

Wavenumber (4-1)

Figure 211: The effects of different-kweight on the..."Q function of LiFePQ. The spectral weight
changes with the-lweight.

Different k-weights can also be used in a background function. The corweeigkt would
produce a background function that cuts the oscillatory part of the spectrum down the middle,
i.e. there is the same amuwf oscillation on the top as there is below the fftleis important

to ensure that there is a balance betweerkieight chosen for the data and theveight
chosen for the background function. Usually it is better to useveight of 1 or 2 for the
background function as it produces a balanced spectrum irrespectivekeivéight used in

the date®

(ix)  Data ranges to use from the Fourier Transform:
When determining the data range that should be f@medhe analysis, any features not

structurerelated should be excluded. If noise plays a role in a specific area it could be indicated
with a slight ripple in the spectrum. These ripples can therefore be used to indicate which ranges
would be usable anth determine the upper rangfeWhen moving beyond the upper limit,

significant noise, as indicated by the high frequency ripples, will be present. The maximum
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k-range is desirable as this produces the best spatial resolutibie foest separation between
neighbouring peak®:*" Increasing the-range resolves neighbouring peaks bettdpaer

radial distances and might not have any affect at higher radial distdnces.

x) Determining the windows used for Fourier Transform:
Data ranges in terms &fextend from a low to a higher finite range whereas the range for the

Fourier Transform is infinite thus indicating that zeros have to be added to the Fourier
Transform range that is outside theange?® A stepfunction is used ahe beginning and the

end of this range as sharp changes occur where the values go from zeraé¢oonand then

back again to zero. To diminish and smooth this transition, the change in the data should be
multiplied by a window that moderately allowsttata from zero to reach the rmgro value

and the nofzero value to go back to zero at the end of the rahtjéd Hanningwindow is a
common window function that can be used for this purpose. This window specifies the
minimum and maximum values for the&nge as well as the width for this guatlitransition.

Values for this transition is usually between 2 A 2°

(xi)  Information contained in a Fourier Transformed spectrum:
The Nyquist theorem can be used to determine the amount of information that can be found in

both theoriginal spectrum and the spectrum after it has been Fourier Transfétfied:
0 -3>Y p (2.19

where Ninp can be described abet number of independent data poirgX)is the Fourier
Transform range angtY is the data analysis rangeéne should be more than the number of

variables needed for the fit with ideally twice as mBiy than variables.

2.3.3.6Linear combination fitting

The sum of the absorption from each of the species of the absorber atom present in the sample
contributedo the final spectrum. Linear combination fitting (LCF), that is the sum of the linear
combinations present in the sample, can be used to quantif§f fhtsdetermine the weighted

sum for all the species, a library of standards representing all possible species present should
be used®3°Mathematically this process can be expressed ¢ertain energy range &%:

0DE€QQMB QYYD (2.20)
The model would be the best representation of the-sepgdtre fit using the standardQ,is

the scaling factor applied to each standard to get the best representation and STD is the
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standard. Commonly the scaling factor applied to the standard would be constrained to be
positive and to sum to one.

) How to quantify the fit mismatch:

The fit msmatch can be quantified by either using the EX&RF&ctor or the... > The Internal

XAFS Society Standards and Criteria Committee defines the EXAfastor as®°

Y pnm=———bp8 (2.21)

The mismatch using. can be defined a¥
B (2.2)

where- is the uncertainty associated with a certain point.

2.3.3.7 Local structure determination

) Common fitting parameters, typical values and correlations.

The refineable parameters that aabowed to vary when performing an EXAFS fit
arew'YOh, BY AT @. These parameters should be within an acceptable range for the final
fit and the correlation between these refineable parameters should be minimised. This can be
used as guideline regarding the starting model and the progress of the fit. This information is
summarised in Table 2.4

Table 2.4: The fitting parameters, typical values and the correlations associated with the
parameters?

Typical .
Parameter Effects Correlations:
value

N Coordination numbers and o
Positive ) YAILLA
degeneracy cannot be negative

If °Y for the model is either highe
0.7071 or lower than the typical value it
1.05* could indicate distorted data or ¢

guestionable fit.
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Values outside this range could 0AT'X

Never
negative / indicate that a different model The correlation
” should be used @ometimes that 51 be reduced by
0.002i the added path does not contribu increasing thé:
0.03 R

to the fit range.

o O but in more
If the deviation between the _
_ _ ‘ complicated
' experimental and starting model |
W'Y 0.1A o models then
larger than this distance then a

. . , Oh AT d"Yor
different stating model is needed.
other paths.

On the
rising
absorption
0 edge but Wrong reference energy 0AT A
not on the
preedge

region.

EXAFS models: Comparing two fits

The fitting process involves a leajuare fit between the theoretical and experimental data

and the fit provides important goodnexsfit information that can be used to assess the fit.

This information includes th&-factor, number of independent pomiNinp) and variables

(Nvar), chisquare (..) and reduced cksquare ... .%° Different models can be compared to

each other using the above mentioned goodakfsinformation. TheR-factor describes the

meansquare misfit thatexists between the fit and the data for the Fourier Transform

components and can be described®as:

B

_ bs (2.23)
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A good® to reasonabf@°fit has a Rfactor of less than 0.02 (2%) and 0.05 (5%),

respectively. The.. can be describeasing?®

B (2.24)

where0 s used to described the number of independent pdintsis used to describe the

number of data points andis the uncertainties.

.. can be used when models of the same dataset, same number of variables and khe same

range are used to compare consecutive fits and can be described as:
—B ——8 (2259

This equation takes into account the degrees of freetlon?

0 0 8 (225 b
Improvement to the fit should be significant for examplev 1t ... p 1T Tbut when the
initial ... v ¢ and the final... v 1t then the models are too similar implies and no real

improvement can be observ&df a certain added path did not decreas¢hen the fit showed

no improvement?®

2.3.4. Mossbauer Spectroscopy

Mdossbauer spectroscopy has found many useful applicatics@ithstate research such as
material sciences, chemistry and physfcg.Its widespread application have been due to its
ability to provide i nf or ma tructorey bonding @ropettiesy g a
magnetic behaviour and molecular symmé&®r¥he success of this technique relies on the
Mossbauer Effect that was discovered by Rudolph L. Méssbauer in 1957 and is based on the
principle of recoilless nuclear resonance absorppibh O A &ris work earned him the

Nobel Prize in Physics in 19641.

2.3.4.1 Nuclears »g Vo = demigsign and absorption

The emission of O A Hr®observed when a parent isotope decays and produces a daughter
nucleus with Z protons and N neutrons in the excited sEfelYpon the transition from the

excited to the ground s Ey), af O Awith no recoil will have an energy @ O
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0 .53%The emitted O Addn then be absorbed by another nucleus with the same Z and N
and the absorber will therln the excited stat&ig 2.19. This process is referred to as nuclear
resonance absorptionfof O A br@s the Mdssbauer effect. To observe the Mossbauer effect
certain conditions have to be met which will be discussedatéAnother process known as
nuclear resonance fluorescence follows when the excited absorber atom transitions back to the

ground state andra O AifJagain emitted that can occur via different roufég.(212).53

v = ray Emission Resonant absorption Resonance fluorcscence
Mucleus of & and N in excited state— Ee - X
y-ray = y-ray
MNucleus of £ and N in ground state Ez ¥

Figure 212: A schematic showing the nuclear resonant absorption and nuclear resonance fluorescence
observed in a receffee environment

2.3.4.2 Spectral line shape and natural line width

The Heisenberg uncertainty principle can be used to evaluate the dagrgiytfie transition.
The ground state is stable and therefore has an infinite lifetime whereas the excited state has a
finite lifetime. This leads to some uncertainty as to the exact ener§y&od can be denoted

asYOusing the uncertainty principfé:

yovyoe o (2.264)
where
9 — (2.26b)

where@Q s Pl anckds constant .

The time available to measutke energy Yo is related to the mean lifetime using the

following relationship>>*
yo 18 (2.26¢)

The spectral / emission litbat is centered arourith forms due to the radiation as a function
of the energy and can be expressed as an intensity distriblkiip®.{3. A Lorentzian curve

can be used to represent the intensity distribution described by th&\Bgeier equatior?®>°°6
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{00 J E— (2.27)

The same intensity distribution cée observed for the absorption spectral line. The natural
width of the spectral lines can be determined by the mean lifetime of the excited state using the

relationship shown by Weisskopf and Wigfeér:

3t 9 (2.28)

I(E) A e E. |AE
0

I

IU fz R ——— — I‘

i. g Eg
Eo )

Figure 213: The intensity distribution showing the emission spectral line centered araurtteEnean
lifetime of the excited state can be used to determine the natural line*tvidth.

The mean lifetime 1) and the width of the transition line can be linked to the amount of
resonance overlap that will occur. The lifetimes suitable for resonance overlap are
X pTI p 1t i. Shorter lifetimes produdeansition lines that are too broad with too much
resonance overlap and a loss of resolution. The transition lines are smeared out and
indistinguishable from the spectrum basefiie?Longer lifetimes produce transition lines that

are too narrow ahno resonance overlap will occur. If the spectral line for both the emission
and absorption process are at the same en@gyhen maximum resonance absorption can

occur3353

The shape of the absorption line, also known as the resonanceemties, £an be given by

the BreitWigner formula®®
, 0 @ — (2.29 a)
where

, —0— 0 (2.299
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is the maximum absorption cross secti@ ¢ ‘Qare the nuclear spin quantum numbers for

the excited and ground state, respectivelg,the wavelength of tfe O Addd the internal

conversion coefficient.

2.3.4.3 The Mossbauer Effect

The Modssbauer Effect depends significantly on the presence of the emission and absorption of
r O A Odburring in a recoilless environment. A very important factor that determines if the
recoilless absorption and emission will occur is the type of sample as this determines if the
Mossbauer Effect will be observed. If a free nucleus or atom emits@ A tle nucleus will

move in the opposite direction than that of the emittedO Aduie to the recoil energyig
2.14)5354

Recoil direction due to momentum Direction of emitted y — ray
- T TN TN
. . Nucleus _
Figure 214: The movement ahel | wdue to the recoil energy if the nucleus was at rest before the
emission

The recoil energy after the emission of the O Addn be determined usifg:
0O -0U8 (2.30)

The change in direction after emission is to conserve the momentum of the nuclewsikhd
therefore bé®

n n — (2.3))

wherer] represent the momentum of the nucleusianther O A téspectively and is the

speed of light.

The energy of the emittéd O Atkkrefore has to take into account the recoil endégwand
would not béO  O. The energy would be determin&d:

0O ©O 08 (2.329
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Due to the large mass of the free atom nuclglighe recoil energy can be describe using the

nonrelativistic approximatiof?

(o J— (2.32 b)
And after substitutingeqn 2.31)Er can be described as:

o — (2.32¢)

Due to the recoil effect, there will be a shift in energyHayfor both the emission and the
absorption lines relative tBo (Fig. 2.15). The emission O Awbuld have an energy of

O O 'O and the recoil will cause a shift to lower energigig).(2.15). The absorption
process will also be affected by the recoil. For the absorption af th® AtdJoccur the energy

would haveto bh® 'O 'O causing a shift to higher energies for the absorption line (Fig.
2.15)>2 These two lines are now separated By ®hich is larger than the natural linewidth of
most Mdssbauer nuclides and due to the recoil the overlap between the transition lines would
not occur and no resonant absorption would take place, hence the Mog&steatavould not

be observed’

A
I(E) I

Emission line ER

E R Absor@on line

|
|
|
|
|
__l" | l‘*
|
|
|
|
1

Ey— Ep Ey Ey+ Ep E
Figure 215: A schematic illustrating the effect of the recoil on both the emission and absorption lines.
These lines are separated by an energy 28 no overlap is observed between these thes.

Atoms that are constantly moving at a certain velodijy guch as atoms in a gas, emitting a

r  OAdf energyO in the same direction as the movement of the atoms wouldveecei

additional Doppler energ{p .>°

Ther O Addergy that is emitted in this caséis:
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O O O © (2.33a)
whereEp is the Doppler energy and can be relate@toising:

0o -0 (2.33b)
whereb refers to the velocitgf the moving atom or nucleus

Gasedlo not all move with the same velocity andthe O Adenergy is therefore linked to
the Doppler energfeqn 2.33 b) Ther O Adnergies are scattered statistically and can be
attributed to the possibility thatbEean either be positive or negative and this causes Doppler

broadening of the transition line. Doppler broadening can therefore be determifiéd as:
0O 0O cojim (2.34

whereEk is the mean kinetic energy of the moving nucleus in the ga®arsltaken over all

anglesi() that is betweeny andt .
The width of the Doppler broadening can also be determined in terBrs of
3 ¢ 0 0QY (2.3

3 is either in the same order of magnitude or larger than that.oftie emission line (with

the Doppler broadening) and the absorption line now only overlap in a small energy region
indicating that there is a veryvoprobability that resonance absorption would occur and that
the Mossbauer Effect would be observed. If atoms are bound in the solid then there is a very
high probability of nuclear resonance absorption occurring. In a solid, the atoms are bound in
a lattice of certain mass, M. This mass is considered much larger than the mass of the free atom

and the recoil energy is then considered negligibte.

2.3.4.4Recoilfree fraction

Mdossbauer nuclides that are bound in a solid lattice would not be allowed to recoil freely as
seen in previous sections described above and the atom can only vibrate within thénlattice.
lattice, the recoiknergy is converted into vibrational energy and is transferred to the lattice
vibrational system. The energy disperses by heating the surroundings in the lattice while the
atoms remain it their positions with no mean displacement of the ndéféusnder these
conditions, the recoil energy would be taken up by the whole lattice and there would also be

no Doppler broadenintf. There is a probabilityf, that thelattice undergoes a zephonon
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transition and that no lattice excitation occurs during the emission or absorption of thé U
The recoilfree fraction is the fraction of nuclear transitions for the emission and absorption of

r O A th& can occur withut any recoil.

The recoilfree fractionf can be described B’

N Qoi— @i T (2.36
wherek is the propagation vector andw is the mearsquare displacement in the x
direction and describes the Einstein frequency.

The recoifree fraction is also dependent on temperature and can also be determined using the
Debye solid model wheffes also generally referred to as the Delwyaller factor®*>°

0 Agp— - — ' —ao (2.37)

al

whereks is the Boltzmann factandg 0 fthe Debye temperature, and is a measure

of the strength between bonds and with the following approximations the equation can be
further reduced t6%°°

For'YL g OEAN A@b - (2.38a)

andforY g 6M&Q APD— (2.38b)

Therecoilfree fraction increases:>®

1. by the decreasing the recoil/transition energy
2. by decreasing the temperature

3. by increasing .

2.3.4.5 Moéssbauer transmission spectrum and the Doppler shift

The overlap between the absorption and emission lines has to occur in order to produce a
useable spectrum and therefore the Doppler shift has to be utilised by moving the source that
causes ainges in the energy. The Doppler shift relates the energy to the velocity and produces

a transmission spectrum of the transmitted intensity as a function of velocity. The transmission

spectrum is due to the detection of the 14.4 keVO As (huclear decaycheme can be found

in AppendixA3.1) that are absorbed by the absorfidihe emission spectrum is that of source
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and is varied over a range of energies relative to that of the absorption spectrum for the absorber
(Fig 2.16. To produce theansmission spectrum, the velocity of the source is varied as to have
no overlap, some overlap or maximum overlap with the absorber. If there is no overlap then no
resonant absorption occurs and if there is only a small amount of overlap then theye is ver
little resonant absorption and the counting rates or transmission intensity would be large. The
increase in overlap results in a decrease in the counting rate or the transmission intensity.
Complete overlap between the emission spectrum and the absospgotrum allows for
maximum resonant absorption and the transmission intensity would be at a mirfigum (
2.16). A greater overlap between the spectra results in the reduction of the transmission due to

the resonant absorptigh>3

Transmission spectrum
Ermission spectrum Absorption spectrum
A A E
+‘ D #t
B
B
-
e
2
C A g
= \
D A C

E AN
Velocity ——

Figure2.16: The amount of overlap between the emission and the absorption lines is responsible for the
formation of a transmission spectrdf?

2.3.46 Hyperfine Interactions

The above explanations all involve a bare nucleus with no influence from a chemical
environment. In real materials the Mdssbauer nucleus experiences interactions from both the
electric and magnetic fields. The fields affects thel@ar energy states and the interactions are
referred to as nuclear hyperfine interactiéf®.The interaction between the nucleus and its
surroundings cause changes in both the nuclear and electronic levels by either shifting or
splitting of these levels. If the interaction only causes shifting of the nuclear energy levels, it is
known as an eledt monopole interactioreQ) but if it splits the levels into sublevels without

any shifting then it is known as electric quadrupo®)(and magnetic dipolen()

interactions®°°
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The hyperfine interactions mentioned above can be observed in a MOs§smiiens and can

be used to extract important information about the material and local environment. The position
of the resonance lines give the isomer shiftwhereage2 andml splits the resonance line of

the transition between the degenerate nuckal$ and give rise to the electric quadrupole
splitting (YO ) and the magnetic splittinyQ ).585°

2.3.4.6.1 Electric Hyperfine Interaction

The electrostatic interaction between the nucleus (ch&jgend the surroundings has a total
energy that cabe described &

(0] Tl ol Qf (2.39)
The nuclear charge density, i at a certain point with set coordinates r F &, X3) and the
Coulombic potential at a point r = 1(xx2, x3) is described bywi and the volume by
Qt QNN w

@i can be further expanded using the Taylor series at the poinf% = 0:

i w B — ® -By — oo E (2.40)

by inserting(2.39 into (2.40 the following expression can be obtained:

-O d))v ” ‘l 'QT B - Q n ‘l (b'QT —BFI —_— Q " ‘l (b(.‘k),QT E

(241
The first term ofleqn 2.4) describes a point charge electrostatic interaction and second term

describes the electric dipole interaction, but no dipole moment exists. Higher order terms
represent very small interactions and nuclear moments arwharge considered negligible.

The most important term is the third one and can be writtéh as:

O -By wI9dniwQt-B wd” i o —Qft-B w2
N SRR O |
(24229
where

i B (2.42D)

With additional substitution and the inclusion of the nuclear quadrupole moeugr2,42a

can be rewritten as:
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0O -“Qés. " i1Qt-B wl3” 1 oo —0Qtk O © (243

The first term in(egn 2.43) labelled asO can be used to describe the electric monopole
interaction and causes a shift in the nuclear energy levels. The secoifeqe3) labelled
as O describes the electric quadrupole interaction and causes splitting of the degenerate

nuclear energy levg®®

(A) Electric Monopole Interaction: The Mossbauer isomer shift

The electrostatic interaction between the electrons and the nuclear charge can be described as
the electric monopole interactionhe p, d and-tlectrons have an angular momentum that is
nonzero and unlike the-slectrons they do not have the abilitypenetrate the nucleus unless
relativistic effects are considered. Thelectrons penetrating the nucleus have an electrostatic
interaction with the nuclear charffeThe Coulombic interactions cause a shift in the nuclear
state energy level. Using the first term(efin 2.43) the interaction energy can be expressed

as®®
0O -“d&sg ¢sda Oky © (2.44)

whereg ¢ s describes thelectron densitieandd s the square of the nuclear radilise
electrostatic shift, ‘Qis different for the ground and the excited states for nuclei with the same
mass and the same charge. The difference is caused by the changes in the nuclear volume and
the mean square of the radiusi . The electrostatic shift and the energies foretketed

state and the ground state for the Mdssbauer nucleus would be different compared to the bare
Mossbauer nucleu§ig. 2.173. This phenomenon is responsible for the Mdssbauer*ghifte
Mossbauer nucleus in the excited state of the source wouldemiO ABJE T @fitrhnsition
energyEsand the absorber would emit a O ABJE T @i altransition energiga. With the

Doppler velocity the emission and absorption lines will only be observed when overlap occurs
and the difference in the electrostatic shift will be obseé. This shift is the isomer shifeig.

2.17bpnd can be expressed®s:
1T % % —OQS TS s ns 6 0 a o (2.45)

whereg msS andg 1S isthe electronic charge density of the source and the absorber,

respectively.
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The difference betweenerand g is small such that i 1Y and i i ¢'Y and

therefore equatiofeqn 2.46 can be written as:
1 -0 TS g ms 2JY — (2.46
The difference in the electron densities between the source and the absorber are due to the

different chemical environments that would also cause different transition energies and
electrostatic shifts fo® A1 ‘@ (Fig. 2.17).

A a b
Excited state 5K

=
8
Ec g
: EA E
=R

Ground state 5 Ey )

Absorber 0
v/mms!

Figure2.17: (a) Changes in the interactions between the nuclear charge and the electron density present
at the nucleus for the bare, source and absorber and (b) the shift of the energy of the nuclear states due
to the interactions proucing the isomer shiff.

The change in the nuclear radius associated with the transition from the excited and ground

states is described by the nuclear facter, and can be either negative or positive for the

Mossbauer nuclide. F8r

f — mAT Y O0;indicates that from the source to the absorber the nucleus exhibits an
increase in the electron density
T — wAT Y 0;indicates that there is a decrease in the electron density between the

source and the absorber.

In an experiment the Doppler velocity needed to bring the source and absorber back into

resonance can be described%s:

) — WQY — g 1S $ TS (2.47)
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If the same Mdssbauer nuclide is used for a rafigempounds then a standard source can be

usedang TS can be seen as a constt
1 wétd g mMS 6 (2.48)
(A1) Chemicalinformation provided with the observed isomer shifts

The isomer shift relies in changes to the electron dergsityr S, and the penetration of the
s-electrons in the nucleus. The density of tedextrons are composed of two contributions: 1)

the fully occupied sorbitals and 2) the partially occupied valence electf®ihe electronic
structure is strongly influenced by the valencetgbuation to the selectron density. Chemical
changes that could affect the electronic structure are the spin state, oxidation state as well as
the bond propertie¥:%° The selectrondensity would be influenced by valence shell changes
eitherdirectlyor indirectly. Altering the population of thesdectrons in the valence shell would
directlyinfluenceg 1 s by changing the-slectron density and theetectron density would

be influenced indirectly because the p,d adikd electrons that have a nonzero angular
momentum bring about some shielding of thedextrons. If the valence density increases, then
thenuclear charge would attract thelgctrons less and tige 1S would decrease. Similarly,

the decrease in the valence density would have an increase in the attraction and would therefore

increases TS .%°

The effect the spin state and the oxidation state of iron compléxes 1t have on the isomer

shift leads to three important tred8€-¢1The isomer shift is always in reference to a standard:

1) High spin complexes would have a higher isomer shift tharsjow and intermediated
spin complexes.

2) Iron complexes with a high spin would show a more positive isomer shift with lower
oxidation states than with higher oxidation states.

3) Iron complexes of a low spin have similar isomer shifts and therefor the isomer shift alone
cannot be used to identifige oxidation state for a certain compound.

4) The bonding properties, such as strength ofitheA T T ATOBEM A A A A 2@ ithe
geometry around the Mdssbauer nucleus also affects the isomer shift:
1 Complexes with ionic ligands would have a higher isomédt shimpared to the isomer

shift complexes with covalent ligands.
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1 Octahedra (six) coordinated environments would exhibit a higher isomer shift

compared to the lower coordinated environments such as tetrahedra (four).

(B) Electric Quadrupole Interaction: Quadrupole splitting

For the occurrence of the electric quadrupolar interaction it is necessary that the nuclear
guadrupole moment can be observed as well as that the electric field gradient (EFG) be
nonzerc® The second term iegn 2.43 is responsible for the splitting of nuclear energy
levels that are degenerate and this is referred to as the quadrupole s@hi@ing This term

was notpresent when discussing the monopole interaction as the distribution for the nuclear
charge was uniforrf but if a nuclear charge havespin quantum number that® - then

the degeneracy would be lifted due the quadrupole interaétiBor nuclear states whei@

-, no quadrupole moments are obserfed.

(B1) Nuclear quadrupole moment

The deviation from the spherical symmetry and the change in the nuclear states can be
measured by the electric quadrupole moment. The nuclear quadrupole moment can be
described by°

O 70 om 11 ot (2.49)

where” describes the nuclear charge, are used the described the r coordinates on a

Cartesian system and is the Kronecker symbol.

To describe the quadrupole moment of the nucleus, thkearuconstantQ, can be used
because of the definite angular momentum and the charge distributions that is cylindrical

symmetric. If0 1tfor off-diagonal elements and tkexis is the preferred orientation axis

then the quadrupole moment for a cyllical nucleus can be given B§®°

"1l o0é i pOt
(2.50)

"l a o Qf " i oa 1 Qf

510

P
Q

510

whered i @ ¢ and—is the polar angle between the z (the axis of symhatigO A ADT O
This equation shows that for an elongated nuglei T, for an oblate or flattened nuclei

0  mand for a spherical charge distribution Tt
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(B2) Electric field gradient (EFG)

Quadrupole interaction energy can be used to obtain information regarding the electronic and
molecular structure. Changes in these structures originates from changes in the electric field

gradient (EFG) and describes the interaction between the quadmpolent ‘O - and the

electric field. The alteration of the EFG by physical and chemical changes are important when

interpreting thes’O .°
The total EFG has 2 main contributiois:

1) Lattice contributions: The Mdssbauer atom is surrounded by charges from distant ions
in a rn-cubic symmetry.
2) Valence electron contributions: The uneven distribution of electrons in the valence shell

between the Mossbauer atom and the ligands surrounding it.

(B3) Quadrupole splitting

The @I + 1)-fold magnetic substrates are split due to the electric quadrupole interaction and
no energy shifts are associated with this electric quadruple interaction. The eigebyalues
be determined by the firstrder perturbation matrisé:t°

O cdo COp p — (2519

The nuclear magnetic spin quantum numiger, "GO phHO ¢ h 'QOw describes the
one of the principal tensor components and the asymmetry parametan be described
by:58|'60

- — m — p (251 b)

For °>’Fe (14.4 keV) the electric quadrupole interaction of the groi@d - and excited
‘O - state can be explained as followsir ‘'O - there is no quadrupole moment present

but for'O - there is a quadrupole moment leading to the splitting of the excited state into two

doubly degenerate statdsq. 2.183i.e. -h - AT Ah - . The energy difference between

the degenerate states can be describéd®3s:
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(9]

Yo o - o - — (2.52

A quadrupole doublet would be observed foffe experiment. These lines are separated by
the quadrupole splitting=(g. 2.189 and can provide information about the structure such as

the bond properties and the local symmetry around the site of im&fest.
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Figure 218 (a) The splitting ofO - with an energy separation¥0 and (b) the Méssbauer spectrum
that results from this splitting. The states can also be shifted and is indicated by the isofifer shift.

(C) Magnetic Hyperfine Interactions

The magnetic dipole interaction exists when there is an interaction between a magnetic field

and a nucleus that has a spin quantum nuriberrtand is described using the Hamiltonr&n:

O © 00 C* 'a® (2.53
where' is the magnetic dipole momeiit,is the magnetic inductior; describes the Landé

factor and —2_ whereM,is the mass of a proton.

The eigenvalu&n by the first order perturbation matrix diagonalization prodd@es:

o4 —— C*6a8 (2.54

Nuclear states are split ineb+ 1 non-degenerate substag®i « if the spin quantum number
is I. This split is a result of the magnetic dipole interaction (nuclear Zeeman effect) and the
magnetic dipole transitions’O piYa mh p forr OAWOAT O &éthosd atowed

by the selection rule¥ The magnetic dipole interaction fFe the ground statéO - splits
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into two substates and the excited stde - splits into four substatéfig 2.19a). There are

six allowable transitions due to the selection rules as mentioned above and a resonance sextet
with 3:2:1:1:2:3 relave intensities (Fig. 2.19b) iproduced. These line intensitifedlow this

intensity pattern due to the magnetic field even distribution with respect to the propagation of
ther O A Whe magnetic field acting on the nucleus can be determined by the hyperfine
splitting.>® Information on the spin interaction processes such as electron configuration,
magnetic moment and relaxation and the spineé? that can be obtained from the magnetic

dipole splitting.

A 2 B
A = 3 1
== o = + 1
- 1= 2
0 2 - 2
—_—
Excited state Sy 1 =
N - m = 3 =
. B = 1 1

™= T3 =

o

S

—

1 1 == 2 2
- m= -
= = o 2
2 3 3
Ground state | —————=__
.. 1
.. my; = + 2
v/mms™!

Figure2.19: (a) The magnetic dipole splitting ®Fe and (b) the Mdssbauer spectrum and intensities
that results from this splitting.

2.3.5. Raman Spectroscopy

Ramanspectroscopy is a negtestructive technique that utilizes the vibrational modes to
investigate the chemical and structural properties of a matefdlis technique is very
versatile and can be used to study powders, solids, liquidsage gasses. It has found great
importance in different fields such as chemistry, geology, archaeology and pharméceutics
and can be used to characterise materials as long as molecular bonds exist in the sample. Raman
spectroscopy relies on the scattering of light and the interaction etheghoton and the
molecule after the sample is exposed to a laser sbtiftes interaction can be described in

terms of three different scattering processes (as illustraféid & 20:5%54

1. Rayleigh scattering: This type of scattering can be identified where the molecule shows no
change in energy upon photon interaction. Theghbefore the interaction (incident) and
the photon after the interaction (scattered) would both have the same energy and

wavelength. This scattering process also occurs the most frequently.
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2. Raman scattering: Raman scattering can be divided into Stoke&rdi-Stokes Raman
scattering. Stokes scattering occurs when the molecule gains energy upon photon
interaction and the photon that is scattered away from the molecule thus loses energy and
has an increased wavelength. The energy gain of the moleculescansincrease in
vibrational levels. The opposite occurs for ABtokes scattering. The molecule loses
energy after the interaction with the photon whereby the photon that is scattered would gain
energy and have a decreased wavelength. The loss in exfdigy molecule causes the
vibrational energy to relax. These scattering processes do not occur as often as Rayleigh
scattering. Between Stokes and ABtokes Raman scattering; Stokes scattering is more

likely to occur making this scattering process nmntense and more measurable.

J
Rayleigh scattering Raman scattering Anti-Stokes

Stokes

Figure 220: Different scattering processes that can occur upon photon interaction with a mtflecule.

A Raman spectrum is constructed using the changeduéncy between the intensity of the
radiation that was scattered and the incident radi&tidhis difference is also referred to as a
Raman shift and a@pectrum would be a plot of the intensities and the Stsheed
frequencies, reported in wavenumber with Raman active modes present on the sffggtrum
2.21)%3%4The position of the peaks can bged as a chemical fingerprint which is unique to a

particularmaterial,andcanthusbe used asither an identification or comparative t36!.

Raman spectroscopy can be used to investigate intramolecular and crystal lattice vibrations.
The vibrational energy of the molecules or crystals can be related to the frequenéy Bhifts.
relationship makes Raman spectagsg a very useful tool as the vibrational energy can be
influenced by the different atomic environments, the bond order, disorder, crystal symmetry
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and the local environmeritlolecular vibrations can be classified as either stretching, bending,

out-of-plane, rocking, wagging and twisting (Table 2.5

Virtual States

Vibrational levels

Ground State

oh scattering

y

HL‘I\ IC‘

Stokes

Anti-Stokes /\
VAN — > frequency

Vo + vy Vo Vo = Vyip
Figure 2.21: The energy level diagrams for Rayleigh and Raman scattering and the scattering at a

frequencyvo as well aswi, representing the molecular vibratiofis.

Table 2 .5:Different molecular vibrations and the changes that are linked to the different
vibrations®3

Molecular vibration: Changes that occur:
Stretching Bond length
Bending Bond angle between atoms Changes in the bond lengt
o le.
Atoms moving in and out o and angle
Out-of-plane

the plane.
Angle between the molecu

Rocking and a group of atomis the
molecule.
A change in the planethe ~ NO change in the bond
plane that runs through tt lengths or the angle.

Wagging molecule and the plane th

runs through a group c

atoms.
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Twisti A change in planes betwec
wisting
two groups of atoms.

2.3.3.1Concentration and crystallinity:

The peak intensity can be used to make conclusions about both the concentration and the
crystallinity. There exists a direct relationship between the peak intensity and the concentration
Peaks thaare sharp and intensesually indicate crystalline and peaks that broader and less

intense usually denoted amorphous substéfices.
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Chapter 3

Characterization of LiFePOsand the use of commercial LiFeP®@as a reference
material.

LiFePQ: has been used commercially as a cathode material in IHonrbatteries (LIBS)

mostly to power various electronic devices and certain electrical vehfo@se of the aims

of this project was to investigate how the synthesis process affects the average and local
structure of LiFeP@ Commercially available LiFeP@Sigma Aldrich, >97% pure) was used

as a reference material for theAMES region of the XAS data. To fully understand the
characteristics of this material, the structure was also further analysed by other techniques used
in this study. This chapter is divided into two different sections: 1) a literature review of the
LiFePOs structure and 2) a study of the structural differences between the commercial LiFePO
(C-LiFeP(Q) and that reported in literature.

3.1. Literature review of LiFePOastructure

3.1.1. Powder X-ray diffraction (PXRD)
3.1.1.1Lattice parameters and cell volume

LiFePQs crystallises in th&nmaspace group and the orthorhombic crystal system where

@ @ Table 3.1contains a summary of the lattice parameters and unit cell volume of LiFePO
that was obtained when using a hydrothermal synthesis and will also be used as a comparison
for the parameters obtained for the synthesised material in the chapters to LfdHeRQ, is

cited to contain no antisite defects when the volume ranges froin 2804 &, 35

Table 3.1: The lattice parameters and volume when using a hydrothermal synthesis.

Reference a(A) b (A) c(A) Volume (A%
Yanget al® 10.381(7) 6.013(5) 4.716(3) 294.38
Chenet al’ 10.3319(1) 6.0040(1) 4.6939(1) 291.18(1)
Princeet al® 10.3095(7) 5.9993(4) 4.6932(3) 290.27(3)
Chenet al® 10.3447(9) 6.0033(5) 4.6964(4) 291.66(4)

Kuwaharaet al1° 10.3280(5) 6.0040(3) 4.6936(2) 291.05(2)
Sun and X& 10.3323(7) 6.0061(8) 4.6928(8) 291.2312(0)

#Chen and Graetz 10.303(1) 5.987(1) 4.670(1) 289.87(5)

$Chen and Graetz 10.3658(6) 6.0037(3) 4.7124(3) 293.27(2)

"Manually calculated andoh determined by the groupAfter heat treatmentbefore heat treatment
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3.1.1.2.Interatomic bond distances of LiFePQ

The LiFePQ structure consists of different polyhedral structures (8@, and LiGs) with
different interatomic distancefi@. 3.9.12 The FeQ octahedraonsists of 4 equatorial and 2

axial positions and 4 different interatomic distandeab(e 3.3. The Wyckoff lattice sites for

Li, Fe and P are 4a, 4c and 4c, respectively and for the three oxygen positions O1, O2 and O3
the sites are 4c, 4c and 8d, respectivél} The longer Fé O(3) bonds are bonded to the two
O(3) atoms that forms the short edgkethe octahedrand is edgesharedwith the PQ
tetrahedra® The PQ tetrahedra have significantly shorter bond distances than both the FeO
and LiGs octatedra (Table 3.2)The basal plane of theQ, tetrahedra [O(3) O(3)1 O(2)]

shares oxygen atoms with both Fe [O(3) and O(3)] and Li [O(3) and O(2)] and can be used to
investigate both the geometry and orientation of thesl@@ LiGs.12 P - O distances can also

give an indication of the distortion around thesR&@rahedra® The average LD interatomic

bond distance (Table 3.2an aid in determining which sample could possibly exhibit better
Li* mobility. If the average bondistances longer itimpliesthat the Li channels are wid&.

The LiT Li interatomic distancgether with the O(1) O(2) interatomic distancef the LiOs
octahedra can also be used to describe the geometry of the channel. Bettmmaduadativity

can be achieved if the LiLi distancesre shorter and O(1I O(2) interatomic distances are

longert®

3)

@ o(l) 0Q)

Figure 31: The olivine structure of LiFePQAdapted from Strelstov et &l.
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Table 32: LiFePQii nt er at omi ¢ di stances ( ) as reporte

Rousseet all’

Streltslgvet and Islamet  Princeetal® J u g oevalf
al. 41,18

M27i O(1) 2.204(2) 2.199 2.196(9) 2.197(3)
M2i O(2) 2.108(2) 2.115 2.086(9) 2.084(2)
M2 O(3) (x2) 2.251(2) 2.253 2.224(5) 2.248(2)
M21 O(3) (x2) 2.064(2) 2.061 2.080(6) 2.082(2)
AverageM2i O 2.157 2.157 2.148 2.157

Pi O(1) 1.524(2) 1.525 1.555(6) 1.521(4)
Pi O(2) 1.538(2) 1.539 1.577(9) 1.618(2)
Pi O(3) (x2) 1.556(1) 1.558 1.554(6) 1.560(2)
Average Pi O 1.544 1.545 1.560 1.565

M1i O(1) (x2) 2.171(1) 2.174 ND" 2.172(2)
M1i O(2) (x2) 2.087(1) 2.086 ND" 2.066(3)
M1i O(3) (x2) 2.189(1) 2.194 ND" 2.143(2)
AverageM1i O 2.149 2.151 ND* 2.127

ND* = Not determined by the group

Streltsov et al'?> determined the interatomic bond distances using single crystaly X
diffractionwhereas Rouss al'’, Islamet al'8, Princeetal®a n d J atgl¥ wsedipowder

X-ray diffraction(PXRD) to determine the interatomic bond distan®é&s other phases except
LiFePOy were detected using PXRDhe interatomic bond distances in Table @il be

compared with those determined in thisrkvim the chapters to follow.

3.1.2. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS)a very useful tool tdetermine the oxidation state and
local geometry around the absorbing atéris alsoimportantto probe the local structufé?!

XAS spectra can be divided into two parts (Fig. 3Xray absorption near edge structure
(XANES) and extended -Xay absorption fine structure (EXAFS). To investigate the valence
state, geometry and local structure of LiFeRi@ Fe K-edge was used. Fe tise absorbing

atom whereathe K-edge refers to the absorption of theays by the 1s core electrofg?2
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Figure3.2: The XAS spectrum of LiFeP@an be divided into XANES and EXAFS.

3.1.2.1XANES

XANES is an effective way of determining the valence state as well as the chaggesatry
around of Fe and can be divided into the-@dge, absorption edge and the main édgéThe
pre-edge peaks arise due to treYL Bunoccupied orbital transitiotf.For a compound with

a centrosymmetric nedistorted octahedron, the transition is quadrupole allowed but dipole
forbidden and the predge feattes would be of very low intensity and barely visi#té®
When the central atom is surrounded by ligands two of thedfimetal orbitals, nameg) d?
anddy,? are directed towards the ligand whereas the other three orbitals, ndgedy,and

d.x are directed between the ligardg.he energy of the electron depends on the direction of
the orbital and subsequently, the energy fordi@ndd.?,? orbitals would be raised duthe
repulsion field caused by the ligands and the energy faighedy, andd.xorbitals would not

be influenced as much. The energy would split into two energy levels with & dtl,2,? and

(i) dxy, dyz and d.xbeing degeneratd-ig. 3.3. Three orbitals are thus lower in energy and

denoted4y and two orbitals are higher in energy and representegBig 8.3.3!
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Figure3.3: The splitting of the energy levels forthe metald bi t al s. The 1s Y 3d t
two different excited states.

In LiFePQithe distortion around Fe reduces the symmetry fro@mato Cs which breaks the
inversion centre ahe octahedra and causes mixing of ttié 3p orbitals of the Fe metaind
produces a crystdleld that splits the @ states into two energy levétsand causes the

1sY transition to become partially dipole allowed ano weak peak® are present in the
pre-edge regior(Fig. 34).20282933The preedge peaks of LiFeRQire at ~ 7112 eV 4>

and at ~7114 eV 22 A change in oxidation state from#do F&* is indicated by a shift

in the peaks to higher energy and a change in geometry and distortion around Fe is indicated

by an increasi intensity?°:25:32:34.35

Main Tsorption edge

Preedge

Rising absorption
— edge

Normalized absorption

Ll —

7110 7115 7120 7125 7130 7135 7140
Energy {eV)

Figure 34: The XANES spectrum of LiFeP@an be divided into predge, rising absorption edge
and main absorption edge.

The rising absorption edge and t haedthelasi nY edge
continuum transitiorf* which occursat ~7125- 7127 eV for LiFePQ (Fig. 3.4.39%¢ The
extremeincrease in intensitgf the absorptiordge follows after the electroase excited to
unoccupied porbitals®” Therising absorption edge as well as the main absorption edge can be

used to determine the oxidation state of A&=with the preedge region ahange in oxidation

state from F& to F€** would show a peak shift to a highereegy?%-3438
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3.1.2.2EXAFS

EXAFS follows the main absorption edge and can be identified by small oscillations. These
oscillations can provide information of the local structure in LiFefRy. 3.53.3%40 by
determining the interatomic distances, coordination numbers and the -D&iyge factor
around the Fe absorbing atom with the nearest neighbour coordinatior?&tel(s®4! The
DebyeWaller factor is a good indication of the disorder in the local structure around

Fe 27,39,40,42

FeO FeP

Normalized absorption
X(RA™)

7150 7200 7250 7300 7350 7400 7450 7500 1 é _;, All é 6
Energy (eV} Radial distance (A)

Figure 35: (a) The EXAFS oscillations for LiFeR©an be used for local structure determination. (b)
The different coatination shells around the Fe absorbing atom-Bp&ce for LiFeP©

The different coordination shells around Fe can also be deternkilge®@(6h. The first strong
peak around 1. 8 corresponds to the scatter

o) . The second major peak around 2.8 corr

(FeP) and t he third peak dhe oan ncdordirgatiod shell cor r
(Fe-Fe)?2025304043Tgple 3.3contains the average interatomic distances and average disorder

as determined by othe@esearch groups and will be used to compared the EXAFS models
determined in the chapters to follow.
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Table 3.3: The average interatomic distance and average Déalker factor as determined

in literature for LiFePQ@

Reference Coordination Coordination Interatomic DebyeWaller
shell number distance (A) factor (A2?)
Haaset al?® Fe-O 6 2.13 0.0037
FeP 5 3.15 0.0046
FeFe 4 4 0.0055
Hsuet al*! Fe-O 6 2.15 0.0082
FeP 5 3.25 0.0049
FeFe 4 3.94 0.0096
Debet al?° Fe-O 6 2.13 0.0028
FeP 5 3.15 0.0045
FeFe 4 4 0.0054
#Zhaoet al*? Fe-O 6 2.09 0.0083

# Research group only did EXAFS modelling on the first coordinatiil

3.1.3. Mossbauer spectroscopy

Mossbauer spectroscopy is a very sensitive technique for determining the Fe phases with
different valence states and local environments and involves the observation of the electronic
states of the different Fe environmetft$o evaluate the different environments, it is important

to quantify/consider three different parameters: isomer shift|(1 guadrupole splitting (QS

= ‘0)* and full width at half maximum line widthgf.*>*34’ The isomer shifevaluates the
change in electron density of the chemical environffiemhereas the quadrupole splitting
evaluates the charge disuition around the Fe nucleus and is sensitive to distortion in the
oxygen environment in this wofR full width at half maximum line width ia useful indicator

to probe the local structural disorder as well as the quadrupolar éfétts. LiFePQ, the

major doublet ighat of Fé* in a slightly distorted octahedral (M2 site) environment. The
hyperfine parameters of this doubletiis 1.201 1.22 mm/sg ‘O = 2.95i 2.98 mm/4® and®

= 0.27 0.3 mm/st*#'Fe* in a slightly distorted octahedral environment exhibits a very high

w O due to the high & configuration and the asymmetric (distorted) environment of the
octahedré compared to that of the Fdli = 0.44 mm/s O = 0.77 0.9 mm/s)’ where Fé&

has a delectron configuratiofi® Table3.4 lists thehyperfine parameteffer F€* in LiFePQy

that are commonly found in literature.
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Table 3.4: Hyperfine parameters (IS and QS) commonly found in literature féiriFeiFePQ

Reference Papers a (mm/s) 3% (mm/s)
Amisseet al>® 1.22 2.95
Yamadaet al** 1.22 2.95

Kuwaharaet al1® 1.22 2.96

Princeet al® 1.20 2.96
Porcheret al®! 1.23 2.94
Martin et al>? 1.24 2.96

Cuisinieret al>3 1.22 2.97
Sanchezt al*® 1.21 2.98
Hameletet al*’ 1.22 2.95
Maccarioet al*® 1.22 2.95

Xia et al>* 1.22 2.97

Anderssoret al®® 1.22 2.96

3.1.4. Raman Spectroscopy

LiFePOyhas 36 Raman active optical modes. The vibrational modes of Lifeeir®e divided

into internal and external optic mod¥€s2 The internal modes of LiFeR@orresponds to the
intramdecular vibrations o)/  anions (tetrahedragnd exists between 4001100 cm'

(Table 3.5). The vibrational motion of the internal modes can be described in terms of the
symmetry of PO: the RO symmetric stretchingf(), symmetric GP-O bending § ),
antisymmetric PO stretching £ ) and antisymmetric @-O bending £ ).°”°° The external

modes refers to the translational motion of'Fend the0/  rotational motion anaccurs

below 400 crit (Table 3.5). These modes can also be referred to as lattice vibrdtidnsy

Li* motion is only IR active and is Raman inacti¥elhe region below 400cthis also
expected to contain the lithium cage modes. The cage mode refers to the motion that lithium
ions undergo due to the potential energy environment caused by the oxygen and phosphate
neighboumg atoms®°” No specific band can be assignedhe tithium cage mode and the
lithium motion contributes very little t¢t ) and ¢ ) whereas £ ) and ¢ ) involve some

lithium motion>®
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Table 3.5: Raman wavenumbers and the different assignments for LifeB@l in literature.

Wavenumbers (/cm) Assignment
Burba & Frech®®  Paraguassuet Wu et al®’
al.%°
107 106 112
151 147
161 157 153
199 195 175 0 / rotational and F& translational
226 228 motion
245 249 245
292 297
410 402
447 442 445
499 g (0 / symmetric bending)
513
572 571
595 586 593
612 628 " (0 / asymmetric bending)
631 637
657
953 949 949 " (0 / symmetric stretching)
999 995 995
1071 1067 1067 " (0 / asymmetric stretching)
1079
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3.2. Results and Discussiofor C-LiFePO4
3.2.1. Powder X-ray diffraction

The sample was measured using both a laboratory diffractometer and synchrotron PXRD. The
results shown in this section are only those from the synchrotronX-Fag wavelegth was
determined to be 0.166316(1) using LaB (NIST 660c) to calibrate the instrument. The
structure of GLFP was refined by starting with a structure resolved by Stretisay? and

the refined parameters were the scale, lattice parameters, thermal displacement parameters and
Lorentzian microstrain. Th&ietveld error indices, lattice parameters and the volame
presented ifmable 3.6.However, not all the peaks in the measuldttaction pattern were
accounted for in this refinement indicating that LiFeR@as not the only phase present
(Fig. 3.61 indicated with reyl but higher resolution data would be necessary to determine if
the peak at ~ 3.3 A is actually two olapped peaks, one being the impurity and the other
LiFePQi.. The same impurity peak was observed in the preliminary laboratory PXRD data.
Common LiFeP®@impurities such as E©3, FeO4 and LsPOQyw did not match the impurity
present. Other than the impurjpgak, the sample shows crystalline features and the synthetic
method is most probably a solid state route or one where the sample wizsdtedt The error
indices in Table 3.6 could be improved if the impurity was matched to a phase. The lattice
paramegrs and the volumé @ble 3.6 were comparable to those determined by other groups
(Table 3.23%possibly indicating that the impurity present does not have a large effect on the
lattice parameters or volumeiFePQ; is thought to be defedtee (including antisite defects)

when the volume ranges from 20@91.4 & %% indicating that the structure is possibly free

of most defects.

Table 3.6: Rietveld error indices, lattice parameters and the volume-tdffC

Rup 15.17
R 13.42
Rexp 9.20
GOF 1.13
a( ) 10.329(9)
b( ) 6.0086(5)
c( ) 4.6916(4)
Vol uni ( 29115.1197(4)
pr .
Ro 13.42
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Figure 36: Synchrotron diffractogram of-CFP showing the observed (purple), calculated (green) and
difference (black) plots generated from a Rietveld refinement analysis. Bragg reflections for LiFePO
are indicated by grey markershd unmatched phase present is indicated in red

3.2.2. X-ray absorption spectroscopy

3.2.2.1XANES
XAS Fe K-edge was collected for-OFePQ and two other standards with*Feresent namely

FePQA 4,8 a naF&Os(Fig. 3.7. Synchrotron PXRD investigated the averagacture and
XAS, with both XANES and EXAFS, was used to look at the local Fe environment of
C-LiFePQ. This is important as CiFePQ; is used as a standard to compare the XANES of
the synthesised samples in the chapters that folltv.pFeprocessing of the XANES data is
described in section 2.2.3. of chapter 2. Thénl12.2 eV) andg7114.1 eV) peaks are both
present in the sampl€&if. 3.8 inset These two peaks can be used to identify LikefR@ to

the distortion present ithe F&'Os octahedrg®?® The main absorption edd€ig. 3.9 is at

~ 7126.97 eV and this position is commonly associated with*F8sing the peak position of
the preedge and main absorption edge showed that veryRittlehas been oxidised Fe The
peak positions for the standards containinéf FeePQA 4,8 a nFd&:O0swere determined

to be 7114.3 eV and 7114.4 eV, respectively for thespige regionKig. 3.7 and 7131.9 eV
and 7133.8 eV for the main absorption edgeg.(3.7), respectively.
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Figure 37: Normalized Fe Kedge spectrum of CFP, FePQA 4,8 and FgOs that wereused as
standards.
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Figure 38: Normalized Fe Kedge spectrum of -CFP. Thepre-edge regiorfinset) and the main edge
are indicated on the spectruhC-LFP.

3.2.2.2. EXAFS

The fitting parameters used for the modelling efi€EePQ; is described in section 2.2.3.2. and
all Fourier Transformed (FT) EXAFS spectra were phase correcteéd-PCshowed the
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presence of all three the peaks relating to the differ@mtdination shells present in LiFePO
(Fig. 3.9. The first coordination shell was identified as oxygen, the second coordination shell
was phosphorous and the third coordination shell was?%or! Three different Fe
scattering paths (F@1, FeO2 and FeD3) were used for the modelling. The combination
between these paths that gave the lowestalue for the first coordination shell was-Bd

and FeO2.Aftereach combination the reduced- value as well as the error were assessed. A
goodR-factor is generally less than 0.4 andYO should ideally be10 eV <gEo < 10

eV .2 For this sampléhe R-factor was 0.0086, the value ‘&f was 0.91(8) and th#O was
0.22(1.07).

Fe-O . Fe-P | Fe-Fe

1 2 3 4 5 6
Radial distance (A)

Figure 39: The FT magnitude of EXAF®)..."Q data for GLFP showing the first, second and third
coordination shells.

o

To describe the fit and the experimental data@he.Q plot, the magnitude of the Fourier
Transform (FT magnitude) and the real space of the Folrgrsform (FT real) iprovided

(Fig. 3.1Q. The FeO coordination shell had a coordination number of’&%*and had two
different interatomic bond distances which differed by 0.0%adb(e 3.7)Using a coordination

of six matched the intensity of the first peak in Figure 3.10a. This was consistent with the
synchrotron PXRD resultsable 3.2)and XAS studies grformed by other research groups
(Table 3.3).Three interatomic bond distances were longer and the other three were shorter
which gives a distorted octahedra as seen from the signal produced indugemegion. The
degree of disorder (as indicatedthg DebyeWaller factor) was slightly larger for the longer

interatomic bond distance$dble 3.7) The average F® interatomic bond distance (2.11 A)
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was similar to those determined for other local structures and the average disordeA{p.010
was slighly larger Table 3.3.292>41The FeP coordination shell had a coordination number

of five.20241This shell consisted of one shorter and four longer interatomic bond distances,
differing by 0.42 A. The disorder in both the-Beand FeP shells were similar. The average
interatomic distace (3.17 A) was only slightly longer and the averdigerder (0.007 A was

larger than the reported valu@sble 3.37%?°TheFe-Fe coordination shell had a coordination
number of fout®?>*and consisted of two longer and two shorter interatomic distances. The
disorder in the R&e coordination shell is also similar for both interatomic distamdach,
differed by 0.62 A. The average interatomic distance (4.24 A) and average disordeA&).007
for the FeFe coordination shell was both slightly longer and larger, respectively than the values
reported by other groups (Table 323%> The misfits that can be observed between the
experimental data and the fit indicates that there are some deviations betwednRaE G

and the modalised

k3x(k)(A3)

6 1 b - O  magnitude

real

X(R)A%)
o

0 1 2 3 4 5 6 7
Radial distance (A)

Figure 310 (a) The experimental Fe-weighted [Q..."Q] spectrum and (b) thexperimental FT
magnitude (top) and FT real (bottom) of the EXARS.."Q data (green) and the theoretical FEFF fit
(maroon) of GLFP. The fitting window here for (a) wasi 312.828 A and for (b) 1.3 5 A.
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Table 3.7: Structural parameters determined using FEFF for the first, second and third
coordination shells of CFP.

Sample Shell Coordination Average interatomic DebyeWaller factor
P number distance (A) (A?
FeOl 3 2.15(2) 0.011(4)
Fe02 3 2.06(2) 0.0082)
C-LFP Fe-Pl 1 2.83(1) 0.08(3)
Fep2 ) 3.25(1) 0.007(1)
Fefrel 2 3.83(1) 0.007(2)
Fefe2 2 4.65(1) 0.0083)

3.2.3. Mdossbauer spectroscopy

Mossbauer spectroscopy was used to investigate tHeeRgironment in €LFP and to
Mossbauer spectroscopy was used to investigate tHeeRgironment in €LFP and to
determine if any other iron environments present but because of the nature of the sample it
is expected that Fécharacteristic of LiFePOwould be present in this sample?* in the
LiFePQ structure produces an isomer shiff ¢f 1.207 1.23 mm/s and a quadrupole splitting
(YO ) of 2.94i 2.98 mm/g(Table 3.3.134446:4759n this work, using a Pseudo Voigt doublet

to fit F&* in the spectra from CFP showed & = 1.22(1) mm/s andO = 2.94(1) mm/s

(Fig. 3.11)and accounted for 66(6)% of ttatal Fe. To improve the fit two other doublets was
addedi one Fé" and ;e Fé* environment. The Féis Fe on the M2 site but because of the
smallerYO this environment is more distorf8d = 1.21(1) mm/s andfO = 2.49(1) mm/s)

and accounts for 26(4)% of the Fe in the sample. Thei$Ee on the MY site { = 1.48(1)
mm/s andYO = 0.69(1) mm/s) where Bereplaced Liard accounted for 2(1)% of the total

Fe. Two Lorentzian sextets were also added to the fit but did not account for all the smaller
peaks on either side of the doublEte first sextet had=48.3(1)T,] = 0.27(1)mm/s and

YO =-0.01(1)mm/sand accounted for 2(®) of the total Fe and the second sextet had:B
45.2(5)T, 1 = 0.62(1)mm/s andYO = 0.08(1)mm/saccounted for 4(2 of the total Fe.
These parametesi d not mat eAeOsf’ &€ brhtltedVid site Wwas &lso added
during analysis but the hyperfine paraméteesuld not be matched and did not improve the
fit. The final... was9.61indicating that there were other environments that were not accounted

for.
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Figure 311 The Moéssbauer spectrum ofLEP when including three doublets and two sextet models
to model the experimental data

3.2.4. Raman spectroscopy

Two different coloured particulates (white and blackgre identified in GLFP under the

optical microscope used on the Raman spectrodifeigh3.12 and Fig. 3.8 insetg. Both the

white (Fig. 3.12 and Table 3.8andblack (Fig. 3.13 and Table 3.Bparticulates were analysed

by Raman spectroscopy atiee vbratioral modes for LiFeP©were identified in both (Table

3.8 1 coloured in grey§®°"%° These modes were also identified by Burba and Ffech,
Paraguasset al,®® and Wuet al®’ summarised imrable 3.5. Thempurity peaks that were
detected are also indicated in Table 3.8. The peaks indicated in orange could be associated with
some of the peak f ound f o-FeOd' Tha peaks mdicétdd in green could be
associated with two peaks found for magnetite@x)&* and the most intense of these peaks
also showed an increase in concentration for the black particulate compared to the white
particulate (indtated with the green arrow on Figs. 3.12 and 3.13). The impurity denoted with
(*) in Table 3.8 has not been identified.
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Figure3.12 Raman spectra for the white particulates ihFP (W1/W2). The green arrow indicate
the intense peak that could be associated wigb4e
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Figure 313: Raman spectra for the black phaseibRP (B1/B2). The green arrow indicatbe intense
peak that could be associated with®e
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Table 38: Raman modes for the white and black particulates preserLIFPCLiFePQ
modes ar e s hRe@dndorange, Fesrinegseen andl the unidentified phases
not shaded.

Wavenumbers(/cm)
Assignment
C-LFP (W1) C-LFP (W2) C-LFP (B1) C-LFP (B1)
134~ 134~
0/ rotational
and Fé*
translational
motion
290 289 291 299
* o
_ o
719* 720*
1045~ 1045* @ )

1082* 1080*
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3.3. Conclusion

Different average and local structure techniques were used to characterise a commercially
available LiFeP@material. From PXRD (witlRietveld refinement) some unidentified peaks
that were not accounted for by the LiFeP@ructure were observed. The fg@ge and main

edge peaks observed from XAS showed no major peak shifts, compared to literature, signifying
that the F& was the mainxidation state present and the local structure was as predicted from
previous work and could not be useddentify the impurity The interatomic distances and
disorder did show some deviation to the previously reported values but this could simply be
dueto the difference in the synthetic method or it may be due to the impMidtysbauer
spectroscopylsoclearly showed Fé as the main oxidation state, but also th&ePQ, was

not the only Fe environment present ifLEP. There was another Feenvirorment that was

more distorted than the #aVi2 site in LiFePQ as well as two other Lorentzian sextets that
could account for the Bepresent in the sample. Unfortunately, not all the peaks on either side
of the doublet could be accounted for, indicating another possible environment present in the
sample. Raman spectroscopy showed that Likef43 present together with an unidentified
phaseas well certain peaksh at coul d 4eO0s;ant FeGsvithtthe dthet peaksU
possibly overlapping with that dfiFePQ;. It was interesting to note that the commercial
sample clearly contained impurities (said to be >97% pure) showingt tisahat straight
forward to synthesise the pure material. The fact that impurities were noted by PXRD, the least
sensitive of these technique, shows that the quantity was at a percentage level on average. The
impurity phase(s) could clearly affect the atfechemical performance to some extent,
although this aspect was not investigated in this work.
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Chapter 4

The chronicles of synthesising LiFeP®@
4.1 Introduction

LiFePQ: can be synthesised using either solid state or solution based syAfhieseslid state
synthesis produces walrdered and crystalline materials with the main disadgastéeing

the very high energy and time consuming process that produces large particles and low purity
productst The most common solid stabased syntheses include solid state, mechano
chemical activation and cartbermal treatment.

The solid state synthetic route involves the thorough mixing of stoichiometric amounts of the
iron precursors (Fe®.A 2,8, Fe(CHCOQ,), FePQ(H:0)), the lithium precursors

( Li @HIR LioCO;s, LiF, CHsCOOLI, LiOH) and the phosphorus precursors ¢NHPQy,
(NH4)2HPQy).X® Mixing can occur using either batilling or a mortar and pestle with or
without the addition of a solveft® Heat treatment of the mixed samplcan occur either
through a one step or two step process in a reducing atmosphere. The first heat treatment
generally occurs between 328 0 0 C 1 f0dwours andhe second step occurs between
4007 800C for 67 24 hours and the sample is regrouretween heating steps. The
temperature is an important parameter during synthesis and affects the crystallinity and the

particle sizé

Mechanechemical activation involves the chemical activation of stoichiometric amounts of
the precursors such aseGOs, dried Fe(PO4}A 5.8 (FeSQA 7.8 + NaPQ) and
FeGOA 2,8 as the iron precursors, 200; and LisPQq as the lithium precursor and
(NH4)2HPQs and NHH2PQ, as the phosphorous source with the use of high energy ball
milling.>1%13 The ball-milling time varies between 10 min24 hour$? 1% and the resulting
mixed product is then hegaeated for any time between 15 mirlO hours at temperatures
between 400 800 C.1%16 Heat treatment usually occurs under an atmespbf N or H/Ar
mixture. The heat treatment conditions are important to limit the formation of impdtities.
This synthetic procedure produces well crystallised materials, small and uniform particles and
utilises lower heat treatment temperaturdse to the initial chemical activation. &h
temperature needed for crystallization was reduced to 432°C rather than the originat*502°C.
The disadvantage of this route is the possiblgamination of LiFePO4 for the batilling

mediunt and the energy intensive atiche consuming process.
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Carbothermal treatment uses an iron{piecursor with the required addition of a carbon

source for the reduction of iron(IH° The iron (FeOs, FePQ, FePQA 4,8), lithium

(Lio.COs, L i OHMMHPQ) and phosphorous (NH2PQu, FePQ, FePQA 4,8, LiHPQy)
precursorgogether with acarbon sourcécarbon black, glucose) is mixed thoroughly and

ground together using either high energy-pailling or a mortar and pestfé.?! The mixture

is then placed in a temperature controlled furnace fot8hoursat5607 50 C i n2, ei t he
or Ar atmospheré” 2! This synthetic route is considered more cost efficient when using the
slightly cheaper iron(lll) rather than iron(Il) precurSand produces fine, uniform particles.

The important pameters to control during synthesis is the temperature, reducing agents and

precursors and to ensure that all the precursors remain in cbntact.

Solution based syntheses are usually performed at lower temperatures and thereby utilising less
energy to produce LiFePO4. Small and uniform particles are formed as well more uniform
carboncoating when added to improve the electronic conductivity of the matdried. most

common solutiorbased syntheses include-gell, ceprecipitation and hydrothermal.

For a solgel synthesisthe precursors such as iron powder, 2@ 2.8 as the Fe precursor,
LINO3z as the lithium precursor and (MPQs as the phosphorous precursor are mixed
together with citric acid or a citrate precursmueous solutioncfielating agent) to form a
homogenous mixture?>23The mixed solution is then heated on a hotplate under continuous
stirring until a gel is faned. The gel isthen driedat6@ 4 0 C f oirlwkektolfoomu r s
a powder?2% The dried powder is then ground in a mortar and pestle followed by heat
treatment under an inert atmosphere for 15i®0 hours at 400 8 5 02%%€The important
parameters to control during the @l synthesis is temperature, reaction time angthef

the solutionNo menton is made of the actual pH of the solutlofhese parameters affect the

particle morphology. Sejel syntheses produce high purity products and small particles.

For a ceprecipitation synthesis stoichiometric amounts of the aquéthism precursor
(LiOH) is added to a solution containing stoichiometric amounts of the aqueous iron
((NH4)2Fe(SQ)-A 6.68) and phosphorous §RQ:, NHsH-PQi) precursors while under
continuous stirring#3%3The precursors eprecipitate undethe right pH conditionand form

a slurry. The slurry is then washed afréedto form amorphous LiFePQ3*3%%2 The above
process can be performed under amthosphereTo producerystalline LiFePQ@the powder

is heattreated for 12 18 hours at 550 8 0 0 C  u nod Arratmasphdié?>32 |t is
important to control the pH (no mention of the pH value) during-preoipitation synthetic
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route. Ceprecipitation produces well crystallised powders with $ipatticles of high purity,

but it can also produce a wide variety of particle sizes depending on the conditions.

All the precursor§FeSQA 7.8, L i 20,H.OH, HPQ, (NHs)sPQi, (NHz)sPQIA 328)

have to be in solution when using a hydrothermal synthesis by dissolving the precursors in
distilled water. After mixing of the precursotfie homogenous solution is then added to a
stainless steel autoclav@3* and a reaction temperature of 120220 C is appl i ¢
2 24 hours>343 The precipitate that forms during the reaction has to be washed either with

water or withsolvens such as ethanol and acetone. The precipitate is dried 24 hours at

401100 C and can be per f o*fMAndadditional heiatitreatment u n d e r
under an argon or nitrogen atmosphere can be added and should be perfoartazhiivas

added. The important parameters to control during a hydrothermal synthesis is the reaction rate,
temperature and the concentration of the precufs®hss synthetic route produces small
particlest35-36#043which is a very low energy consumint*®4+45and inexpensiviéd**process

but inherent defects in the structure are comigh?*+6

This chapter focuses on the developmental stages of the hydrothermal approach used
(described in section 2.1.2.) tetonise the reaction time, reaction temperature as well as
applying different strategies to improve the reproducibility of the product. PXRD was used to
determine the average structure as well as identify the different phases. Rietveld refinement
was onlyperformed on selected samples. The refinements were used to determine phase
percentages, structural defects as well as interatomic bond distances. XAS was used to
determine the oxidation state, distortion around the iron atom and EXAFS analysis to @getermin
the local structure and the disorder around the iron atom. Mdéssbauer spectroscopy was utilised
to determine the different type of iron environments as well as the total percentagé of Fe
present in the LiFeP{environment and Raman spectroscopy was tesatentify LiFePQ as

well any other possible amorphous impure phases present. This synthesis is low cost and low
energy because of the use of teflon bombs rather than the commercially used autoclave and the
reaction temperature which is a much lowemthiae temperatures normally used for other
syntheses as described above. For each modification applied to the synthesis the changes in the
experimental procedure, results, discussion and a conclusion is given before continuing with
the next modificationPreliminary PXRD data was obtained using aolatorydiffractometey

as shown with the 12hou5 and 48hour5 samplepefore collecting synchrotron PXRD

datadescribed in this chapter
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4.2 Experimental Procedure, Results, Discussion and Section Concluss
4.2.1. Synthesis time

To determine the optimum reaction time two different samples were prepared at two different
reaction times. The same synthesis as outlined in section 2.1.2. was used with the only
modification applied was the synthesis time. The Teflon bombs were filBtoof their total

volume for both the samples. After adding the solution to the Teflon bombs the bombs were

placed in thevenat 120°Cfor 12 hours and 48 houynespectively.

The diffraction patterns of the samples heated for 12 ha@iso(irs25, where 25 represents

the % filling of the bombsjFig. 4.1 and 48 hours48hours25) (Fig. 4.2 were refined to
compare the average structure. TheraX wavelength used in the refinement was
0.166316(4) . The r el i algvehinTalye 4f1ahereis slight f o r
variation between the two samples indicating that the refineable parameters accounted for
similar features in both samples. The other two samp&isurs50 and48hours-75, given

in Tables 4.1 4.4 will be discussed ithe section to follow. Both samples indexed as LiFePO

The 48hour25 sample (Fig. 4.2) showed sharper peaks than that of 122®(Fsg. 4.1) and

also a higher degree of purity as shown with the multiphase refinehhent2hours25 sample

had slightlymore intensity mismatches indicating that there were other structural defects that
were not accounted forThe lattice parameters for LiFeR@ere refined throughout the
refinement whereas the lattice parameters and the thermal parameters for the mapare p
were only refined once (not shown here). The refined lattice parameters and volume for both
samples are given ihable 4.2and issmaller for thel2hours25. These parameters are similar

to those determined by other groups that used a hydrotherntaésigd” 424 A summary of

these parametecsn also be found in Table 3.1.
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Figure 41: Powder diffractogram of the 12hot25 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld refinement analysisrélegmns

for LiFePQ, LisPQy, the Feimpurity and LiFePQOH) are indicated with the grey, blue, yellow and
red markers, respectively. (*) indicates an unidentified impurity.
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Figure 42: Powder diffractogram of 48houb $rowing the observed (purple), calculated (green) and
difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections for.LiFePO
and the Feimpurity are indicated with the grey and yellow markers, respectively. (*) indicates an

unidentified impurity
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Table 4.1: Reliability factors for each Rietveld refinement.

Rwp Rp Rexp GOF
12hours25 7.81 5.60 16.01 0.49
48hours-25 6.73 5.21 18.18 0.37
48hours-50 6.89 5.22 16.68 0.41
48hours-75 6.99 5.36 15.64 0.45

Table 4.2: Selected structural parameters of the refined LikeRctures for the different
samples.

Sample a () b ( ) c () Vol umg
12hours25 10.30(2) 5.9613(9) 4.7030(8) 288.64(8)
48hours-25 10.335(8) 5.9907(5) 4.7043(4) 291.25(4)
48hours-50 10.331(8) 5.9838(5) 4.7029(4) 291.73(4)
48hours 75 10.338(8) 5.9859(4) 4.7048(4) 291.15(3)

A multiphase Rietveld analysis showed that LiFeRR@s the major phase in both the 12heurs

25 sample and the 48hot25 sample (Table 4.3). Four different imiyrphases were
identified in 12hour5 (Table 4.3) tavorite (LiFeP@QOH)), lithiophosphate (kPQy), an
Feiimpurity (s.g. 14/a, #88) and anonidentified phase (indicated with * on Figs. 4.1 and 4.2.).

The Feimpurity that was matched to these peaks had a chemical formulaaff&a)1.9602.08

as sudied by SchmieBeurmanfi’ as part of a solid solution seriesfof & A0/ / and

& Ao/ / (. The phase identified is closer to tReA 0/ / ( endmember as no
hydrogen was present in the chemical formula. This phase is part of the tetragonal space group
andthe octahedra present contains botfi Bad Fé* on the 8f site. These cations are distorted

over the octahedra sitéSThis phase will be referred to as theiffgurity throughoutTwo

different impurityphases were identified in 48hot#tS (Table 4.3) the Feimpurity (s.g.

14,/a, #88) and the same unidentified phase (indicated with * on Fig 2) as shown in Figure 1.
Comparing the intensity of the peak (*) in Figure 4.1 and Figure 4.2, the peak is more defined
in Figure 4.2 indicating that the impurity is present in a higher percentage in 4250ilire
Fe-iimpurity, which is the lowest phase present in bothal@2s25 and 48hours25, was not
detected in both samples using laboratory instrumentation (Figs. 4.3 and 4.4) but was detected
using with the synchrotron (Figs. 4.1. and 4.2) No other phases except LiwaBdetected
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in the laboratory PXRDThe unidentified phaseas not evidenpossibly due to the limited

2theta range of the instrumeas seen in Figure 4.3 and Figure.4T4is highlights the

advantages of using synchrotron data.

Table 4.3; Multiphase analysis (%) of the undoped LiFaPO

LiFePOa4 Fe-impurity Li3PO4 LiFePO4(OH)
12hours25 89.65 1.05 2.95 6.36
48hours25 99.18 0.82 - -
48hours50 96.73 0.58 2.68 -
48hours75 86.60 6.39 4.63 2.38

Intensity fa.u.

T

1|0 2I0 3I0 46 5IO
2 Theta /° (A = 0.70921 A)
Figure 43: Laboratory powder diffractogram of the 12hoe@&sample showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld refinement analysis. The inset
is indicated by the brown rectangle. Bragg reflections for R{Bareindicated with the grey.
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Figure 4.4 Laboratory powder diffractogram of the 48hce@fs showing the observed (purple),
calculated (green) and difference (black) plots generated from a Rietveld Refinement analyséetThe
is indicated by the brown rectangle. Bragg reflections for LikelPé@ndicated with the grey markers
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Refining the occupancies of the M2 and the M1 site showed that neither site was fully occupied
with F€* or Li*, respectively (Table 4.4). No Lwas found on the M2 site although this site
showed the presence of vacancies in both samples. The 4@&ouasl the highest percentage

of F&* or F€" (referred to as Fa)ccupying this M2 site as well as a higher percentagé*of
occupying the M1 site.

Table 4.4: The percentage Feoccupying theM?2 site Fe?*), vacancies on the M2 site and
Li* and Fé* occupying theM1 site (Li*) in the refined LiFeP©structures.

Sample 12hours25 48hours25 48hours50 48hours75
M2 (Fe) occupancy 96(2) 98(1) 98(1) 98(2)
M2 (Fe) vacancy 4 2 2 2
M1 (Li*) occupancy 88(1) 92.7(8) 92.2(8) 92(1)
M1 (Fe) occupancy 12(1) 7.3(7) 7.8(8) 8(1)

Mossbauer spectroscopy was used to determine the oxidation statd-efdtmm as well as

the different Fe environments presents in the sample. It was also used to indicate how much
Fe?* was present in the LiFeR@amples. Three different Fe envircembs were identified

using Voig doublets (Fig. 4a and Fig. 4b). Two diferent Fé* environments and one ¥e
environment was identified in the both 12heBBand 48hour5 samples. The firdite is

Fe&* in LiFePQ (Table 4.5)°414852in a distorted octahedral environmerdnd is already
distorted due to the sharing of oxygen by both the iron and the phosphorous. Thesgecond

is assigned t&€*"in a more distorted LiFeP@nvironment (Table 8)**>2which is even more
distorted than the environment commonly found ineBEx. The deviation in quadrupole

splitting (w ‘O) indicates an increase in distortit¥?? The third environment is that of e
present on the M2 site present as defects in the strtftitirte®{Table 4.5). They Ois slightly
largerthan that 6F€** present on the M1 sif@:5%>2
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Figure 45; Mossbauer spectra for (a) the 12he2bsand (b) the 48houizb sampleshowing the

different environments present.

Table45: Di f f er ent i7Tsnonm)eand geabrupble splittigg(O 1 mm/s) for the
12 and 48 hour samples.

Fe(ll) i M2 Fe(ll) T M2 distorted Fe(lll)

a w0 a w0 a wO

12hours25  1.241)  2.941)  1.1741)  2.462)  0.411)  0.927)
48hours25  1.21(1)  2.90(1)  1.241)  2.301)  0.39(1)  0.871)

The total F&" (Table 4.6) ismost abundanin the 48hour®25 sample. The Péin the less
distorted LiFeP®@is the major phase in the 48ho@5 sample but not for the 12hot#§
sample. F& in LiFePQ and Fé' were identified as the major phasi 12hour25. The
increase oF€** in the 12hour®5 was also seen by PXRD where there were mefémpurity
phases present (Table 4.3).

Table 4.6: Percentage contribution from edclm of Fe and the total Fe in the 12 and 48 hour
samples.

Fe(ll) i M2 F;gt'())r'tg’('jz Fe(lll) Total Fe
Fe2t Fe3t
12hours 25 37(5) 25(3) 38(5) 62 38
48hours 25 47(9) 28(6) 25(5) 75 25
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The disorder around the #andFe** atoms (Table 4.7) areprobed using the full width at
half maximum line width Lorentzian contributios)( Fe*andFe** in an ordered environment
has & of 021 0.3 mm/s as determined by other stud#e8:>*The disorder for P& in the less
distorted environment is similar for both sampl&se more distorted Eéand the F&
environments show a higher disorder aroundR#féandFe** atom. The increase in disorder
for F€* in a more distorted LiFeP@nvironment and Fécan be caused by the distribution
of Fe* onthe Li and Fé" site?**° The largers can usually be observed for¥and can be
associated with Fé distribued on the M2 site, the presence of amorphods ffreases and
surface defects that contain®e? The large observed for Fe(ll) M2 distortel could be an
effect of the more distorted environment and possibfy &e this site as well.

Table 4.7: The full width half maximum line widtlio T mm/s)value for the 12 and 48 hour
samples.

Fe(ll) T M2 Fe(ll) T M2 distorted Fe(lll)
12hours-25 0.33(1) 1.24(2) 0.61(2)
48hours-25 0.35(2) 0.89(2) 0.60(1)

PXRD and Missbauer spectroscopy was used to determine the optimum synthesis time
betweenthe 12 and 48 hour sampléghe 48 hour sample was determined to be the most
promising. Rietveld refinements showed that the 48hR@Grsample had the least amount of
impurities, the highest percentage of Fe on the M2 site and Li occupying the M1 site.
Mossbauer spectroscopy also showed that the 4826uinad the highest percentagf F&*

and the lowest percentage ofFe

4.2.2. Percentage volume ohe solution in the Teflon bombs

The extent to which the bomb is filled should influence the pressure in the bomb when heated
at 120 °C. To determine the percentage to which the bombs should be filled, to produce the
desired product, they were filled t1@5% (the previous synthesis wased), 50% and 75% and

the general outlined synthesis described section 2.1.2. was used. All the samples were placed
in the oven at 120 °C for 48 hours. The longer time was sufficient for the larger sample volumes

to heat up.
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Based on the antisite defentalysis as well as the total?F& both samples determined using
Mdossbauer spectroscopy as shown in the previous section the more optimal synthesis time was
determined to be 48 hours. To determine what the optimum filling percentage of the Teflon
bombs(as this could affect the pressure in the bomb), samples were prepaiso ffifling

these to 50% andb% of the total volumeXRD andRietveld analysis @re performeadn the

50% filled: 48hours50 (Fig. 46) and 75% filled:48hours-75 (Fig. 4.7) samples The same
refinement method and-Kay wavelength was used for these samples as described in section
4.2.1.2.1. Rietveld error indices can be found in Table 4.1 for ease of comparison tdhéat of
48hour25 sample discussed in the previous sectionh@liteaks in the different samples were
accountedor except for the same unidentified impure phase fourided8hours25 sample

(Fig. 4.1). A few minor intensity mismatches weresent indicating that not all the structural

features were accounted farthe refinement.

ol
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Figure4.6: Powder diffractogram of the 48hot6 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ, LisPQw and the Fempurity are indicated with the grey, blue and yellow markers,
respectively. (*) indicates the unidentified impurity
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Figure 47: Powder diffractogram of the 48hotif§ sample showing the obsen{gdirple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ, LisPQy, the Feimpurity and LiFePQOH) are indicated with the grey, blue, yellow and

red markers, respectively. (*) ifmdtes the unidentified impurity

There was no significant difference between the lattice paramétdie (4.3 for the 48hours

25, 48hoursb0 and 48hourg5 samples, which compares well to those reported by other
groups (Table 3.1374%4 LiFePQ was present as the major phase in all three smmplt

with the 48hours’5 sample having almost 10% less LiFef@n the other two samplegable

4.3). LePQs and the same FHenpurity were present in both the 48ho®®& and 48hour35
samples, with LiFeP£OH) also being present in the 48hcudfs sample. The same
unidentified phase (indicated with *) is present in all the samples with a possible variation in

the percentage of this phase present.

Refining the M2 (F&) and M1 (LI") sites of the LiFeP©compmnent in the samples showed
that for all three 48hours samples the M2*{Fsite was not fully occupied with 2% vacancies
present (Table 4.4). The 48hoti8@ and 48hourg5 samples show similar percentages of Li
occupying the M1 site (~92.2 and ~92%spectively), whereas the 48ho®S sample
(92.7%) had a slightly higher percentage dfddcupying the M1 site.
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The 48hour25 sample contained the least presence of defects and impurities (0.82%), and
hence further syntheses were done using a 25%fidf the Teflon bombs and at a 48 hour

heating time.

4.2.3. Determination of the Molar Ratio- xLi:Fe:PO4

Determining the optimum lithium molar ratio is important as a lithium deficient system can
lead to poor electrochemical performance and a lithexoess system could lead to the
formation of impurity phase¥:*>More detailed information on these studies can be found in
section 5.1. To determine the optimum lithium molar ratioFe:PQ, different ratios X = 2,

2.5, 3) were used to potentially eliminate the formation of impurity phases. The symthgsis
conducted largely under a nitrogen atmosphere (Image 4.1), to eliminate phases cause by air
exposure, by purging the solutions but still using the general synthesis outline as described in
section 2.1.2. The flow rateoMas slowenough 47kPa, to allev for the slow bubbling so that

no solution splashed on the sides of the vessel. The deionised water used for the dissolution of
FeSQATH,0 and LiOHwas not purged but the water used to rinse the sample vessel with was
purged Water was added to the LiCiiist since LIOH dissolved relatively slow and then also
added to the FeSEYH20/HPQ; mixture while the LiOH solution was under continuous
purging and stirring. After the dissolution of both thé*Faalt and LiOH the solutions were

left to purge furtheunder continuous stirring for another 5 minutes. The Teflon bombs were
purged for 10 minutes. The empty Teflon bomb hadl®wing through so that minimal air
entered the cell when the solution mixture was added. The LiOH solution was added dropwise
to theFeSQ/H3PQs solution using a syringe. After the addition, the mixture was thoroughly
mixed and purged for another 5 minutes producing a thick bhgeeshmixture. The solution

was added to the Teflon bomb after which purged water was then used theinssgel and
subsequently also added to the bomb. The bomb was then tightly sealed and placed in the oven
at 120°C for 48hours.
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FeSQ;: 7H20/H3POq
Image4.1: Synthetic setup to allow for the purging of Hi®H and FeS®@H>O/H:PO; solution

Samples prepared using varying ratios of addédriamelyxLi:Fe:PQ: wherex=2, 2.5 and 3.
The samples were nameBP-2, LFP-2.5andLFP-3, respectivelya andb indicate duplicate

samples. These samples were analyse®RD (X-r ay wavel ength of 0.

Mossbauer spectroscopy. It is expected that thedemtent should decrease due to the effect

of purging the solutions to remove the effect of air exposure. Rietveld analysis was not
performed orLFP-2a/b(Fig. 48) and LFR2.5a/b (Fig. 8) samples since phase identification
showed that there were multiple other phases present togethahaithFePQ phase.The

broad underlying peak seen at ~2° is most likely amorphous phases prdsenmpurity
phasesn LFP-2a and b were similaand those in LFR.5a and b were comparable, although

discrepancies between the sets of {Z=&hd LFP2.5 samples were noted.
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Figure 48: (a) Powder diffractogram of the LFR (pink)and LFR2b (green) samples showing the
observed plots. Bragg reflections for LiFefdDe indicated with the black markers.
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Figure 4.9: Powder diffractogram of the LFP.5a (pink) and LFR2.5b (green) sample showing the
obsenred plots. Bragg reflections for LiFeR@re indicated with the black markers

Rietveld analysis was used to investigate 38R Fig. 410) and LFR3b (Fig.4.11). All peaks
were accounted for during this refinement taking into account both LiFe®@ the
Feiimpurity phasedescribed in section 4.2.1. The-fRepurity phasewas not present in the
laboratory data for LFBb. The Rietveld error indices can be found in Table 4.8. The error
indices for both samples are very similar. ehare some peak intensities mismatches and

could be due to some defects not being accounted for during the refinement.
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Figure 410 Powder diffractogram of the LFPa sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and the Fempurity phase are indicated with the grey and yellow markers, respectively
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Figure 411: Powderdiffractogram of the LFBBb sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and the Fempurity phase are indicated with the grey and yeloarkers, respectively.

Table 4.8: Rietveld error indices for LFBa and LFP3b.

Rwp Rp Rexp GOF
LFP-3a 5.42 4.17 20.89 0.26
LFP-3b 5.38 4.20 18.47 0.29
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The lattice parameters anlume (Table 4.9) wereefined for both samples. The lattice

parameters showed no significant difference but the volume for the8aBmple revealed a

larger volume. Te lattice parameters were similar to the values reported in literature for

hydrothermal synthese¥:3940445The |attice parameters range are a 310. 10. 3
= 5.98 T 6.01 |, c = 4. 673339048 sumhiary of

the lattice parameters and volume can be found in Tablé&3rultiphase Rietveld analysis
showed that LiFePfwas the major phase in both the LB& and LFP3b samples. The minor
phase was identified as the-iepurity in both the LFRBa (6.71%) and LFBb (0.56%)

samples and adding this phase to the refinement improved the fit for both samples.

Table 4.9: Selected structural parameters of the refined structures for the different samples

Sample a () b( ) c ( ) Volume( 3
LFP-3a 10.359(5) 5.9978(3) 4.7117(2) 292.8(3)
LFP-3b 10.347(4) 5.9941(2) 4.7064(2) 291.9(2)

For the LiFeP@phase, the occupancy of the M2 (Fe) site and the M) gite was also refined
(Table 4.10). The M2 site was fully occupied for LB® but not for LFFPBb. No Li* was
present on the LFBb M2 site indicating the presence of vacancies. Vacancies formrefen
is replaced by Fé.>’ The M1 (Li*) site was also not fully occupied for both samples but-LFP
3b had a lower percentage of?Fand/or F&" occupying this site possibly indicating fewer
blockages of the Lidiffusion channel.

Table 410: The percentage Feoccupying the M2 (F) site, vacancies oiine M2 site and
Li* and Fé* occupying the M1 (L) site in the refined LiFePGstructures

LFP-3a LFP-3b

M2 (Fe) occupancy 100 98.7(7)
M2 (Fe) vacancy - 1.3

M1 (Li *) occupancy 91.6(6) 94.3(4)

M1 (Fe) occupancy 8.4(5) 5.4(4)

Mdossbauer spectroscopy was performed on the LikeB@ple with the lowest percentage of
the impurity phase presentLFP-3b (Fig. 4.2). Four different Voigt doulets were used to
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model the spectrum indicating that there were four different environments pretvent

different Fé* and two different F& environments.

The two different F& sites are present on the M2 site of LiFeR@th a different degree of
octahedron distortioriT@ble 4.1}, as before. The site with a larger quadrupole spliti¥id,
value indicates that the #ds in the normal slightly distorted M2 site in LiFePT*14852
The F** with the smalle’O value indicates a higher degree of distortion around the Fe atom
in LIFePQ.4%%2The F&* with the smalleYO (Table 4.11)s characteristic of Fépresent on
the M1 (Li") site’®°%?and the F& with the larger’YO value is characteristic of Fepresent

on the M2 site that can present itself as defdable 4.1).484°°15?These defects can also be
present as superparamagnetic hemaftiRaman spectroscopy will be used to determine this
possibility. The F& located on the M1 site is expected to have the law& dueto the
increase in distortion. In the LiFeR6&tructure the M1 Lisite is already more distorted than
the M2 Fesite®*®%indicating thaif the Li* (ionic radius of 0.76 pm) is replaced with the'Fe

atom (ionic radius of 0.65 pifthat is much smaller than the'lif could be expected to have

NS

Simulation

* Experimental
Fe(ll)-M2
Fe(ll)-M2 distorted
— Fe(lll}-M1

—— Fe(lll)-Defects

more distortiorf?

Relative transmisson /fa.u.

-6 -4 -2 0 2 4 o
Velocity (mmy/s)

Figure 412 MOssbauer spectrum of LFb.

Table411: Di f f er ent iisnondspand geddiugole splitihdiQ@ 1 mm/s) for
LFP-3b.

. Fe(ll) i M2 . Fe(ll) T M2/
Fe(l) T M2 disstz)rted Fe(lll) TM1 (Dezfects
U YO U YO U YO U YO

LFP-3b 1.24(1) 2.951) 1.24(1) 2.521) 0.291) 0.741) 0.391) 0.991)
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Fe?* found in LiFePQin the less distorted octahedron was identified as the major Fe phase in
the sampl€Table 4.12)put a significant amount of the distorted phase was also present. Only
2.1(2)% of the 5.4(4)%s shown with PXRDTable 4.1) Fe on the M1 site was determined

to be Fé&" indicating that the rest of the Fe present on this site’s Fee F&* on the M2 site

(9.9(1)%) is the major source of ¥én the sample.

Table 4.12: Percentageontribution from each form of Fe and the total Fe in{36P

. Fe(l) TM2 . Fe(ll) 1
Fe(ll) 1 M2 di(st())rted Fe(lll) TM1 MZ/E)ez‘ects Total Fe
Fe?t | Fe3t
LFP-3b 56(6) 33(4) 2(1) 9(1) 89 11

The disorde(full width half maximum line widthyeported for F& and Fé* in an ordered
environmenis 0.21 0.3 mm/s*95153The lowest degree of disorder is present on tié iRe
LiFePQ: environment and Fé& on the M1 site(Table 4.13). As expected, #dn a more
distorted LiFeP®@site has a very high degree of disorder and could be caused by an already
distortedenvironment. F& on the M2 site / defect site also shows a higher degree of disorder
and is caused by the distributiontmith Fe** and Fé* on the M2 positiorfTable 4.13).2>°

Table 4.13: The full width half maximum line widtkkwi mm/s)value for LFR3b.

} Fe(ll) i M2 ) Fe(lll)
Fe(ll) T M2 distorted Fe(lll) TM1 M2/Defects
LFP-3b 0.351) 0.891) 0.332) 0.521)

Raman spectroscoy the LFP3b sample was also performed atidhe external and internal
modes of LiFeP@were identifiedFig. 4.13 and Table 4.1452%4The0 / tetrahedra remain
undistorted and evident by the clearly defined 956 ¢ (PQy)), 998 cm' and 1068 cm (+

(PQy)) peaks and could indicatestable LiFeP@structure(Fig. 4.11)%* It is important that the

PQ: remainsundistorted as it stabilizes the structure by reducing th® Eevalent character
through the indicative effeét® These peaks exist due to the symmetfio &nd asymmetric

(¥ ) stretching respectively. Three different coloured phases (white, reddish and black) were
present in thenicroscopic image (Fig. 4.13 inset). The white phase was identified as LiFePO

whereas the other two phases could not be identified due to poorly defined peaks.
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Figure 413: Raman spectrum and microscopic image (inset) &f2b-

Rl

Table 4.14: Ramammodes of LFP3b with the assigned vibrational modes.

Wavenumbers(/cm) Assignment
104
150
0/  rotational and F& translational motion
198
245
445 T (0 )
576
600 T 0/ )
630
950 0/ )
998
T (0o )
1069

In conclusion, the first objective was to determine the optimum lithium pdtid-€:PQy) and

the second objective was to limit the effect that air exposure has during synthesis by purging
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the solutios with No. The different Li ratios werex= 2, 2.5 and 3. The ratios where 2 and

2.5 produced a highly mixed phase sample although LikFeR® present in both samples. The
ratiox = 3 gave a product where LiFeP®as the major phase present togethih & small
percentage of the FHenpurity phase making this ratio the optimum ratio to use. Purging the
solutions was also very beneficial. PXRD analysis of the-8BFPTable 4.10) showed that the
defects on the LiM1 site decreased compared to that of the 48R@birsample (Table 4.4).
Mossbauer spectroscopy also showed that purging improved the percerftaigettie LFR

3b sample compared to the 48h@d sample. The percentage?Fén the less distorted
octaheda increased from 47.19% to 55.38% and the tota! percentage in the sample
increased from 73.34% to 88.63%. The samples synthesised from this point on were all

synthesised with a Liratio ofx = 3 and by purging the solutions during synthesis.

4.2.4.Individually purged samples

To investigate the reproducibility the methodology as described in sections 2.1.2. and 4.2.3.
was applied with a synthesis time of 48 hours, a Teflon bomb percentage filled to 25%, a Li
ratio of x = 3 and purging the solutiomring synthesis. Two samples that were synthesised
on two different occasions were used to investigate the reproducibility of this modified
synthesis. These samples were labelledr#s-P1andLFP-P2where P1 and P2 refers to the
purged sample from thé&$t and second synthesis, respectively.

XRD was performed on both LAP1 and LFPP2. Rietveld refinement was performed on both
LFP-P1(Fig. 4.14) and LFRP2 (Fig. 4.5). LFP-P1 was measured using ara§y wavelength

of 0.166316(1) A and LFP2 with an Xray wavelength of 0.167057(4) All the peaks were
accounted for and it was found that LiFeR@s the only phase present in both samples. This
phase purity indicated th#te purging was beneficial for this synthesis as well. The Rietveld
error indices for both the refinements can be found in (Table 4.15). There were slight intensity
mismatches on different peaks for both EFP and LFPP2 samples and suggested that there
were some structural features or defects that were not fully accounted for. The intensity

mismatches were similar to the intensity mismatches in section 4.2.3.
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Figure 414: Powder diffractogram of the LFP1 sampleshowing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections

for LiFePQ are indicated with the grey markers.
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Figure 415. Powder diffractogranof the LFRP2 sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections

for LiFePQ are indicated with the grey markers.
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Table 4.15: Rietveld error indices for the different purged samples.

RWP Rp Rexp GOF
LFP-P1 5.96 4.72 16.94 0.35
LFP-P2 7.92 6.21 75.55 0.10

The lattice parameterd@ble 4.16) wereomparable to that other hydrothermal synthesis
studies®’ 39404456 symmary of these values can be found in Talle Bhe refined lattice
parameters and volume was almost the same for both samples. The volumeRi bBRE
LFP-P2 is slightly larger than that of the 48ho@ts (Table 4.2) and LFBb (Table 4.9)
samples which could be an indication of the presence oé defects in the LFP1 and LFP

P2 sample&*©®

Table 4.16. Selected structurgdarameters of the refined structures for the different purged
samples.

Sample a ( b ( ) c ( ) Volume ( 9)
LFP7 P1  10.352(5) 5.9953%3) 4.7080(2) 292.1(2)
LFPi P2  10.357(3) 5.9963(2) 4.70942) 292.5(2)

The M2 (Fé") and M1 (L") sites were refined to determine the occupancy, defects as well as
the formation of vacancies (Table 4.17). The M2?{Fsite was not fully occupied and
vacancies were present to a small extent for both samples. The M1 site was also not fully
occupied and some of the*lwas replaced with either Feor F€*. LFP-P1 and LFFP2 have

similar M2 and M1 occupancy percentages and vacancies. This show imppraalicibility
compared to the LFBa and LFP3b samples (Table 4.10) that had more variation.

Table 417: The percentage Li occupying tM2 site F€), vacancies on the M2 site and Fe
occupying the M1 (Li) site in the refined LiFePS€ructures

LFP T P1 LFP T P2
M2 (Fe) occupancy 98.7(8) 98.5(6)
M2 (Fe) vacancy 1.3 15
M1 (Li *) occupancy 91.8 (5) 91.2(3)
M1 (Fe) occupancy 8.2(4) 8.8(3)
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The M20O, RO and M1O interatomic bond distances for both samples werealsed using

the PXRD data (Table 4.18). A summary of the different®2RO and MZ1O interatomic
bond distances can be found in Table 3.2. The averag® lferatomic bond distance is
shortef>¢"%8than the reported F® interatomic bond distance indicating the presence of
Fe**-O bonds in the synthesised structied study by Gibotet al®® showed that the F&O
distance was 2.157 A and¥® distance was 2.147 A. LAPL shows a shorter MQ distance
than that for LFPP2 indicating that there is possibly more*Fpresent in LFAP1%° The
average FO interatomic bond distance was longer for the synthesised samples than those
reported for PO in the LiFeP@ structure*>%"%8_FP-P2 had a shorter interatomied®bond
distance and suggests that the tFPstructure is slightly more stalthan that of LFAP1 due

to the stabilization of the PQetrahedrd®’ LFP-P1 had a slightly longer average Nl
interatomic bond distance respectively® The longer average interatomic NI bond
distance indicates a volume expansion of thesld€tahedra which is a nsequence of the

volume contraction of the Fe@ctahedron due to the presence of th&-Bebonds’?

Table 4.18: Interatomic bond distances of the refined structures

LFP T P1 LFP T P2

M21 O(1) 2.170 2.202
M2i O(2) 2.053 2.068
M2i O(3) (x2) 2.037 2.048
M27 O(3) (x2) 2.224 2.219
Average M2 O 2.124 2.134
P O(1) 1.552 1.544

Pi O(2) 1.634 1.611

Pi O(3) (x2) 1.608 1.598
Average Pi O 1.600 1.588
M1 O(1) (x2) 2.178 2.172
M1 O(2) (x2) 2.102 2.095
M1i O(3) (x2) 2.203 2.206
Average M1i O 2.161 2.158
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X-ray absorption spectroscopy (XAS) was used to investigate these samples furtipee: The
edge, rising absorption edge and the main edge was used to investigate any changes in oxidation
state and distortion around the?fFand/or Fé" atom. Both LFPP1 and LFPP2 have the
presence of thegdand g peaks(Fig. 4.16) thatare also present inFePQ, standard sample,

with similar peak positionand intensities (Table 4.19§2247374The intensities of the second

peak (the gpeak) are slightly higher than for the LiFef@andard. This increase in intensity

can possibly be a result of an increase in th& E@ntent or a slight increase in distorticr®

Linear combination fitting (LCF) and Mdssbauer spectroscopy was used to further investigate
the changes in Becontent. This increase in intensity is slightly higher for {FFPthan LFP

P2 and could be accompanied by peak broadening.

—e— LFP-P1
—»— LFP-P2
—— LiFePO4

FePO4
— Fe203

Normalized absorption

7108 7110 7112 7114 7116 7118 7120
Energy (eV)

Figure 416: Comparison Fe edge XANES predge region of the different standards purged
samples.

Table 4.19: The differentpre-edge peak intensities and peak positions for the standards and
purged samples

Peak position 1 ~ Peak intensity Peak position Peak intensity

Sample (eV) 1 (au) 2 (V) 2 (au)
LiFePO 7112.95 0.0480 7115.20 0.0457
FePQ i i 7115.72 0.0469
FeOs i i 7115.22 0.0642
LFP-P1 7112.98 0.0455 7114.91 0.0476
LFP-P2 7113.08 0.0462 7115.07 0.0464

135



The risingabsorption edge (Fig. &4Lshoweda slight shift to higher energy compared to that
of the LiFePQ standard for both sampleBhe shift to slightly higher energy values indicates

that both the samples do not only havé'peesent but also a small percentage 6f Bealso

preseng* 747>
=+ | FP-P1
Main edge —w— LFP-P2
— LiFePO4
5| Rising absorption edge
ol >
Q
[%)]
0
1]
]
)]
N
©
£
O
z

7120 7122 7124 7126 7128 7130 7132 7134
Energy (eV)

Figure 417. Comparison of the XANES Fe-&dge rising absorption and main absorption edge for the
LiFePQ standard and the purged samples.

There is no peak shift of the maabsorption edge (Fig. 4&nd Table 4.20) comparéal that

of the LiFePQ standard indicating that there is no major difference in oxidation%t4t&

The main absorption edge does show a similar drop in intensity for botPLiiAd LFFP2.

This drop in intensity indicates that there is a possiblease in disorder around the Fe atéms.
EXAFS has to be used to investigate the possible increase in disorder and also to determine if

there are any changes in the local structure.
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Table 4.20: The different main edge peak intensities and peak positions for the standards and
the purged samples.

Sample Peak position (eV) Peak intensity (au)
LiFePG 7127.8 1.59
FePQ 7133.0 1.46
UFe0s 7134.3 1.44
LFP-P1 7127.9 1.53
LFP-P2 7127.8 1.55

Linear combination fitting was performed on tKANES region of both LFAP1 (Fig. 4.8a)

and LFRP2 (Fig. 4.8b). A complete discussion of the standards used can be found in section
2.2.3.1.The fitting range for the purged samples were between i7¥a54 eV.The Rfactor

and chisquare values are réhkely small and both the LFP1 and LFPP2 show good fits
(Table 4.21Y" The LFRP1 sample showed a higher degree of mismatch between the fitted
data and the experimental data than the -BRPsample which onlghows a ery small
mismatch There is possibly another #eor Fe* phase present in LFP1 with different
bonding characteristics that were not accounted for using this set of standards. Adding different
standards, standards that are more phasggigrrssed isection 3.2anda biggedibrary of
standards could possibly improve the accuracy of both fits.

—— LFP-P1 —— LFP-P2
a — Fit b — Fit

N /N
\

—— residual

\

Normalized absorption
Normalized absorption

e — —_

7110 7120 7130 7140 7150 71I10 71'20 71I30 71|40 71'50
Energy (eV) Energy (eV)

Figure 418. LCF best fit (blue) of (a) LFHP1 for the Fe Kedge XANES spectrum (pink) and (b) for
LFP-P2 of the Fe Kedge XANESspectrum (olive green) along with the residual spectrum (grey).
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Table 4.21: LCF goodness of fit parameters for the purged samples.

Sample R-factor Chi-square
LFP-P1 0.0001644 0.00674
LFP-P2 0.0001062 0.00436

From these fits it was determined that both samples are mixed phase having baiol Fe&*
sources. The major phase in both samples was identified as Likefp@nly a difference of

0.6% between LFP2 andLFP-P1 (Table 4.17).LFP-P1 had F& in theslightly distorted
(FePQ) octahedra and Bei n t he mo r-EeOs octatedra éndrdnmentiresent.
The LFRP2 sample only had one source of'fia a more distortedctahedra environment
(UFe0s). These results for LFP1 and LFPP2 are constent with the presence of shorter
Fe**-0 interatomic bond distances determined from the refinements of the PXRD data (Table
4.18).

Table 4.22. LCF Percentage of the different components present in the purged samples.

Sample Fe?*Os ( LiIFePO4) Fe’*Os (FEPQw) Fe3*Oe ( Fe203)
LFP-P1 92.3(3) 4(1) 4(1)
LFP-P2 92.9(1) - 7.1(1)

Looking at the EXAFSegionthe k-space plots foL FP-P1 and LFPP2 (Fig. 4.19)had the
same peaks present with similar features indicatiagjthe local structure wahe same for
LFP-P1 and LFRP22

8
—— LFP-P1

64 —— LFP-P2

ZJ\/A\\,«/\ / \\//\/M

0 2' nlt (li EIS 1IO 1r2

Wavenumber (A-1)
Figure 419 Comparison of the Fe3veighted [Q..."Q] spectrum of the LFP1 and LFFP2
synthesised samples.

k3x(k)(A=3)
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Figure 420: The magnitude of the Fourier transform of EXAES.."Q data comparing the radial
distance of the different coordination shells of the two purged samples

EXAFS fitting was performed by calculating theoretical scattering paths generated by FEFF6
cod€8using the structure resolved by Strel€@s a starting modieThe coordination number,
interatomicdistance between the absorbing atom and neighbouring ataonisXpf and the

Debye Wal P) weredetarmined usingthiese different scattering paths. The magnitude

of the Fourier Transform (FT magnitude) was used to identify the different cooodishélls

(Fig. 4.20. The FT EXAFS were phase corrected for both {HPand LFFP2 using the

strongest scattering path.he f i rst peak (~2.1 ) correspond
closestoxygen (F®) coor di nati on s h e ltolthe phodplomrosséf)ond pe
coordination shell and the t hi fe) coardimbation our t h
shell?22473.74Both LFRP1 and LFPP2 showed the presence of all three coordination shells

(Fig. 4.2Q of LiFePQ. The drop in intensity in the FT magnitude (Fi@0}.can be linked to

a change in the increase in disorder around the FeZ%aldra.shape of the plot of the gratude

of the Fourier transform of both LHP1 and LFFP2 are similar to that of the LiFekR&andard

and thus indicates that there is no change in local structtire.

The local structure as described above were deternforethe FeO, FeP and FeFe
coordination shells for the LFP1 and LFFP2 samples (Figs. 21 1 4.22). The fitting
procedure used can be found in section 2.2Th2 same scattering paths were uggdoth
samples mostly single andne multiple scattering pathEhe Rfactor (Table 4.23) for all the

samples were less than 5% indicating that this was an acceptdblEhiitselected dEstarting
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values determined using ATHEN® also serve as an indication of the reliability of the data
processing. Thiscanbe assedsegd d et er mi ni Bofrabte d.23). Vhis paraeneter f
is correlated to the path length and is considered to be reliable if it is in the {BD@y <
gEo < 10 eV® which is the case her&he amplitude reduction factotY for LFP-P1 and
LFP-P2 is 0.983) and 0.84(9), respectively.

Table 4.23: The reliability factor and energy shift of the purged samples.

Sample R-factor (%) pk(eV)
LFP-P1 0.47 -0.04(8)
LFP-P2 0.58 -2.4(9)

T
©  LFP-P1_magnitude
41 B R ©  LFP-P1_real
g — fit

K3 (kWA )
X(RIAY

0 2 4 6 8 o 12 14 0 1 2 3 4 5 6
Wavenumber (A1) Radial distance (A)

Figure 4.21: (a) The experimental Fe&4eighted [Q..."Q] spectrum and (b) thexperimental FT

magnitude (top) and FT real (bottom) of the EXARS.."Q data (green) and the theoretical FEFF fit

(black) of LFRP2. The fitting window is indicated with the vertical lines.
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Figure 422 (a) The experimental Fe&-keighted [Q..."Q] spectrum and (b) thexperimental FT

magnitue (top) and FT real (bottom) of the EXARS..."Q data (pink) and the theoretical FEFF fit

(black) of LFRP1. The fitting window is indicated with the vertical lines.
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Table 4.24 contains information regarding the different shells, coordination numéer a
individual interatomic bond distances and the individual Debgdler factor whereas Table

4.25 contains a summary of the average interatomic distances and the averagé/Blédyye

factor for the different coordination shell&. similar summary of theverage interatomic
distances and disorder as determined by other research groups can be found in
Table 3.32227374The first coordination shell was oxygen with a coordevahumber of six.

To obtain the best fit, data for LAPL was fitted using a threshell model that had three

different interatomic distances. Data for L-PR2 was fitted using a twshell model with two

different interatomic distancesfour longer and tw shorter (Table 4.24)Yhe interatomic

distances for LP#P1 and LFF2 are similar and within the error associated (Table 4.25). The
average interatomic distance as determined by other groups have slight variation but are also
within the experimental errom general therevas a slightly higher degree of disorder around

the longer interatomic distance than the shorter distdiedde 4.24)The average disorder is

very similar for the two samples and within the errors associated with theneldistindeis

larger than the disorder reported by other groups, these are in the r&hge®f0 2 8 T 0.
A2.22,73,74

The second coordination shell waspphorous with coordination number of five (Table 4.24).

This shell was fitted using a twshell model. LFAP1 had two shorter and three longer
interatomic distances whereas the LIFP had one shorternd four longer interatomic
distances. LFHP1 had a sbrter average interatomic distance than {HP(Table 4.25). The

average interatomic distance for L4PR was also more similar to the average interatomic
distance determined by other reseapdups?? "> "“There is a higher degree of disorder present

around the longer interatomdistances (Table 24). Both samples exhibited a higher degree

of disorder than the reported values (Table 4.25) fa thicoor di nati on shell
di sorder was al so doubl @.00618.228"Comparddts ther e p o r t
reported studis both samples probably have more defects present in the structure in the first

and second coordination shell leading to the higher degree of disorder.

The third coordination shell was iron with a coordination number of four and was fit using a
two-shell model. Both LFPP1 and LFFP2 showed two longemd two shorter interatomic
distances (Table 4.24). The individual interatomieHeedistances for the two samples are
almost the samé&.he average interatomic fe distances aflenger than the reported lvas

for the iron shelf?’374The average disorder was the same for both sar(ipédse 4.25)ut

the reported disorder in other werk 0 . 0 0.6086 &)?%/*"“was lower.

141



Table 4.24. Structural parameters determined using FEFF for the first, seconthiadd
coordination shell of the purged samples.

Interatomic distance  DebyeWaller factor

Sample Shell Coordination number A) (A?)
FeO1 2 2.20(2) 0.014(8)
FeO2 2 2.11(2) 0.017(9)
FeO3 2 2.06(2) 0.007(3)

LFP-P1  FeP 2 2.834(8) 0.014(2)
Fe P 3 3.258(8) 0.007(1)
FeFe 2 3.84(1) 0.011(2)
FeFe 2 4.66(1) 0.014(4)
FeO1 4 2.13(1) 0.012(3)
FeO2 2 2.03(1) 0.009(2)
FeP 1 2.821(8) 0.008(2)

LFP-P2
Fe P 4 3.245(8) 0.008(1)
FeFe 2 3.82(2) 0.011(3)
FeFe 2 4.64(2) 0.012(4)

Table 4.25: The average interatomic distance and average Délatker factor of the different
coordination shells.

Average interatomic ~ Average DebyeWaller

Shell Sample distance (A) factor (A%
LFP-P1 2.12 0.012
FeO
LFP-P2 2.10 0.011
LFP-P1 3.08 0.0098
FeP
LFP-P2 3.160 0.0080
LFP-P1 4.25 0.013
FeFe
LFP-P2 4.23 0.012
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Disorder in the samples could either be caused by defects such as some 6ftbeupging
both M2 and M1 octahedral sites in the sample or by a decrease in crystafiihttye samples
showed some degree of disorder in all the coordination shells (Table 4.24). Rietveld analysis
showed that some Fand/orFe** (Table 4.17) occupied the M1 site in both samféeeund
8-9% site occupancy) and Figudeld and Figure4.15 displayedsharp welldefined peaks
indicating good crystallinity. It was determined that EFP had a higher degree of disorder
and this comborates what was shown in th&in edge (Fig. 47 and the FT magnitude
(Fig. 420) where both showed aecrease in intensityThe oxygen and phosphorous
coordination shells had different interatomic distance coordination forRIFBnd LFPP2.
LFP-P1 had a higher intensity and possible largerggnier the g peak (Fig. 4.6). This could
be due to the different bonding distributiattributedto the differege in the interatomic
distance coordination number present in the two samples. The&LEampldad 3 different
interatomicdistances wheredlse LFRP2 sample only lthtwo different interatomidistances.
This could have an effect on the interaction between the orbitatsligals) that are in the
direction of the ligand and experiences the repulsive field of the oxygen Raadsing a
change in the peak for the two different samples in thegge region (Fig. 46).

The Mossbauer spectra for these two purgedpses were analysed as befosith five
different Voigt doublets to determine the different Fe environments piieseatdifferent Fé*
and two different F¥ sites (Fig 423) in both samples. The two Fesitesare present in
LiFePQ: but the onesiteis less distorted (highep ‘O value)than the othesite (Table 4.26).
The Fé* environments were that of #eon the M1 site and Féon the M2 site that can be
present as defects in the structure (Table 4.26). A full description offthesstes vas given

in section 4.2.3Another Fe environment wedetermined tde present in these samples. This
site corresponds to Feon the M1 site that possibly replaced some of th@hithe sité? The

U of t he iggimildrto thaomteenpteviously described Feenvironments but the
w Ois much smaller (Table 4.26)The w O = 0.93 mm/s recorded for LAP2 where F¥ is

on the M2 site is larger than the sasite for other synthesised samples and could indicate a
less distorted environment due to the increase @.5? No Fe€* containing impuity phases
were identified using PXRD but Feimpure phases were identifieding linearcombination
fitting implying that amorphous or poorly crystalline®Feas present in both sampl&efects

could correspond to that of superparamagnetic heniatite.
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Figure 423: Mtssbauer spectra for the (a) PR and (b) LFHP2 sample.

Table 426: Differenti s o me r 7isnmi/ fst)s a(h@d qu adrolimmo/$)frtrep | i t t i
purged samples

Fe(ll) i M2 F;(S't'())r'tg('jz Fe(ll) i M1 Fe(lll) iM1 M':Z(ig:allzei:ts
a w0 a w0 a w0 u w0 a wO
LEFl" 122(1) 2.96(1) 1.21(1) 2.60(1) 1.20(2) 1.60(4) 0.24(1) 0.73(2) 0.50(1) 0.82(2)
LEZ' 122(1) 2.91(1) 1.19(1) 2.42(2) 1.23(7) 150(1) 0.45(8) 0.75(1) 0.40(3) 0.93(5)

LFP-P2 had the highest percentage of overalf Feable 4.27). F& in LiFePQ, was identified

as the major phase in both samples and-PBmad a higher percentagfethis Fé* than LFR
P1.LFP-P1 had a higher percentage of'fig a more distorted M2 environment whereas LFP
P2 had a smaller percentage of'Fan the M1 siteBoth samples had similar percentages of
Fe** on the M1 site whereas LAPL had the highegtercentage of Féon the M2 site. This
aids in supporting the presence ofF@ interatomic distances present in both samples.
According to the XRD results, LFP1 had a shorter average interatomit-O distance (Table
4.18) and the results in Table 4 &Tow a higher percentage offFen the M2 siteRietveld
analysis determined that there was 8.2(4)% Fe on the M1 site irPILFkhd Mossbauer
spectroscopy indicated that 6(1)% of this wa® Bad 3(1)% was Fé Similarly, for LFR-P2,
3(1)%and 3(1)% othe 8.8(3)% Fe on the M1 site wagFand Fé*, respectively.
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Table 427: Percentage contribution from each form of Fe and the total Fe in the purged
samples.

Fe(ll) i M2 F;gt'())r'tg”dz Fel\(/:g " Feq) iM1 'E)ee(flg)cts Total Fe

F& | Fer

LFP-P1 59(8) 23(5) 6(1) 3(1) 9(2) 88 | 12
LFP-P2 76(8) 14(3) 3(1) 3(1) (1) 93 | 7

Comparing the total B&and Fé* as determined using the LCF results (Table 4.22) and the
Mossbauer spectroscopy results (Table 4.273, seen that LCF gives higher results for the
total F&* for LFP-P1. The results determined using these two techniques forRFRere
similar for the total F& and Fé* present (with a difference of 0.1% for’Pewhereas LFRP1
deviated by 4.3% fothe total F&" and 4% for the total P& This deviation can be explained
by the mismatch seen for the LCF analysis for {HHRand not for LFPP2

The disorder around the Fe atom in the diffeeanironments (Table 4.28) were probed using
the full widthat half maximum line widtha() and that for an ordered Fe environmin&s is
typically between 0.2 0.3 mm/s'¥5153 LFP-P1 had a lower degree of disorder for all the
environments when compared to |-PR. Fé* and Fé* on the M1site and F& present on the

M2 site showed the highest degree of disorder.

Table 428: The full width half maximum line widtki mm/s)value for the purged samples

Fe(ll) T M2 F;gt'()):tg/('jz Fe(ll) 1M1 Fe(lll) 7M1 M':Z?gg?celts
LFP-P1 __ 0.300(1) 0.38105) 0.60(3) 0.280) 0.35()
LFP-P2  0.356(2) 0.45(2 0.6(2) 0.6(2 0.53(9)

The internal and external Raman modes for LiFeP®* (Table 4.29) were identified and
assigned for both LFP1 (Fig. 4.2) and LFRP2 (Fig. 4.3) and these are effectively the same
as was seen for the LFF& samplen Table 4.14. The peak positions for PR are slightly
shifted toward higher wavenumbers. The well defitiedo / ) (~950 cm') andt (0 / )
(~998 cm! and 1068 cm) peaks indicate that tt&/ tetrahedron remains undistorted for
both sample&* The microscopic images (Fig 4.22 inset and Fig 4.23 inset) showed two

coloured phases. The major phase is the shinge phase as has been identified as LikePO
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The reddish/brown phase could possibly be henfititais phase was very poorly crystallised
and not all the peaks were defined, exdepttwo peaks at ~227 ctand 246 cit (inset
spectra of Fig. 4.24) and a very small, broad hump at ~133@inset spectra of Fig. 4.24 and
4.25) which is presein hematite indicating an amorphous phase. Hematite was also identified
in both LFRP1 and LFPP2 using Méssbauer spectroscopy.
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Figure 424: Raman spectrum and microscopic image (inset) ofREA he bottom inset is thaif the
poorly crystalline hematite.
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Figure 425. Raman spectrum and microscopic image (inset) ofREA he bottom inset is that of the
poorly crystalline hematite.
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Table 4.29: Raman modes of the purged samples with the assigned vibrational modes.

Wavenumbers(/cm)
Assignment
LFP-P1 LFP-P2
100 100
149 146 0 / rotationalandFe**
196 198 translational motion
244 243
441 440 T 0/ )
572 570
591 589 ¥ (/)
628 627
950 949 ¥ (/)
997 996
T (0/)
1068 1067

In conclusion for this sectiothe average and local structure was used to thoroughly investigate
the reproducibility of thenodified synthetic routeXRD showed that LF#P1 and LFPP2 had

very similar lattice parameters, volume and pemgatoccupancies for both the M2 site and
the M1 site. The interatomic distances had some variability but was also very similar for both
samples. The XANES region shedsimilar preedge and main edge peak shifts for both-LFP

P1 and LFPP2. Linear combination fitting was performed on both samples and it was
determined that the total #Feand Fé* was basically the same for these samples but that there
was possibly anotir FE* bonding environment present in LIFRL. From the EXAFS fit that

was performed on both LFHP1 and LFFP2 it was shown that both samples had similar
interatomic distances and disorder present. The variation between these samples were within
the expennental error. Mossbauer spectroscopy identified the same four Fe environments in
both samples. The major difference between-PARNd LFFP2 was for F& and Fé* content
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for these environments in the samples. {fEPhad 5.15% more Fethan LFRPP1. Raman
spectroscopy also showed that these structures were the same. The same modes could be
identified for both samples indicating similar crystallinity. Taking all the techniques into
consideration, LFAP1 and LFFP2 showed great reproducibility.

4.2.5. Contrdling the exact volume to improve reproducibility

The variation in F& content between samples as seen from the Mdssbauer spectroscopy results
in section 4.2.4 showed the need to further improve the reproducibility between sarples.
same synthesis waised as for thd * ratio (section 4.2.3and the individually purged sample
(section 4.2.4). A ratio of 3:1:Li(Fe:PQy), 25% volume filled Teflon bomb and a reaction

time of 48 hours was usetlhe following changes were made to this synthesiswvtter used

for the dissolution of the precursors was purged before (£ 70min) and throughout the
experiment and a mictpipette rather than a plastic syringe was used to add the exact volume
needed to dissolve the precursors. pteparation method afterdlsamples were removed for

the oven is the same as stated in section 2.1.2.

Three replicate samples were prepared in exactly the same way and the diffraction patterns
determined for each:FP-1 (Fig. 4.26),LFP-2 (Fig.4.27) and_FP-3 (Fig.4.28). An Xray
wavelength of 0.166316(1) A was used. LFRad a poequality fit compared to that of LFP

1 and LFP2. This can also be seen graphically (Figs. #.228)% The decrease in the quality

of the fit indicated that LR had more structural defects that cannot be accounted for. The
Rietveld error indices can be foumdTable 4.30. LiFeP©was identifiedas the phase in all

the samples, but there were also impurity phases presenttie alhmples. Unexpectedly the
impurity was LgPQy for LFP-1 and LFP3, but the Fempurity that was discussed in section
4.2.1 was present in LFP (Table 4.31). The kPQs content present in LFP1 and LfBPare

very similar.The fact that inconsistencies in the product was found where the reproducibility
was the main focus shows that the hydrothermal synthesis route is more complicated that

initially realised and that thegge other factors at play.
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Figure 426. Powder diffractogram of the LFP sample showing the observed (purple), calculated

(green) and difference (black) plots generated from a Rietveld Refinement analysis. Beagjgpmnef]
for LiFePQ and LsPQ, are indicated with the grey markers and blue markers, respectively
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Figure 427. Powder diffractogram of the LFP sample showing the observed (purple), calculated
(green) and differencfblack) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and the Fempurity are indicated with the grey and yellow markers, respectively
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Figure 4.28: Powder diffractogram of the LF® sample showing the observed (purple), calculated
(green) and difference (black) plots generated from a Rietveld Refinement analysis. Bragg reflections
for LiFePQ and LsPQ are indicated with the grey markers and bluekews, respectively

Table 4.30: Rietveld error indices for LFR, LFR-2 and LFP3.

Sample Rwp Rp Rexp GOF
LFPT 1 6.41 5.17 16.0 0.40
LFP 1T 2 5.40 4.26 17.86 0.30
LFP1T 3 7.09 5.46 15.94 0.44

Table 4.31: Multiphase analysis (%) of LFP, LFR-2 and LFP3.

Sample LiFePOas LisPOa Fe-impurity
LFPT1 95.73 4.27 -

LFP 12 99.42 - 0.58
LFP i3 96.06 3.94 -

For the LiFeP®@phase, there is very slight to no variation between the lattice parameters and
volume of the thresamples (Table 4.32The refined lattice parameters and volume were
similar to those reported in literature for LiFeP®ynthesised using a hydrothermal
synthesis®’ 39404456 symmary of these relis can be found in Table 3.The similarity in

results indicate that the impurities have little effect on the lattice parameters and volume.
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Table 4.32. Selected structural parameters of the refined structures falifteeent purged
samples.

Sample a () b ( ) c ( ) Volume( 9
LFP 71 10.354(7) 6.0021(4) 4.7091(3) 292.6(3)
LFPi2 10.353(4) 5.9995(2) 4.7061(2) 292.3(2)
LFP i3 10.34(1) 5.9980(7) 4.7059(6) 291.9(6)

Neither the M2 (F&) site nor the M1 (L%) site was fully occupied with Fé& and Li",
respectively (Table 4.33). NoLwas present on the M2 site although vacancies were present
site. There was some variation in the occupancy of Fe between the samples witha\rig

a lower percentage of Feoccupying the M2 site and the higher percentage vacancies then
denotes a higher percentage of'fem this site’ Fe#*and/or F&" was present on the M1 site
with the amount varying between the sampleBP-3 had the lowest percentage of Li
occupying the M1 site and the highest percentagefRel/or F&" on this site whereas LFP

2 had the highest percentage of &an the M1 site. Overall, there were minor differences
between LFPL and LFP2.

Table 433: The percentage Li occupying the M2 (Fe) sia;ancies on the M2 site and Fe
occupying the M1( Li) site in the refined LiFePS€ructures.

LFPT1 LFP 12 LFP 713

M2 (Fe) occupancy 98(1) 98.5(6) 96(2)
M2 (Fe) vacancy 2 1.5 4

M1 (Li) occupancy 90.1(8) 94.2(4) 89(2)

Fe on the M1 site 9.9(7) 5.8(3) 11(2)

The average interatomic bond distances were determined for all three samplesGoiMNI2

O and PO (Table 4.34). There were only slight variations between thesatomic distances

for the different samples. These distances were then compared to that of L #teR@res
reported in literaturé>%758 A summary of these results can be found in Table 3.2. The
synthesised M:D interatomic bondidtance were smaller than those found in literatdé.58
This indicates that bthe samples have some degree of4 causing an overall contraction
of the Fe@ octahedrort® LFP-1 and LFP2 had the longest iaratomic bond distance and it
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could be concluded th#ttese samplesould have a lower degree of ¥ bonds compared
to that of LFR3. This is consistent with the percentage of vacancies and the presenge of Fe
(Table 4.32)where LFR3 was predicted thave a higher degree of ¥gresent. Mossbauer
spectroscopy was used to determine the percentage®oprésent on both the M2 and M1
sites for these samples and the results will be compared shorthd &P had the largest M1
O interatomic bondlistance since the contraction of the F@&dtahedron would cause the
expansion of the Li@octahedrorf2 Compared to literature LFP andLFP-3 have longer
average interatomic MO bond distancé$’®%than LFR2. The average-P interatomic bond
distance is longer for the synthesised samples than the bstahatisreported for other
LiFePQy structures:>®"®8FP-3 had the longest inteamic bond distance and LFPthe
shortest.

Table 4.34: Interatomic distances of the refined structures.

LFPT1 LFP 12 LFP 713

M27 O(1) 2.160 2.1% 2.113
M27i O(2) 2.038 2.0 1.984
M2 O(3) (x2) 2.026 2.052 2.010
M2 O(3) (x2) 2.231 2.225 2.239
Average M2 O 2.119 2.131 2.099
Pi O(1) 1.545 1.547 1.580

Pi O(2) 1.660 1.62 1.702

Pi O(3) (x2) 1.623 1.58 1.643
Average Pi O 1.613 1.587 1.642
M1 O(1) (x2) 2.189 2.1 2.180
M17 O(2) (x2) 2.107 2.100 2.133
M1 O(3) (x2) 2.207 2.198 2.200
Average M11 O 2.168 2.160 2171
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Mossbauer spectroscopy was performed on all three samples to comparé” thedAeé*
content The five different Voigt doubletarere used to identify the same fodifferent Fe

environments as described on section 4.2.3 and 4.2.4 (BR4.31) and the results aggven
in Table 4.35

N
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Figure 429 Mdssbauer spectrum of the LAPsample

Simulation

¢  Experimental
Fe(ll})-M2

Fe(ll})-M2 distorted
Fe(ll}-M1
Fe(lll)-M1
Fe(lll)-Defects

Relative transmisson /a.u.

-6 —4 -2 a 2 4 6
Velocity (mm/s)

Figure 430: Mdssbauespectrum of the LFR sample
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Figure 431 Mossbauer spectrum of the LIBFsample.
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Table435Di f f er ent iisnonthern amidf tqa aduiql mro/$)rtrep | i t t i
purged samples.

. Fe(ll) i M2 . . Fe(lll) v
Fe(ll) 1 M2 distorted Fe(ll) iM1 Fe(lll) TM1 M2/Defects
a ] a wO ] w0 a w0 U w0

LFP-1 1.22(1) 2.94(1) 1.23(1) 2.40(1) 1.19(1) 1.56(3) 0.30(1) 0.69(2) 0.39(1) 1.02(1)

LFP-2 1.23(1) 2.96(1) 1.21(1) 2.38(1) 1.23(2) 1.65(4) 0.30(1) 0.75(2) 0.42(1) 0.81(2)

LFP-3 1.23(1) 2.97(1) 1.21(1) 2.40(1) 1.20(2) 1.50(4) 0.35(1) 0.50(7) 0.43(1) 0.92(1)

Considering the total F&and Fé" (Table 4.8) LFP-2 had the highest percentageaathl F&*

and LFR3 had the lowest percentage of F&FP-2 also had the lowest percentage of e

the more distorted LiFeR@nvironmentComparing the Mdssbauer spectroscopy results for
Fe?* and Fé" on the M1 site to that of the Fe occupying the $ité determined using PXRD
(Table 4.33) it can be seen that not all the Fe has been accounted for indicating that another
phase/environment might be pres&@wmparing the percentage of’Fen the M2site, LFP-

3> LFR1> LFP-2 and this is order is congsit with the PXRD results in terms pércentage
vacancies on the M2 site. Determining the percentage®6bRehe M2 site also supports the
statement that LFB has a higher degree of® bonds as indicated by the shortestOre
interatomic bond distece. LFR2 had the longest average-Beinteratomic bond distance as
well as the lowest percentage of Fen the M2 site.

Table 436: Percentage contribution from each form of Fe and the total Fe in the purged
samples.

Fe(ll) i M2 F;gt'ér'tg’('jz Fe'\(/:? T Reqy ML FDee(fI(IEIZ:ts Total Fe
Fe* | Fe*
LFP-1 60(8) 24(3) 3(1) 2(1) 11(1) 87 | 13
LFP-2 78(8) 10(1) 3(1) 1(1) 8(1) 91 | 9
LFP-3 58(8) 17(5) 3(1) 1(1) 21(6) 78 | 22
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The disorder around the Fe atom in the different environments were also determined (Table
4.37).F€" in the less distorted site for LiFeP@nd F&" on the M1 site for LFAL had the

lowest degree of disorder, although it was still slightly higher than that reported for an ordered
Fe environment?°%>3There is a slighvariation in the extent of disorder between the different

samples in each environment.

Table 437: The full width half maximum line widtfi mm/s)value for the purged samples

Fe(ll) i M2 F;gt'())r'tg"dz Fe(ll) i M1 Fe(lll) i M1 MFZ‘?S'E:?CELB
LFP-1  0.321) 0.53(1) 0.37(2) 0.2322) 0.44(2)
LFP-2  0.35(1) 048(1) 0.53(5) 0.60() 0.57(2)
LFP-3  0.33(1) 0.47(1) 0.38(4) 0.60(1) 0.631)

Raman spectroscopy found that the LiFe@ernal and external mod¥<* were identified

for LFP-1 (Fig. 4.2) and LFR2 (Fig. 4.8). The peaks at lower wavenumbers could not be
identified for LFR3 (Fig. 4.3) and onlyt (0/ ), (0/ )andf (0/ )could be detected
(Table 4.38) The drop in the intensity for these peaks and the disappearance of the internal
mode for LFP3 suggested that there was a decrease in crystallinity and ordsraugpected

with PXRD.** The difference in peak shape and intensity, in the regio@3D cm?, between

LFP-1 (Fig. 4.32) and LFR2 (Fig. 4.33) could be due to differendaghe crystallinity as well

as overlapping amorphous phases. The PXRD diffractograms el (Fi§. 4.26) and LFR2
(Fig.4.27) show very slight differences in peak sharpness and broadisssevealing
possible changes in the crystallinity. MGssbauer spectroscopy (Figs 4.29 and 4.30) indicated
that LFR1 hada higherFe€** contentwhich could indicate the presence of amorphous phases
causing overlappingeaks in the Raman spectc&P-3 (Fig. 434, inset) contained less of the
white phase identifiedsLiFePQ; than for the other samples. 3Ry (not shown hereand a

poorly crystalline phase that has a broad peaklab0 cmt (Fig. 4.3%) was identified in the
LFP-3 sample. POy was also identified in the sample using XRD and the poorly crystalline
phase could be the source of 3Feidentified using Mossbauer spectroscopy as
superparamagnetic hematite with hyperfine parameters similar to that of-Rd@lDefects

(Table 4.3598 There were other phases also present in-LERd LFP2 but they could not be
identified due to low crystallinity and no distinct peaks. The Raman modes can be found in
Table4.37.
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Figure4.32 Raman spectrum and microscopic image (inset) ofLFP
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Figure4.33: Raman spectrum and microscopic image (inset) of2FP
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Figure 434: Raman spectrum and microscopic image (inset) of8FR broad peak at ~1350 cnis
circled in orange

Table 4.38: Raman modes of the purged samples with the assigned vibrational modes.

Wavenumbers(/cm) _
Assignment
LFP-1 LFP-2 LFP-3
96 100
149 147 145 0/  rotational
andFe?*
195 197 translational motion
240 245
439 440 T O )
569 571 575
590 589 T (0 )
627 627 629
948 948 948 T (0/ )
995 995 993
¥ O )
1068 1067 1062
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